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Nickel(II) complexes of mono- and bis(macrocyclic) ligands
are the products of a nickel(II)-assisted template reaction
with 2,3,2-tet, melamine and formaldehyde [2,3,2-tet =
bis−N,N�-(2-aminoethyl)propane-1,3-diamine; melamine =
2,4,6-triamino-1,3,5-triazine]. The structures of two four-co-
ordinate, diamagnetic nickel(II) complexes (protonated and
non-protonated form) and of a six-coordinated paramagnetic
nickel(II) compound with the protonated ligand have been
determined by X-ray crystallography. Electronic spectro-
scopy was used to analyze the equilibrium between the para-
magnetic and diamagnetic forms, and the electrochemical
properties have been studied extensively (NiIII/II and NiII/I

Introduction

Mannich-type, metal-ion-assisted condensation reactions
of cis-disposed primary amines with formaldehyde and a
nucleophile have been used extensively to prepare hexa-
amine cages, pendent-arm macrocyclic and open-chain li-
gands with N-, S-, Se- and O-donors, coordinated to cop-
per, nickel, palladium, cobalt and a few other metal
centers.[1�6] Due to the rigidity of the aromatic spacer
groups and the possibility to obtain oligonuclear complexes
in one-pot reactions, aromatic amines, melamine in particu-
lar (melamine � 2,4,6-triamino-1,3,5-triazine), are of inter-
est as ‘‘capping’’ groups in metal-based template condensa-
tions. However, in the copper(II)-assisted condensation the
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couples). The equilibrium between the paramagnetic and
diamagnetic forms and the nickel(III/II) couple are strongly
dependent on the electrolyte, and sulfate is found to be co-
ordinated selectively to the apical positions of both the
nickel(II) and nickel(III) centers of the dinuclear compound.
The structural, thermodynamic and electrochemical studies
suggest that cooperative effects, involving coordination of
sulfate to one nickel center, assisted by hydrogen bonding
to an axially coordinated water molecule of the other nickel
center, is responsible for the recognition of this anion.
( Wiley-VCH Verlag GmbH, 69451 Weinheim, Germany,
2002)

poor nucleophilicity of the aniline-type amines results in
low yields of the desired mono-, bis- and tris(macrocyclic)
products,[7�9] and this is also the case for the nickel(II)-
assisted Mannich reaction (see below). When the mono-
(macrocyclic), melamine-substituted nickel(II) or copper(II)
intermediates are used as capping groups in the template
reactions mixed-metal oligonuclear systems may be ob-
tained.[10]

The two factors which make the melamine-based oligo-
macrocyclic ligand complexes of particular interest are va-
cant or labile axial sites at the metal centers, with the pos-
sibility for cooperative binding and activation of substrates
in the bis- and tris(macrocyclic) ligand systems, and the fact
that melamine can be protonated. π-Stacking, hydrogen
bonding and bonding to relatively labile axial sites of trans-
ition metal complexes have been described as important fea-
tures for host-guest interactions.[11�16] Metal complex hosts
which have been reported include trizinc(II) compounds
and a tetrahedral tetragallium(III) complex.[17�19] A variety
of possible applications, including crystal engineering, the
preparation and stabilization of anionic metal complexes,
as well as cooperativity and selectivity of anion binding
have been described with melamine-based macrocyclic li-
gand complexes.[7�9,20]

Here, we present details on the syntheses and structures
of nickel(II) complexes with melamine-based mono- and
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bis(macrocyclic) ligands and a thorough study of the equi-
libria between the paramagnetic and diamagnetic forms and
electrochemical reduction and oxidation processes; this
leads to a detailed understanding of the importance of
cooperative effects in the recognition of sulfate by the di-
nickel(II) and the dinickel(III) complexes.

Results and Discussion

Synthesis

The macrocyclization reaction of the open-chain cop-
per(II) complex [Cu(2,3,2-tet)]2� with formaldehyde and
melamine yields three possible compounds of different
nuclearity, [Cu(L1)]2�, [Cu2(L2)]4� and [Cu3(L3)]6�

(Scheme 1).[7�9] Only complexes with the mono- and bis-
(macrocyclic) ligands, [Ni(L1)]2� and [Ni2(L2)]4�, can be
isolated with [Ni(2,3,2-tet)]2� as the template. These are
separated by column chromatography, using 0.2 mol·L�1

and 0.4 mol·L�1 aqueous NaClO4 as eluents. Melamine
generally leads to lower yields of the macrocyclic ligand
products than other locking groups in metal-ion-assisted
Mannich condensations. The yields of the copper(II) com-
plexes are 9%, 13% and 7% for the mono-, bis- and tris-
(macrocyclic) ligand complexes, respectively.[7�9] The yields
of the nickel(II) compounds are even lower (see Exp. Sect.).

An aromatic nitrogen atom of melamine in [M(L1)]2�

and [M2(L2)]4� can be protonated (pKa1 � 4.2 for
[Cu(L1)]2� [7]). The resulting sites for hydrogen bonding are

Scheme 1
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of importance for the stabilization of specific types of ar-
rangements of the macrocyclic cations in the crystal
lattices.[7�9,20]) However, since protonation does not result
in significant changes of the solution spectroscopic and
electrochemical properties of the nickel compounds (see be-
low), we conclude that protonation alone does not lead to
stable supramolecular assemblies in solution, similar to
those observed in crystal lattices.

Vibrational spectra of the complexes have features, which
are characteristic for both the melamine fragment and the
tetraazamacrocyclic ligand nickel(II) core. Similar to the
copper(II) compounds,[9] the number of transitions which
correspond to the out-of-plane vibrations of the aromatic
amino groups [δ(NH2), 1660 cm�1 in melamine] are related
to the nuclearity of the complexes and, for complexes of L1

and L2, to the degree of protonation of the melamine frag-
ment: three bands (1700, 1650, 1600 cm�1) are observed in
the nickel(II) compounds of the protonated mono(macro-
cyclic) ligand (HL1)�; two bands (1667 and 1600 cm�1) are
characteristic for complexes of the protonated bis(macro-
cyclic) ligand (HL2)�; one band is observed for complexes
of the free bases ([Ni(L1)]2�, 1600 cm�1; [Ni2(L2)]4�, 1610
cm�1).

