
F U L L P A P E R

D
alton

w
w

w
.rsc.o

rg
/d

alto
n

Effect of metal ionic radius and chelate ring alternation motif on
stabilization of trivalent nickel and copper in binuclear complexes
with double cis-oximato bridges

Olga M. Kanderal,a Henryk Kozłowski,*b Agnieszka Dobosz,c Jolanta Swiatek-Kozlowska,c

Franc Meyerd and Igor O. Fritsky*a

a Department of Chemistry, National Taras Shevchenko University, 01033, Kiev, Ukraine.
E-mail: ifritsky@univ.kiev.ua; Fax: +38 044 239 33 93; Tel: +38 044 239 33 93

b Faculty of Chemistry, University of Wrocław, F.Joliot-Curie 14, 50-383, Wrocław, Poland.
E-mail: henrykoz@wchuwr.chem.uni.wroc.pl; Fax: +48 71 3757251; Tel: +48 71 3757251

c Department of Basic Medical Sciences, Wrocław Medical University, Kochanowskiego 14 Str.,
51-601, Wrocław, Poland. E-mail: jsk@basmed.am.wroc.pl; Fax: +48 713479211;
Tel: +48 713484310

d Institute of Inorganic Chemistry, Georg-August-University, Tammannstr. 14, D-37077,
Göttingen, Germany. E-mail: franc.meyer@chemie.uni-goettingen.de; Tel: +49 551 393012;
Fax: +49 551 393063

Received 10th December 2004, Accepted 2nd March 2005
First published as an Advance Article on the web 15th March 2005

Oxime ligands are able to form stable binuclear species with copper(II) ions in aqueous solution. They also have a
strong tendency to decrease the Mn+/(n−1)+ redox potentials of the central ions. Ligands possessing the hydroxyimino
groups together with other powerful r-donor groups can be very efficient chelating agents able to facilitate the
stabilisation of high oxidation states of 3d-metals. Here we report the synthesis, structural characterization and redox
behaviour of mononuclear and binuclear complexes based on hydroxyiminoamide tetradentate open-chain ligands.
In all mononuclear anionic complexes the central atom is situated in a square-planar surrounding of four nitrogen
atoms. This pseudo-macrocyclic conformation is due to the presence of short intramolecular hydrogen bonds uniting
the cis-oximate oxygen atoms. The square-planar surrounding of the strong r-donors facilitates efficient stabilization
of the trivalent state of copper and nickel ions. In cyclic voltammetry studies the quasi-reversible processes M2+→M3+

can be observed. In the binuclear complexes the coordinatively saturated octahedral ion M′ is bound to the two
oxygen atoms of the bridging oximate groups and the four nitrogen atoms of the tetradentate ligand tren. Two metal
ions (M and M′) are linked by the double cis-oximate bridge and are incorporated in a six-membered bimetallic
chelate ring. Metallamacrocycle formation leads to certain changes in the structural parameters of the binuclear
complexes as compared to those observed in the mononuclear species. Also the study of the electrochemical activity
of binuclear complexes has shown important differences in their redox behaviour as compared to their mononuclear
precursors.

Introduction

Oximes represent a very important class of ligands in coordi-
nation chemistry.1 Recent interest in oxime ligands is mostly
due to the remarkable ability of the deprotonated oximato
groups to form bridges between metal ions giving rise to
polynuclear complexes of different nuclearity with different
types of oximate bridges.1d,2 The vast majority of publications on
oximate complexes published during last 15 years have dealt with
the synthesis and study of magnetic properties of polynuclear
l-oximato complexes. This is due to the prominent capacity
of the bridging N,O-oxime function to mediate very efficiently
exchange interactions between paramagnetic metal ions; in some
dicopper(II) l-oximate complexes the exchange parameters (2J)
reach the value −1000 cm−1 and even higher.1d,2

The strong tendency of oxime ligands to form stable binuclear
species with copper(II) ions in aqueous solution due to the
formation of double oximato bridges was detected for the first
time in our past investigations with 2-hydroxyiminopropanoic
acid, 2-cyano-2-hydroxyiminopropanoic acid, and their amide
derivatives with the help of pH-potentiometry, UV-VIS and EPR
spectroscopy.3

Another important feature of deprotonated oxime ligands is
the strong r-donor capacity of the nitrogen atoms resulting in
a significant decrease of the Mn+/(n−1)+ redox potentials of the
central ions.1 Combining in one ligand molecule the hydroxy-

imino groups with other powerful r-donor groups can lead to
the creation of very efficient chelating agents and ligand systems
facilitating stabilization of high oxidation states of 3d-metals.