Molecular and Crystal Structures

The structures of the mono(macrocyclic) ligand nickel(II)
complexes with the non- and monoprotonated melamine
fragment and diamagnetic or paramagnetic nickel(II) cen-
ters, i.e., four-coordinate nickel(II) complexes of two forms
of L1, [Ni(L1)](ClO4)2·H2O (1) and [Ni(HL1)](ClO4)2-
Cl·H2O (2), and the six-coordinate complex of (HL1)�

[Ni(HL1)(OSO3)(OH2)]ClO4·5H2O (3) were determined by
X-ray crystallography. Single crystals of the four-coordinate
dinickel(II) compound [Ni2(L2)](ClO4)4·2H2O (4) were also
obtained but were of poor quality, the preliminary data ob-
tained were used to determine the overall conformation of
the dinuclear cation. The variety of the structural data, to-
gether with the published structures of the corresponding
copper(II) compounds, i.e., [Cu(L1)(OClO3)2]·H2O (5)[9]

and 6,[20] [Cu(HL1)(OClO3)2](ClO4)·H2O (7),[9] [Cu(HL1)-
(OClO3)](ClO4)2·2H2O (8),[7] and {[Cu(HL1)(OH2)(Cl)]-
[Cu(HL1)(OClO3)(Cl)]}(ClO4)3 (9),[9] form a broad basis for
a comparative analysis of the molecular and crystal struc-
tures of melamine-based macrocyclic ligand complexes
[copper(II) compounds of L2 and L3, which have also been
reported before [8,9] are not included in this analysis].

Molecular Structures

The geometries of the macrocyclic ligands L1 and (HL1)�

in the nickel(II) complexes (Figure 1) and in the corres-
ponding copper(II) compounds [7�9,20] are identical, i.e.,
trans-III (RRSS).[21] The distances and angles are typical
for nickel(II) [and copper(II)] complexes of 14-membered
tetraaza macrocycles.[22] The melamine rings are nearly
planar (rms 0.01�0.02 Å), as observed in other 1,3,5-triaz-
ine derivatives.[23] The nickel(II) ions in 1 and 2 are coordin-
ated in a planar chromophore to four nitrogen donors of
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Figure 1. ORTEP[40] view (30% probability ellipsoids) of 1 (a), 2
(b) and 3 (c); C�H hydrogen atoms are omitted for clarity; selected
hydrogen bond lengths are: 1: O(4)···H�N(10) 3.278 Å,
O(9)�H···O(2) 2.956 Å, O(9)�H···N(7) 2.747 Å, N(2)�H···O(7)
3.008 Å, N(5)�H···O(6) 3.047 Å; 2: N(1)�H···O(14) 2.984 Å,
N(3)�H···O(13) 3.116 Å, N(2)�H···O(23) 3.148 Å,
N(4)�H···O(22) 3.071 Å, Cl(3)···H�N(9) 2.988 Å; 3:
O(5)�H···O(8) 2.680 Å, O(10)�H···O(4�) 2.630 Å O(2)···H�N(1)
2.938 Å; O(9)···H�N(14) 3.010 Å

the macrocycle with nearly identical metal�nitrogen dis-
tances, as expected for four-coordinate, diamagnetic
nickel(II) compounds[22] (see Table 1). The paramagnetic
nickel(II) ion in 3 is six-coordinate, with a sulfate anion and
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a water molecule completing the coordination sphere, in a
nearly regular octahedral geometry with significantly longer
metal�donor distances than observed in 1 and 2 (see
Table 1).

From the structural parameters of the complexes of L1

(see Table 1), it emerges that four-, five- or six-coordinate
metal ions with a variety of metal donor distances [Ni�N
� 1.95 Å in diamagnetic nickel(II); Cu�N � 2.02 Å; Ni�N
� 2.06 Å in paramagnetic nickel(II) complexes, 2.1 Å �
M�Oax � 2.6 Å] are well accommodated in the macrocycle
in trans-III configuration, with close to planar MN4 chrom-
ophores and the expected N�M�N bite angles (ca. 95° for
the six-membered and ca. 85° for the five-membered chelate
rings). The flexibility in the orientation of the melamine
rings with respect to the mean MN4 planes (angles α, β, γ,
see Figure 2) allows for a wide range of substrates to be
stabilized (this is of specific importance for the bis- and
tris(macrocyclic) compounds, see ref.[9]) and for the stabil-
ization of specific crystal lattice patterns (see below).

In complexes with two or three macrocyclic ligands fixed
on the melamine spacer group, as in L2 and L3, there are
two possible conformations (syn or anti in L2; syn,syn or
syn,anti in L3). Both are similar in energy[8,9] and the prefer-
ence for a particular structure in a crystal lattice or in solu-
tion is a function of the substrates (or electrolytes) and the
environment (lattice or solvent). Both structural types have
been observed for [Cu3(L3)]6�,[8,9] only the anti isomer was
characterized structurally for the copper(II) complex with
the bis(macrocyclic) ligand,[9] and the same is observed in
the corresponding dinickel(II) system 4 discussed here.
Also, host-guest complexation studies and preliminary
computations indicate that the barrier for isomer intercon-
version (syn/anti) is relatively low.[9,24] The experimental
structural data support this assumption (angles α, β, γ, see
Table 1); there appears to be a large flexibility (shallow en-
ergy minimum) with an optimum structure of 10° � α �
30° [planarity of the pendent amine groups of melamine
would require α � 0°, values of α � 2° have been observed
in copper(II) complexes[9]], 70° � β � 90° and 40° � γ �
60°. This flexibility is an advantage for the cooperative
binding and activation of substrates at the axial sites of the
metal chromophores.

Crystal Packing

Three main structural motifs have been found in crystal
lattices of copper(II) complexes with the melamine-derived
mono(macrocyclic) ligand,[7,9,20] i.e., infinite tapes of the
molecular cations (hydrogen bonds between the free amino
groups of the melamine substituents and water molecules
or perchlorate anions, 5.0 Å � d2 � 5.7 Å, see Figure 3,
Table 2), π-stacking interactions between the melamine
rings, d4 � 3.5 Å, δ � 0° (δ is the angle between the two
melamine ring planes), and, for the copper(II) complexes 5
and 6 with the free-base ligand, the formation of double-
stranded tapes, due to hydrogen bonding between self-com-
plementary melamine groups (ADA, acceptor-donor-ac-
ceptor pattern). Two different types of stacked pairs are
possible, depending on the orientation of the macrocyclic
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Table 1. Structural parameters (distances in Å, angles in °) of metal(II) complexes with the melamine-derived macrocyclic ligand L1

Structure of the chromophore Conformation of the melamineComplex
macrocycle fragments[a]

Equatorial Axial N�M�N N�M�N Rms Deviation of M θ[b] α β γ
M�N M�O (av. 6-membered (av. 5-membered of MN4 from MN4

chelate ring) chelate ring) plane

Non-protonated ligand L1

Ni (1) 1.936�1.943 none 94.2 � 0.2 85.8 � 0.2 0.01 0.01 1.1 27.2 86.2 58.6
Cu (5)[9] 2.015�2.025 2.458, 2.628 (ClO4) 94.2 � 0.4 85.7 � 0.0 0.03 0.05 5.3 23.0 70.7 45.5
Cu (6)[20] 2.009�2.026 2.511, 2.617 (ClO4) 94.3 � 0.3 85.6 � 0.3 0.03 0.04 4.4 12.2 80.4 36.9
Protonated ligand (HL1)�

Ni (2) 1.921�1.939 none 93.3 � 1.7 86.7 � 0.3 0.02 0.02 2.7 11.3 86.9 48.5
Cu (7)[9] 2.013�2.029 2.585, 2.594 (ClO4) 94.9 � 2.6 85.0 � 0.0 0.01 0.01 2.2 18.9 82.5 61.6
Cu (8)[7] [c] 2.008�2.019, 2.521 (H2O) 94.8 � 0.5, 85.1 � 0.3, 0.01, 0.01, 1.7, 12.0, 89.1, 44.7

2.006�2.052 none 94.7 � 0.6 85.2 � 0.1 0.03 0.05 5.6 12.4 86.4 46.7
Coordinated substrate, protonated ligand (HL1)�

Ni (3)[c] 2.064�2.081, 2.099 (SO4), 2.135 (H2O) 94.6 � 0.8, 85.4 � 0.2, 0.01, 0.01, 1.0, 10.1, 86.7, 45.9
2.062�2.079 2.090 (SO4), 2.135 (H2O) 94.6 � 0.3 85.4 � 0.2 0.01 0.02 1.8 12.3 86.9 46.9

Cu (9)[9] [c] 2.011�2.028, 2.718 (H2O), 2.826 (Cl), 94.1 � 3.3, 85.6 � 0.1, 0.04, 0.04, 7.8, 9.9, 88.8, 52.3
2.016�2.023 2.660 (Cl), 2.808 (ClO4) 94.4 � 2.7 85.0 � 0.1 0.06 0.12 11.8 9.6 88.5 49.9

[a] For definition of the angles see Figure 2. [b] Average angle between two N�M�N planes (tetrahedral or pyramidal distortion of the
chromophore). [c] Two independent molecules in the asymmetric unit.

Figure 2. Definition of the structural parameters used for the ana-
lysis of the geometry of the melamine macrocycle fragments

rings with respect to the neighboring melamine plane (see
Figure 3a,b). The relevant structural parameters are given
in Table 2, see Figure 3 for their definition.

Interestingly, in the crystal lattice of 1 the common fea-
tures of all other structures are absent (see Figure 4a). This
presumably is due to the specific location of a water molec-
ule relative to the melamine residues; the hydrogen bonding
patterns (see Figure 1a) do not allow the formation of the
usual tapes and prevent a complementary hydrogen bond-
ing interaction between pairs of melamine rings. Also, this
indicates that the formation of the usually observed tapes,
stabilized by hydrogen bonding and π-stacking, is, as ex-
pected, a relatively small contribution which may be over-
come by other effects.

Similar to the copper(II) complexes 5�8,[7,9,20] the mac-
rocyclic cations in the crystal lattice of 2 form infinite hy-
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Figure 3. The two different types of stacked pairs of [M(L1)]n�

complexes

drogen-bonded chains, bridged by water molecules and sup-
ported by π-interactions between the parallel and nearly co-
axial melamine rings (see b in Figure 4). The metal�metal
distance d1 is slightly shorter than in the copper(II) ana-
logues, and d2 is intermediate between those observed in the
copper(II) compounds.
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Table 2. Structural parameters (distances in Å, angles in °) related to the crystal packing of complexes with the melamine-derived
mono(macrocyclic) ligand

Tapes StacksComplex
d1 d2 N�H···O(H2O) d3 d4 δ

Non-protonated ligand L1

Ni (1) 10.87 6.36 no H-bonds no π-stacking
Cu (5)[9] 9.54 5.11 2.86, 2.87 11.61 3.5 0
Cu (6)[20] 10.00 5.66 2.99, 3.05 11.64 3.5 0
Protonated ligand (HL1)�

Ni (2) 9.43 4.81 2.91, 2.93 12.29 3.2 0
Cu (7)[9] 9.58 5.00 2.89, 2.95 13.00 av. 3.4 1.6
Cu (8)[7] 9.49 4.89 2.90, 3.00 12.64 3.5 0
Ni (3) 9.12; 9.32 4.82; 4.79 2.81, 2.96; no H-bonds 11.17;[a] 12.26;[b] 12.32[b] av.4.2; 4.5; 4.5 4.9; 0; 0
Cu (9)[9] 9.67 5.10 3.01, 3.08[c] 11.28[b] av.3.6 5.6

[a] ‘‘Open’’ stack (see Figure 3a). [b] ‘‘Closed’’ stack (see Figure 3b). [c] Bridging perchlorate anion instead of water molecule.

Figure 4. Crystal packing of 1 with intermolecular hydrogen bonds
(a) and π-stacked cationic tapes in the crystal lattice of 2 (b)

The crystal lattice of 3 is unique, the tape structure has a
‘‘stair’’-type arrangement (see a in Figure 5). This is due to
the water molecule H2O(27), which not only bridges two
neighboring cations in the tape but also forms a hydrogen
bond to the aromatic nitrogen atom of the adjacent tape
[O(27)�H···N(8), 2.988 Å]. In addition, the tape observed
in 3 is not isotropic and consists of distinct hydrogen-bound
dimers (d1 � 9.32 Å, d�1 � 9.12 Å); the distance between
the melamine amino groups of the non-bonded adjacent
cations is smaller than for those connected by hydrogen
bonds (see Table 2). This tape interacts via π-stacking with
another tape of the same structure but shifted by one mac-
rocyclic unit, i.e., alternating hydrogen bonds hold the two
tapes together (see b in Figure 5).