Earlier we reported the synthesis, characterization and solu-
tion study of a series of copper(II) and nickel(II) mononuclear
complexes based on hydroxyiminoamide tetradentate open-
chain ligands and showed that these ligand systems tend to
form very stable square-planar pseudo-macrocyclic complexes
with the {2N(oxime),2N(amide)} donor set both in solution
and in the solid state.4 We found that such combination of the
donors in one tetradentate ligand molecule is quite efficient in
stabilizing the trivalent state of nickel.5 Later, Krüger showed
that tetradentate ligands with the same {2N(oxime),2N(amide)}
donor set are efficient in the stabilization of copper(III).6 The
mononuclear copper-(II) and -(III) complexes with these ligands
have been obtained and characterized.6 However, up to date
no bi- or polynuclear complexes with oximate bridges based
on the regarded ligand systems have been reported. The effect
of bridging coordination of an additional metal ion M′ is
expected to exhibit a certain influence both on the M3+/2+ redox
potential and the stability of the formed binuclear species
containing the trivalent M (Cu3+ or Ni3+) ions (Scheme 1). In
this paper we report the synthesis, structural characterization
and redox behaviour of the mononuclear PPh4[M(L − 3H)]
and binuclear complexes [M(L − 4H)M′(tren)], where M =
Cu2+, Ni2+; M′ = Ni2+, Co3+; L is one of the followingD
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Scheme 1 Formation of binuclear oximate complexes via substitution
of the bridging proton by metal ions.

tetradentate open-chain oxime-and-amide ligands: N,N ′-bis(2-
hydroxyiminopropanoyl)-1,2-diaminoethane (PEN), N,N ′-
bis(2-hydroxyiminopropanoyl)-1,3-diaminopropane (PAP) and
N,N ′-bis(2-hydroxyiminopropanoyl)-1,4-diaminobutane (PAB)
having a different number of methylene groups (two, three or
four, respectively) in the spacer between the amide functions
(Scheme 1); tren is the tetradentate amine ligand tris(2-
aminoethyl)amine.

Experimental
Materials and physical measurements

All chemicals were commercial products of reagent grade and
used without further purification. Elemental analyses were
conducted by the Microanalytical Service of the University of
Wrocław. The ligands PEN, PAP and PAB were synthesized
according to the reported methods.4a,b,7

IR spectra (KBr pellets) were recorded on a Perkin-Elmer 180
Spectrometer in the range of 200–4000 cm−1. Absorbance and
diffuse-reflectance spectra were registered on a Beckman DU
650 and a Beckman UV 5240 spectrophotometers, respectively.
The complex concentration was 1–3 mM.

ESI mass-spectra of the complexes (solutions in methanol)
were recorded on a Finnigan MAT LCQ.

Cyclic voltammograms were obtained with an Autolab PG-
STAT 12 electrochemical analyzer with GPES 4.9 software,
using 2 × 10−3 M solutions in methanol at six different sweep
rates ranging from 50 to 1000 mV s−1. The working electrode
was a Pt electrode (2-mm diameter) with an Ag/AgCl reference
electrode. NBu4PF6 and methanol were used as the supporting
electrolyte and solvent, respectively. The redox potential of
the ferrocene–ferrocenium redox couple under these conditions
was found to be equal to +0.410 V. The measurements were
performed at 25 ◦C, under nitrogen.

EPR spectra were recorded at 295 and 77 K (liquid nitrogen)
on a Bruker ESP 300E spectrometer at X-band frequency
(9.3 GHz). Ethylene glycol–water (1 : 2 v/v) or DMSO were
used as solvents for solution studies. Sample concentrations were
similar to those used in spectrophotometric studies. Powdered
samples were inserted in quarz sample tubes (id: 3.5 mm, od:
5 mm). The Bruker spectrometer was equipped with a Bruker
NMR gaussmeter ER 035M and a Hewlett-Packard microwave
frequency counter HP 5350B.

Preparation of the complexes

Li[Ni(PEN − 3H)]·4H2O (1). This complex was synthesised
according to ref. 4b.