The melamine substituents in all examples form π-
stacked pairs of cations; generally, the metal chromophores
of the stacked cations are oriented at different sides of the
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Figure 5. Pair of π-stacked cations (a), modulated tape (b) and
modulated π-stacking in the crystal lattice of 3
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interaction plane (see Figure 3a, ‘‘open’’ stack). The only
exception is the copper(II) complex 9 for which the π-π in-
teraction plane bisects the metal chromophores (see Fig-
ure 3b, ‘‘closed’’ stack).[9] Both ‘‘open’’ [Ni(1a)�Ni(2b)
pair] and ‘‘closed’’ stacks [Ni(na)�Ni(nb) pair] are present
in the crystal lattice of 3 (Figure 5c), and the sulfate anions
have the same dual function as the chloride anions in 9, i.e.,
as axial donors they form strong hydrogen bonds to the
acceptor centers of the protonated melamine
[O(2)···H�N(9�), 2.835 Å; O(3)···H�N(7�), 2.708 Å;
O(8)···H�N(19�), 3.114 Å; O(9)···H�N(17�), 2.695 Å].
Also, the stacks in 3 are not isolated and can be considered
as modulated, extended chains of π-stacked molecules (see
Table 2).

Solution Properties

Electronic Spectroscopy and Equilibria between
Diamagnetic and Paramagnetic Compounds

Electronic spectra of the nickel(II) compounds with the
mono- and bis(macrocyclic) ligands were measured in nitro-
methane, acetonitrile and water. The spectra in the UV re-
gion are characterized by a strong absorption centered at
ca. 210 nm (ε � 6 105 L·mol�1·cm�1), which probably is a
superposition of an MLCT band (shoulder at ca. 219 nm)
and an intramolecular melamine transition (204 nm in mel-
amine). Absorption spectra in the visible and near-infrared
region consist of d-d bands at ca. 330, 455, 660 and �
910 nm, and are typical for nickel(II) complexes of tetraaza-
macrocycles and for systems, where nickel(II) complexes
with different electronic ground states persist simultan-
eously in solution [Equations (1) and (2)], i.e., a four-coord-
inate, planar diamagnetic form (455 nm) and a six-coordin-
ate distorted octahedral paramagnetic form (330, 660 and
� 910 nm).[25]

[Ni(L)]2� � 2 solv �
� [Ni(L)(solv)2]2� (1)

Kax � (εls � εeff)/(εeff � εhs) (2)

εeff � {εls[Ni(L)2�] � εhs[Ni(L)(solv)2�]}/{[Ni(L)2�] �
(3)[Ni(L)(solv)2�]}

In nitromethane there is only a transition at 455 nm for
[Ni(L1)]2� and [Ni2(L2)]4�, with a molar absorption of 64 L
mol�1 cm�1 per nickel(II) center (see Table 3). Therefore,

Table 3. Effective molar absorptivities (ε, L mol�1 cm�1) of the transition at 455 nm of the nickel(II) compounds and equilibria between
the diamagnetic and paramagnetic forms in various solvents at 25 °C

Medium [Ni(L1)]2� [Ni2(L2)]4�

εeff Kax η (%)[a] εeff Kax η (%)[a]

CH3NO2 64 � 100 128 � 100
CH3CN 10 10.80 8 21 8.92 9
H2O; 0.1 mol·L�1 NaClO4

[b] 23 2.22[c] 28.9 48 2.05[d] 30.5
H2O; 0.1 mol·L�1 NaNO3

[b] 20 2.84 24.2 42 2.61 25.8
H2O; 0.1 mol·L�1 NaCl[b] 19 3.10 22.7 40 2.84 24.2
H2O; 3.33 10�2 mol·L�1 Na2SO4

[b] 13 6.00 13.3 22 8.15 10.1

[a] Percentage of the diamagnetic form in the equilibrium mixtures, η � (εeff � εhs)/εls. [b] pH � 7; constant ionic strength. [c] ∆H0 �
�23 kJ mol�1, ∆S0 � �71 J mol�1 K�1. [d] ∆H0� �21 kJ mol�1, ∆S0 � �64 J mol�1 K�1.
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in the weakly coordinating solvent nitromethane there is no
coordination of axial donors, and this allows to determine
the molar absorptivity of the diamagnetic form (εls). The
apparent molar absorption coefficients [εeff, Equation (3)]
of the transition at 455 nm in acetonitrile and aqueous solu-
tions of various electrolytes are lower (see Table 3), indicat-
ing the presence of significant amounts of the six-coordin-
ate form in equilibrium with the four-coordinate com-
pounds.

The strength of bonding of axial donors to the nickel(II)
centers (increasing Kax, decreasing η) is of similar magni-
tude for [Ni(L1)]2� and [Ni2(L2)]4� (see Table 3) and signi-
ficantly higher than for [Ni(cyclam)]2� (cyclam � 1,4,8,11-
tetraazacyclotetradecane; 0.1 mol·L�1 aqueous NaClO4:
Kax � 0.40, η � 71%;[26] CH3CN: η � 22% [27]). An inter-
esting observation is that the thermodynamic parameters
for the complexation to axial sites of [Ni(Me-azacyclam)]2�

(Me-azacyclam � 3-methyl-1,3,5,8,12-pentaazacyclotetra-
decane) are similar to those of the cyclam complex (0.1
mol·L�1 aqueous NaClO4: Kax � 0.5; CH3CN: η � 23%
[28]), i.e., different to those of the structurally related azacy-
clam derivatives discussed here. The fact that the spectro-
scopic properties of all four nickel(II) complexes are similar
to each other (λls

max � 455 nm, λhs
max � 330, 670 and �

900 nm) indicates that metal-centered electronic factors are
not the major reason for the drastic differences, and elec-
tronic, as well as steric factors related to the capping
groups, and differences in solvation may be of importance.

A comparison of the thermodynamic parameters for the
axial coordination of water (0.1 mol·L�1 NaClO4) to
[Ni(L1)]2� and [Ni2(L2)]4� (see Table 3; for details see Sup-
porting Information) with those of [Ni(cyclam)]2� (∆H0 �
�23 kJ mol�1, ∆S0 � �84 J mol�1 K�1) [29] indicates that
the strong axial binding to nickel(II) complexes with the
melamine-based ligand is primarily due to an entropy effect
(less negative ∆S0), rather than differences in bond strength
(similar ∆H0). A possible interpretation is that one of the
axial water donors [H2O(A) in Scheme 2] is, upon decom-
plexation to the four-coordinate form, not released to the
bulk solvent, but remains in the first solvation shell. A hy-
drogen bond similar to that proposed in Scheme 2 was ob-
served in the crystal lattice of 3.

The largest fraction of the paramagnetic nickel(II) form
was observed in the presence of sulfate (see Table 3). There-



Nickel(II) and Nickel(III) Complexes with a Bis(macrocyclic) Ligand FULL PAPER

Scheme 2

fore, the stepwise complexation with sulfate was studied in
aqueous solution (µ � 0.1 mol·L�1; 0 mol·L�1 � [SO4

2�]
� 3.33 10�2 mol·L�1), see Equation (4), where Kax

H2O is the
equilibrium constant in absence of sulfate [see Equation (2),
0.1 mol·L�1 NaClO4; see Table 3) and K1

ax to K4
ax are the

stepwise complexation constants with sulfate.

From the data analysis (see Supporting Information) it
follows that K2

ax is ca. 0 for both [Ni(L1)]2� and [Ni2(L2)]4�,
and fits with higher terms (K3

ax and K4
ax for [Ni2(L2)]4�) do

not lead to a significant improvement, i.e., these can be ig-
nored. It emerges that, in sulfate-containing solutions, the
mono(sulfate) adduct [per nickel(II) ion] is the primary spe-
cies, and K1

ax is significantly larger for [Ni2(L2)]4� than for
[Ni(L1)]2� (162 � 6 L mol�1 and 79 � 10 L mol�1, respect-
ively). Part of this effect may be due to differences in ion
pairing [increasing electrostatic attraction with the higher
charge of the dinickel(II) complex[30]] but the increasing ax-
ial bonding may also be attributed to cooperativity, invol-
ving both nickel(II) centers and hydrogen bonding between
a coordinated sulfate and an axial water molecule (see Fig-
ure 6). Qualitative models suggest that this may lead to sta-
bilization of the sulfate/[Ni2(L2)]4� adduct in the syn con-
formation of the dinickel(II) complex.[24] A preliminary
structural analysis indicates that in the crystal lattice the
dinuclear complex 4 has the anti conformation but recent
studies on the corresponding copper(II) compounds indic-
ate that the two conformations are similar in energy and
that the barrier of interconversion is low.[9,24,31]

Figure 6. Model for the visualization of cooperativity in the axial
bonding of sulfate
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Electrochemical Properties and Recognition of Sulfate
Anions

The electrochemical behavior of [Ni(L1)]2� and
[Ni2(L2)]4� was studied in acetonitrile and aqueous solu-
tions of various salts. In acetonitrile (0.1 mol·L�1 [Bu4N]-
ClO4) a quasi-reversible redox process, assigned to the
nickel(III/II) couple is observed {[Ni(L1)]: Ef � 1.084 V
(∆E � 87 mV); [Ni2(L2)]: Ef � 1.027 V (∆E � 73 mV)}.
An irreversible process {Ecat � �1.46 V and �1.40 V for
[Ni(L1)]2� and [Ni2(L2)]4�, respectively} is attributed to the
nickel(II/I) couple; small additional peaks at ca. 0.6 V are
assigned to adsorption effects and peaks at ca. 1.3 V may
be assigned to ligand oxidation (see Figure 7). The data in-
dicate that both metal centers in [Ni2(L2)]4� undergo the
redox transformations independently and at the same po-
tentials. Similar results are obtained with [Bu4N]BF4 as
the electrolyte.

Figure 7. Cyclic voltammograms of 1 10�3 mol·L�1 solutions of
[Ni(L1)]2� (a) and [Ni2(L2)]4� (b) in acetonitrile (0.1 mol·L�1

[Bu4N]ClO4)

Protonation of non-coordinated nucleophiles in the li-
gand backbone are known to lead to a destabilization of
the oxidized form of metal complexes.[32] As expected, there
is approximately an inverse relationship between the desta-
bilization of nickel(III) over nickel(II) and the distance
between the nickel center and the site of protonation.[33]

For [Ni(Me-azacyclam)] the change of the nickel(III/II)
potential upon protonation is ca. 120 mV (0.790 V and
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0.910 V in neutral solution and 9.5 mol·L�1 HClO4,
respectively).[33] The corresponding effects observed for
[Ni(L1)]3�/2� and [Ni2(L2)]6�/4� are much smaller (0.815 �
0.020 V and 0.825 � 0.010 V, respectively, 10�7 mol·L�1 �
[H�] � 9.5 mol·L�1). This indicates that, upon protonation
of the aromatic fragment, the positive charge is delocalized
over the melamine ring.

The electrochemical behavior of [Ni(L1)]2� and
[Ni2(L2)]4� in aqueous solution with various electrolytes
was studied by cyclic voltammetry (CV) and differential
pulse voltammetry (DPV). These data are listed in Table 4,
relevant DPV curves of the oxidation scans are collected in
Figure 8 and Figure 9. The Ef value for the single quasi-
reversible redox transformation of the mono(macrocyclic)
ligand complex [Ni(L1)]2� is strongly anion-dependent and
decreases in the order ClO4

� � NO3
� � Cl� � HSO4

� �
H2PO4

� � SO4
2� � HPO4

2�. This sequence is typical for
nickel(III/II) couples of azamacrocyclic ligands and reflects
the increasing stabilization of nickel(III) by electrostatic
effects.[34�36] The poor reversibility observed in the experi-
ments with HPO4

2� is probably related to the high pH of
the solutions which leads to a destabilization of the
nickel(III) complex with respect to decomposition. This is
supported by significantly lower currents observed in the
corresponding CV and DPV experiments.

Table 4. Redox potentials (Ef in V vs. MCE, ∆E in mV in paren-
theses) of the NiIII/II couple of melamine-derived macrocyclic li-
gand complexes [Ni(L1)]2� and [Ni2(L2)]4� in aqueous solution,
containing 0.1 mol·L�1 Na� salts (CV data, pH � 7.0, sweep rate
0.1 V s�1)

Anion of the electrolyte [Ni(L1)]2� [Ni2(L2)]4�

ClO4
� 0.802 (66) 0.818 (74)

NO3
� 0.790 (76) 0.794 (78)

Cl� 0.616 (72) 0.618 (77)
SO4

2�[a] 0.545 (83) 0.488 (62), 0.609 (71)
HSO4

�[a][b] 0.569 (68) 0.553 (60), 0.638 (60)
H2PO4

�[c] 0.553 (81) 0.534 (123)[d]

HPO4
2�[e] 0.376 (120) 0.314,[f] 0.428 V[f]

[a] 3.33 10�2 mol L�1 Na2SO4. [b] pH � 1.0 [pKa1(H2SO4) � 1.92].
[c] 0.1 mol L�1 KH2PO4. [d] Sweep rate 0.2 V s�1. [e] pH � 8.2.
[f] Anodic peaks of the irreversible oxidation process (DPV).