PPh4[Ni(PAP − 3H)]·H2O (2), PPh4[Ni(PAB − 3H)]·H2O
(3a) and AsPh4[Ni(PAB − 3H)]·3.5H2O (3b). A solution of the
respective ligand (PAP 0.244 mg, 1 mmol or PAB·2H2O 0.286 g,
1 mmol) in 10 ml of water was heated to 90 ◦C and added
with stirring to the solution of nickel(II) nitrate hexahydrate
(0.291 g, 1 mmol) in water (5 ml), then an aqueous solution
of sodium hydroxide (4 ml, 1 M) was added. The obtained

mixtures were stirred at 60–80 ◦C for 10 min, then a solution
of PPh4Br (0.419 g, 1 mmol) or AsPh4Br (0.463 g, 1 mmol)
in 10 ml of water–methanol (10 : 1) was added. The obtained
solutions were cooled, filtered and set aside for crystallization
at room temperature. The resulting amber–yellow crystalline
products were separated by filtration, washed with water and
air-dried. The products are fairy soluble in alcohols, acetonitrile,
chloroform and hot water. Yield 58% for 2 and 53% for 3a. X-
Ray analysis revealed the presence of 2 in two polymorphic
crystal modifications: monoclinic (2a) and triclinic (2b).

PPh4[Ni(PAP − 3H)]·H2O (2). Calc. for C33H35N4O5PNi:
C, 60.30; H, 5.37; N, 8.52; Ni, 8.93. Found: C, 60.50; H, 5.44;
N, 8.38, Ni 9.09%. ESI-MS: m/z (%): 299.0 (100) [58Ni(PAP −
3H)]−, 301.0 (44) [60Ni(PAP − 3H)]−.

PPh4[Ni(PAB − 3H)]·H2O (3a). Calc. for C34H37N4O5PNi:
C, 60.83; H, 5.55; N, 8.35, Ni, 8.74. Found: C, 60.58; H, 5.66;
N, 8.71, Ni, 8.89%. ESI-MS: m/z (%): 313.0 (100) [58Ni(PAB −
3H)]−, 315.0 (42) [60Ni(PAB − 3H)]−.

[Li(H2O)4][Cu(PAP − 3H)]·2H2O (4a) and PPh4[Cu(PAP −
3H)]·4.5H2O (4b). 4a was synthesised according to.4a 4b was
prepared by methathesis between 4a and PPh4Br in warm 10%
aqueous methanolic solution. 4b was formed as an orange
crystalline material within 24 h by slow evaporation of the
obtained mixture at room temperature.

PPh4[Cu(PAP − 3H)]·4.5H2O (4b). Calc. for C33H41N4-
O8.5PCu: C, 54.73; H, 5.71; N, 7.74; Cu, 8.77. Found: C, 54.51;
H, 5.77; N, 7.91, Cu 8.99%. ESI-MS: m/z (%): 304.0 (100)
[63Cu(PAP − 3H)]−, 306.0 (47) [65Cu(PAP − 3H)]−.

[Ni(tren)Ni(PEN − 4H)]·2H2O (5) and [Co(tren)Ni(PEN −
4H)](ClO4)·H2O (6). Nickel(II) nitrate hexahydrate (0.291 g,
1 mmol) or cobalt(II) perchlorate hexahydrate (0.366 g, 1 mmol)
dissolved in ethanol (10 ml) was added to a solution of tren
(0.146 mg, 1 mmol) in ethanol (5 ml). A mixture of solutions of
nickel(II) nitrate hexahydrate (1 ml, 1 M aqueous), PEN (1 ml,
1 M in MeOH) and aqueous NaOH (4 ml, 1 M) was prepared
separately with consequent heating at 50 ◦C and stirring for
10 min. The two obtained solutions were then mixed, stirred for
30 min in the air on heating, then cooled, filtered and left for
crystallization at room temperature. The crystals formed after
48 h were filtered off, washed with ethanol and dried in air. The
complexes are soluble in water and methanol on heating. Yield
64% for 5 and 67% for 6.

[Ni(tren)Ni(PEN − 4H)]·2H2O (5). Calc. for C14H32N8O6-
Ni2: C, 31.98; H, 6.13; N, 21.31; Ni, 22.32. Found: C, 32.30;
H, 5.94; N, 21.18; Ni, 22.49%. ESI-MS: m/z (%): 489.1 (2)
[{58Ni2(M)} + H+]+, 511.1 (9) [{58Ni2(M)} + Na+]+, 1001.2
(100) [{58Ni3

60Ni(M)2}+ Na+]+, 1491.3 (75) [{58Ni4
60Ni2(M)3}+

Na+]+, 1981.4 (9) [{58Ni5
60Ni3(M)4} + Na+]+.

[Co(tren)Ni(PEN − 4H)](ClO4)·H2O (6). Calc. for C14H30N8-
O9ClCoNi: C, 27.68; H, 4.98; N, 18.44; Co, 9.70; Ni, 9.66. Found:
C, 27.55; H, 5.06; N, 18.71; Co, 9.85; Ni, 9.60%. ESI-MS: m/z
(%): 489.1 (100) [59Co58Ni(M)]+, 977.2 (6) [{59Co2

58Ni2(M)2}2+–
H+]+.