The behavior of the bis(macrocyclic) ligand complex
[Ni2(L2)]4� in the presence of perchlorate, nitrate and chlor-
ide is similar to that of [Ni(L1)]2� (see Table 4 and Fig-
ure 8). In presence of sulfate or phosphate, however, there
are two separate oxidation/reduction steps for [Ni2(L2)]
(Table 4, Figure 8 and Figure 9). These are reversible in
sulfate but only poorly reversible or irreversible in phos-
phate (similar effects were observed with the mononuclear
compound, see above). The fact that the currents for the
two-electron oxidation processes in [Ni2(L2)]4� in perchlor-
ate-containing solutions are nearly equal to the sum of the
two separate single-electron steps in sulfate media indicates
that both single-electron oxidation steps are related to the
nickel(III/II) couple. Therefore, anion coordination leads to
two structurally (and electronically) different nickel centers
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or to strong coupling of the two metal ions. Also, the reduc-
tion potentials of the nickel(III/II) couple in the dinuclear
complex are more anodic (Ef1) and more cathodic (Ef2)
than that of the mononuclear compound. For a thorough
analysis of the redox processes, the dependencies of the Ef

values on the sulfate concentration in neutral (pH � 7.0)
and acidic (pH � 1.0) aqueous solutions were studied.

Figure 8. Differential pulse voltammograms of 1.0·10�3 mol·L�1

[Ni(L1)]2� (a) and 5·10�4 mol·L�1 [Ni2(L2)]4� (b) in 0.1 mol·L�1

aqueous solutions of different electrolytes: 1: NaClO4; 2: NaNO3;
3: NaCl; 4: KH2PO4; 5: Na2HPO4; pulse amplitude 10 mV, poten-
tial scan rate 2 mV s�1

The corresponding DPV curves are shown in Figure 9,
the potentials are listed in Table 5 (CV curves are given as
Supporting Information). The splitting of the redox poten-
tial depends on the concentration of the anions and, for a
given concentration, it is larger for sulfate than for hydro-
gen sulfate. The shifts of Ef1 and Ef2 are also sensitive to
the concentration of the anions. This indicates that sulfate
forms adducts of different stability, depending on the nuc-
learity of the nickel(II) complex. The dependence of the re-
duction potential of the nickel(III/II) couple on the concen-
tration of the anion Xn� is described by Equation (5),
where Xn� is SO4

2� or HSO4
�, Ki

II and Ki
III are the stepwise

stability constants of the nickel(II) and nickel(III) com-
plexes with sulfate, and Ef

aq is the redox potential in ab-
sence of coordinating anions (i.e., in 0.1 mol·L�1 aqueous
NaClO4). The values of Ki

II are relatively small (see above);
therefore Equation (5) transforms into Equation (6), where
∆Ef � EX

f � Ef
aq.[37]
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Figure 9. Differential pulse voltammograms of 5.0 10�4 mol·L�1

[Ni2(L2)]4� at various concentrations of Na2SO4 (a: pH � 7; 1: 0,
2: 5.0 10�4, 3: 1.0 10�3, 4: 1.5 10�3, 5: 8.7 10�3, 6: 3.3 10�2

mol·L�1) and H2SO4 (b: pH � 1; 1: 0, 2: 5.0 10�4, 3: 2.4 10�3, 4:
4.6 10�3, 5: 2.5 10�2, 6: 1.0 10�1 mol·L�1) (I � 0.1, pulse amplitude
10 mV, potential scan rate 2 mV s�1)

Table 5. Parameters of the oxidation of [Ni2(L2)]4� in aqueous sulf-
ate solutions

Eanodic [V] Ecathodic [V] Ef [V] (∆E [mV])Na2SO4 [mol·L�1]

0.0000 0.855 0.781 0.818 (74)
0.0005 0.813 0.640 0.727 (173)
0.0010 0.785 0.605 0.695 (180)
0.0015 0.755 0.576 0.667 (179)
0.0024 0.733 0.558 0.646 (175)
0.0046 0.596 0.708 0.529 0.644 0.563 (67) 0.676 (64)
0.0087 0.573 0.687 0.505 0.619 0.539 (68) 0.653 (68)
0.0153 0.546 0.671 0.482 0.608 0.514 (64) 0.640 (63)
0.0250 0.530 0.658 0.465 0.586 0.498 (65) 0.622 (72)
0.0333 0.519 0.644 0.457 0.573 0.488 (62) 0.609 (71)

H2SO4 [mol·L�1]

0.0000 0.857 0.793 0.825 (64)
0.0005 0.827 0.732 0.780 (95)
0.0010 0.803 0.700 0.752 (103)
0.0015 0.789 0.680 0.735 (109)
0.0024 0.771 0.658 0.715 (113)
0.0046 0.751 0.615 0.683 (136)
0.0087 0.736 0.593 0.665 (143)
0.0153 0.720 0.569 0.645 (151)
0.0245 0.619 0.708 0.559 0.648 0.589 (60) 0.678 (60)
0.0630 0.595 0.688 0.535 0.628 0.565 (60) 0.658 (60)
0.1000 0.583 0.668 0.523 0.608 0.553 (60) 0.638 (60)

Plots of Ef
X vs. logCX, where CX is the total concentration

of SO4
2�, are linear (see Figure 10), and their slopes, di-

vided by 0.059, give the average values of the number of
anions coordinated to the metal center involved in the
redox transformation (k in Table 6). Interpolation of the de-
pendences of exp{∆Ef(�F/RT)} vs. CX, using these values
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Figure 10. Plots used in the calculations of stoichiometric and ther-
modynamic parameters for the interaction of sulfate anion with
[Ni(L1)]2� (squares) and those for more anodic (Ef1, circles) and
less anodic (Ef2, triangles) processes observed in [Ni2(L2)]4�; the
curves correspond to best fit lines based on the values presented
in Table 6

of k, and assuming that [SO4
2�] � CX (see Figure 10) al-

lows to obtain values for the corresponding stability con-
stants (see Table 6).