[Co(tren)Cu(PAP − 4H)](NO3)·0.25LiNO3·6.25H2O (7).
The synthesis was carried out analogously to 6 using copper(II)
nitrate instead of nickel(II) nitrate, PAP instead of PEN, and
LiOH as alkali. Yield 68%.

[Co(tren)Cu(PAP − 4H)](NO3)·0.25LiNO3·6.25H2O (7).
Calc. for C15H42.5N9.25O14Li0.25CuCo: C, 25.71; H, 6.11; N, 18.49;
Co, 8.41; Cu, 9.07. Found: C, 25.70; H, 6.14; N, 18.48; Co,
8.66; Cu, 9.04%. ESI-MS: m/z (%): 508.1 (100) [59Co63Cu(M)]+,
1015.2 (5) [{59Co2

63Cu2(M)2}2+ − H+]+.
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X-Ray crystallography

X-Ray data were collected on a KUMA KM-4CCD
diffractometer8 with graphite-monochromatic Mo-Ka radiation
(k = 0.71073 Å) using the x–2h technique at 293 (5, 6) or 192
(7) K. The data collection was made using Oxford diffraction
programs.9,10 The structures were solved by direct methods
(SHELXS-97)11 and refined by full-matrix least-squares on all
F o

2 (SHELXL-97)12 anisotropically for all non-hydrogen atoms.
In the structures 2a and 3b all the hydrogen atoms were located
from difference Fourier and included into refinement (excluding
the C–H hydrogen atoms of the methyl groups in 3b which were
treated using the riding model). In the structures 2b, 5 and 6 the
methylene and aromatic C–H and N–H hydrogen atoms were
fixed in calculated positions, the methyl C–H hydrogen atoms
were placed on calculated positions and allowed to ride on the
parent atom, the O–H hydrogen atoms were located from the
difference Fourier map, and in 6 were fully refined isotropically
while in 5 they were not refined. In the structure 7 all the C–
H and N–H hydrogen atoms were located from the difference
Fourier map and their thermal and positional parameters were
included in the refinement (excluding the methyl hydrogen atoms
of a half-occupancy methanol molecule which were allowed to
ride on the parent atom). In 7 significant disorder was found in
a loose region containing solvate water and methanol molecules
and a non-coordinated nitrate anion; one of the water molecules
with occupancy factor of 0.75 was found to share the same space
with the nitrate anions of 0.25 occupancy. Only part of the O–H
hydrogen atoms of solvate water molecules in 7 were observed
and located from the difference Fourier map but not included
into refinement. Details of crystal data and refinement are given
in Table 1.

CCDC reference numbers 263427–263432.
See http://www.rsc.org/suppdata/dt/b4/b418598f/ for crys-

tallographic data in CIF or other electronic format.

Results and discussion
Mononuclear anionic complexes

A spectiation study of complex formation between Cu2+ and
Ni2+ and PAP by potentiometric titration and a variety of
spectroscopic methods revealed that in the systems with both
ions the most stable species dominating over a wide range of pH
are square-planar anionic complexes [M(PAP − 3H)]− having
a short intramolecular H-bond between the cis-oximate oxygen
atoms.4a Several compounds containing these complex anions
have been isolated and characterised by X-ray analysis before,4a–d

and some new complexes are presented in this work.
The molecular structures of the complexes 2 and 3b are

presented in Figs. 1 and 2, respectively, the selected bond
lengths are given in Table 2. In all the anionic complexes
the central atoms are situated in a square-planar surrounding
of four nitrogen atoms belonging to the deprotonated amide
and oxime groups of the triply deprotonated residues of the
ligands which adopt a pseudo-macrocyclic conformation due to
the presence of short intramolecular H-bonds uniting the cis-
oximate oxygen atoms. The most important differences in the
molecular structures of the nickel complexes with the three
ligands lie in the different motifs of the chelate ring alternations
(5,5,5 in 1; 5,6,5 in 2 and 5,7,5 in 3b), and, as a consequence,
in importantly different separations O(1) · · · O(4) between the
oxime oxygens involved in the intramolecular H-bonds. In
the PEN-containing complex 1 this separation (2.625(2) Å) is
markedly larger then in the case of PAP- and PAB-containing
complexes 2 and 3b (2.412(3)–2.449(2) Å). In the latter the
observed values are close to those typical for the square-planar
nickel(II) oximate complexes (2.43–2.48 Å).4a,d,13,14 It is evident
that such differences are conditioned by the presence of three
fused five-membered chelate rings in 5 which makes the complex
anion in 1 the most compressed and tensed and thus requires

Fig. 1 Molecular structure and numbering scheme for complex 2.