From Table 6 it emerges that the nickel(III) complex with
the mono(macrocyclic) ligand forms a bis(sulfate) adduct,
although the data analysis did not allow to separate the
values of K1

III and K2
III. For [Ni2(L2)]6� two separate binding

constants for one nickel(III) center (Ef2) are observed, the
second nickel(III) center (Ef1) is coordinated to a single
sulfate anion. These results agree well with the model pro-
posed for the explanation of enhanced binding of sulfate to
the nickel(II) complex with the bis(macrocyclic) ligand (see
electronic spectroscopy, above, Scheme 2). Strong hydrogen
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Table 6. Stoichiometric and thermodynamic parameters of the interaction of sulfate with the nickel(III) complexes with the macrocyclic
ligands

[Ni(L1)] [Ni2(L2)]Anion
Ef2 Ef1

SO4
2� k � 1.95 � 0.01 k � 1.68 � 0.01 k � 1.06 � 0.01

K1
III K2

III � (2.25 � 0.02)·107 K1
III � (4.59 � 0.02)·106 K3

III � (7.03 � 0.18)·104

K2
III � 41 � 10

HSO4
� k � 1.82 � 0.01 k � 1.83 � 0.01 k � 1.02 � 0.01

K1
III � (6.36 � 1.05)·104 K1

III � (2.83 � 0.25)·105 K3
III � (1.19 � 0.05)·104

K2
III � 28 � 10 K2

III � 1

bonding between the coordinated sulfate and an axially co-
ordinated water molecule at the neighboring metal center
leads to suppression of the substitution of the remaining
water molecule by another sulfate anion. Therefore, one ax-
ial coordination site in [Ni2(L2)]6� is blocked and two inde-
pendent reduction processes are observed, one with parti-
cipation of the bis(sulfate) adduct (Ef2) and the other re-
lated to the (aqua)(sulfate) complex with the macrocyclic
ligand (Ef1).

A similar behavior is observed for the nickel complexes
in acidic media (pH � 1.0), where hydrogen sulfate is co-
ordinated to the nickel(III) centers (see Table 6). However,
the stability constants of the corresponding adducts are sig-
nificantly lower. This is believed to be due to the smaller
charge of the coordinating anion. All constants Ki

III for the
complexes with the melamine-derived macrocyclic ligands
are in the range expected for nickel(III) complexes with
tetraaza macrocyclic ligands.[34�36]

Conclusion

The copper(II),[7�9] nickel(II) and nickel(III) complexes
of the bis- and tris(macrocyclic) melamine-based ligands are
versatile hosts for anionic guest molecules. This is due to
the relatively labile coordination to the vacant axial sites,
assisted by Jahn�Teller effects [copper(II), nickel(III)] or
spin-equilibria [nickel(II)] and to some flexibility in the ar-
rangement of the macrocyclic subunits (syn-anti conforma-
tions with respect to the melamine rings and relative geo-
metry in the syn conformation, angles α, β, γ in Figure 2).
In the case of the dinickel(II/III) complexes this leads to an
enhanced stability of the coordination of sulfate to one of
the axial sites, assisted by the second nickel center. With the
di- and trimetal systems [nickel(II), nickel(III), copper(II)
and mixed-metal] there is a variety of host systems which,
in spite of or due to the limited flexibility are able to select-
ively bind, activate and/or stabilize anionic guest species.

Experimental Section

Syntheses: Caution! Perchlorate salts of metal complexes with or-
ganic ligands are potentially explosive and should be handled with
care. [Ni(2,3,2-tet)](ClO4)2 [2,3,2-tet � bis-N,N�-(2-aminoethyl)pro-
pane-1,3-diamine] was obtained as described,[38] all other AR grade
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chemicals and solvents were used as received. To a solution of
[Ni(2,3,2-tet)](ClO4)2 (2.0 g, 4.8 mmol) in 15 mL of water were ad-
ded melamine (1.0 g, 7.9 mmol), triethylamine (5.0 mL, 35.9 mmol)
and ethanol (100 mL). The resulting mixture was heated and aque-
ous formaldehyde (37%, 8.0 mL, 106.7 mmol) was added dropwise
over a period of 1 h; refluxing of the solution was continued for an
additional 24 h. The mixture was then cooled, and the dark brown
precipitate that formed was removed by filtration. The resulting
deep brown solution was diluted with water to 2 L and sorbed onto
an SP-Sephadex C-25 cation exchange resin (Na� form). The col-
umn was washed with water (0.5 l) and the products were then
eluted with aqueous NaClO4 solutions. Two yellow bands were
eluted with 0.2 mol·L�1 NaClO4. The first contained unchanged
[Ni(2,3,2-tet)](ClO4)2 and was discarded. With 0.4 mol·L�1 Na-
ClO4 a third yellow fraction was obtained. The remaining products
were eluted with NaCl or NaNO3 (0.4�0.8 mol·L�1) but did not
contain any macrocyclic ligand products.

[Ni(L1)](ClO4)2·H2O (1): The second yellow band eluted with 0.2
mol·L�1 NaClO4 was concentrated under reduced pressure to
25 mL and left cooling to room temperature. Yellow needles of the
product were collected, washed with ethanol and dried under va-
cuum. Yield 0.38 g, 14%. C12H28Cl2N10NiO9 (586.01): calcd. C
24.60, H 4.82, N 23.90; found C 24.51, H 4.73, N 23.94. Electronic
absorption spectrum (H2O, 0.1 mol·L�1 NaClO4): λmax (ε, L mol�1

cm�1) � 658 (ca. 2), 455 (23), 330 sh (30), 209 nm (52000). Single
crystals of 1, suitable for X-ray analysis, were selected from the pre-
cipitate.

[Ni(HL1)](ClO4)2Cl·2H2O: This complex was obtained with nearly
quantitative yield by recrystallization of 1 from 2 mol·L�1 HCl.
C12H31Cl3N10NiO10 (640.49): calcd. C 22.50, H 4.88, N 21.87;
found C 22.45, H 4.83, N 21.67. X-ray quality crystals of
[Ni(HL1)](ClO4)2Cl·H2O (2) were obtained by slow concentration
of an acidic aqueous solution of 1 containing NaCl.

[Ni(HL1)](ClO4)SO4·3.5H2O: This complex was obtained in nearly
quantitative yield by recrystallization of 1 from acidic 1 mol·L�1

Na2SO4. C12H33ClN10NiO11.5S (627.66): calcd. C 22.96, H 5.30, N
22.32; found calcd. C 23.91, H 5.34, N 22.73. X-ray quality crystals
of [Ni(HL1)(OSO3)(OH2)]2(ClO4)2·5H2O (3) were obtained by slow
concentration of an acidic solution of 1 containing Na2SO4.

[Ni2(HL2)](ClO4)5·nH2O: The third yellow band which contained
the bis(macrocyclic) ligand complex was eluted with 0.4 mol·L�1

NaClO4. The volume of the elute was reduced to approximately
25 mL and the hot solution was acidified to pH � 1 with concen-
trated HClO4 and then cooled. Large orange and small yellow crys-
tals formed were collected, washed with ethanol and dried in air.
Total yield: 0.08 g, 1.5%. The crystals were separated manually. Or-
ange complex, [Ni2(HL2)](ClO4)5·6H2O. C21H59Cl5N14Ni2O26
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Table 7. Crystallographic data for the complexes

1 2 3

Empirical formula C12H28Cl2N11NiO9 C12H29Cl3N10NiO9 C12H38ClN10NiO14S
Formula mass 586.05 622.51 672.74
Crystal system monoclinic triclinic triclinic
Space group P21/c P1̄ P1̄
a [Å] 10.8650(14) 8.074(2) 10.9934(6)
b [Å] 8.8691(11) 8.4832(19) 13.6832(7)
c [Å] 23.8863(30) 19.055(4) 18.8799(9)
α [°] 90 93.015(18) 93.9300(10)
β [°] 92.045(3) 93.538(18) 99.8260(10)
γ [°] 90 110.598(18) 96.1030(10)
V [Å3] 2300.3(5) 1215.5(5) 2771.6(2)
Z 4 2 4
T [K] 190(2) 293(2) 190(2)
dcalcd. [g cm�3] 1.692 1.701 1.612
Reflections: measured/unique 13669/4064 3149/2133 46023/16859
R1 (I � 2σ) 0.0536 0.0765 0.0401
wR2 (all) 0.1433 0.1843 0.1039
GOF 1.043 1.055 1.027

(1218.42): calcd. C 20.70, H 4.88, N 16.09; found C 20.71, H 4.46,
N 15.94. Yellow complex, [Ni2(HL2)](ClO4)5·2H2O.
C21H51Cl5N14Ni2O22 (1146.36): calcd. C 22.00, H 4.48, N 17.11;
found C 22.06, H 4.65, N 16.78. Recrystallization from nitrometh-
ane (diffusion of diethyl ether) of either of these complexes results
in the formation of yellow crystals of the composition
[Ni2(L2)](ClO4)4·2H2O.

[Ni2(L2)](ClO4)4·2H2O: C21H50N14Cl4Ni2O18 (1045.90): calcd. C
24.12, H 4.82, N 18.75; found C 24.05, H 4.77, N 18.63. Electronic
absorption spectrum (H2O, 0.1 mol·L�1 NaClO4): λmax (ε, L mol�1

cm�1) � 658 (5), 455 (48), 330 (14), 214 nm (62000). Single crystals
of [Ni2(L2)](ClO4)4·2H2O (4) were grown by vapor diffusion of di-
ethyl ether to a nitromethane solution of [Ni2(HL2)](ClO4)5·2H2O.

Crystal Structure Determinations: Reflections of representative
crystals were measured with Siemens P4 (2) or Bruker AXS
SMART 1000 (1, 3 and 4) diffractometers using Mo-Kα radiation
(λ � 0.71073 Å) and operating in the ω-scan mode. The structures
were solved by direct methods (SHELXS-86) and refined by full-
matrix least-squares methods based on F2 (SHELXL-97),[39] using
anisotropic thermal parameters for all non-hydrogen atoms. The
crystallographic parameters are given in Table 7. CCDC-172715
(1), -172712 (2) and -172716 (3) contain the supplementary crystal-
lographic 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 Centre, 12, Union Road, Cam-
bridge CB2 1EZ, UK [Fax: (internat.) � 44-1223/336-033; E-mail:
deposit@ccdc.cam.ac.uk].

Physical Methods: Infrared spectra (KBr pellets) were recorded
with a Specord 75 IR (Carl Zeiss) spectrophotometer. Electronic
absorption spectra were measured with a Cary1E (Varian) or a
Specord M40 (Carl Zeiss) spectrophotometer, equipped with ther-
mostatted cells. The electrochemical experiments (cyclic voltamme-
try, CV, or differential pulse voltammetry, DPV) were carried out
with an Autolab (EcoChemie) system. A standard three-electrode
scheme, consisting of a glassy carbon working, a calomel (1
mol·L�1 NaCl) reference (MCE) and a Pt plate auxiliary electrode
was used. All solutions were purged with argon before measure-
ment. The values of Ef (vs. MCE) for reversible or quasi-reversible
redox transformations were calculated as the midpoints between
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the anodic and cathodic peaks, the distances between peaks (∆E)
were used as parameters for the characterization of the reversibility
of the electrochemical transformations (∆E � 59 mV for thermo-
dynamically reversible process). Analytical data were obtained
from the microanalytical laboratory of the chemical institutes of
the University of Heidelberg.

Equilibria between Diamagnetic and Paramagnetic Forms: These
were measured spectrophotometrically in a thermostatted (� 0.1°)
quartz cell (only freshly prepared solutions were used). For aqueous
solutions the ionic strength was kept equal at 0.1 mol·L�1; when
variable concentrations of sulfate were used the ionic strength was
adjusted to 0.1 with NaClO4 and/or HClO4. εls � 64 L mol�1 cm�1

{[Ni(L1)]2�} and 128 L mol�1 cm�1 {[Ni2(L2)]4�} were obtained
from nitromethane solutions. The εls values were obtained from
data fitting and Gaussian analyses of the experimental spectra {5
and 9 L·mol�1·cm�1 for [Ni(L1)]2� and [Ni2(L2)]4�, respectively}.
Stability constants for the sulfate adduct formation were calculated
by iterative procedures applied to the plots of Kax vs. equilibrium
concentrations of sulfate. In a first step the equilibrium concentra-
tion of sulfate was assumed to be equal to its total concentration.
The values of Kax

1 and Kax
2 so obtained were then used for the calcu-

lation of the equilibrium concentration of sulfate. Iterations were
stopped when the difference between two consecutive equilibrium
concentrations of the anion was less than 1·10�5 mol·L�1.
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