Fig. 2 Structure and numbering scheme for complex 3b.

significant stretching of the oxygen atoms. In contrast, in 3b
the O(1) · · · O(4) separation is somewhat shortened (2.412(3)
Å). It is evident that the difference in separations between the
cis-oximate oxygen atoms can have a substantial impact on the
reactivity of the anionic complexes in reactions of the bridging
proton in substitution by metal ions of certain ionic radii.

Another consequence of tension caused by the presence of
three five-membered rings in 1 are noticeably shortened Ni–N
distances compared to 2b and 3b (Table 2), a significant decrease
of the bite angle N(2)–Ni–N(3) (less than 90◦, while in 2 and 3b it
is notably larger than 90◦) and an increase of the opposite angle
N(1)–Ni–N(4) (102.74(7)◦ in 1 vs. 96.93(7) and 95.51(9)◦ in 2b
and 3b, respectively). It is evident that this effect correlates with
changes of the number of atoms in the internal chelate rings. In
contrast, the values of the bite angles N(1)–Ni–N(2) and N(3)–
Ni–N(4) in the five-membered rings in 1 are increased (84.51(7)
and 85.50(7)◦) as compared to 2b (83.37(8) and 83.28(7)◦) and
3b (82.69(9) and 82.64(10)◦). However the bonding parameters
of 2b and 3b are not significantly different. In 3b the Ni–N
distances are somewhat lengthened, especially one of the Ni–
N(amide) distances (Ni–N(2) 1.909(2) Å). This effect can be
attributed to the presence of the asymmetric seven-membered
chelate ring involving the Ni–N(amide) bonds in 3b.

The structural differences in 1, 2b and 3b caused by the
different size of the internal chelate rings are also revealed by
comparison of distortions of the corresponding coordination
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Table 2 Selected bond lengths (Å) and valence angles (◦) of the mononuclear complexes

Li[Ni(PEN −
3H)]·4H2O (1)a

PPh4[Ni(PAP −
3H)]·H2O (2b)

AsPh4[Ni(PAB −
3H)]·3,5H2O (3b)

[Li(H2O)4][Cu(PAP −
3H)]·2H2O (4a)b

M–N(1) 1.839(2) 1.8782(17) 1.879(2) 1.962(4)
M–N(2) 1.816(2) 1.8648(18) 1.909(2) 1.927(4)
M–N(3) 1.803(2) 1.8676(17) 1.878(2) 1.910(4)
M–N(4) 1.841(2) 1.8717(18) 1.881(2) 1.954(4)
O(1)–N(1) 1.372(2) 1.355(2) 1.352(3) 1.380(5)
O(4)–N(4) 1.354(2) 1.356(2) 1.363(3) 1.362(5)
O(2)–C(3) 1.255(2) 1.248(2) 1.273(3) 1.246(6)
O(3)–C(6) 1.243(2) 1.255(2) 1.248(3) 1.258(6)
N(1)–C(2) 1.283(2) 1.294(3) 1.285(3) 1.272(7)
N(4)–C(7) 1.285(3) 1.289(3) 1.283(3) 1.276(6)
O(1) · · · O(4) 2.625(2) 2.449(2) 2.412(3) 2.581(5)

2.431(2)c

O(1)–H(1) 1.061(2) 1.13(4) 1.16(4) 1.087(4)
1.20(4)

H(1) · · · O(4) 1.582(2) 1.33(4) 1.27(4) 1.534(4)
1.24(4)

O(1)–H(1)) · · · O(4) 166.3(1) 172(4) 169(3) 160.1(2)
173(3)

N(1)–M–N(2) 84.51(7) 83.28(7) 82.69(9) 81.6(2)
N(1)–M–N(3) 171.73(7) 175.97(7) 173.70(9) 173.8(2)
N(1)–M–N(4) 102.74(7) 96.93(7) 95.51(9) 96.8(2)
N(2)–M–N(3) 87.25(8) 96.69(8) 99.58(9) 98.6(2)
N(2)–M–N(4) 172.74(7) 176.28(7) 175.44(9) 176.8(2)
N(3)–M–N(4) 85.50(8) 83.37(8) 82.64(10) 82.7(2)

a Ref. 4b, numbering scheme corresponds to Fig. 3. b Ref. 4a, numbering scheme corresponds to Fig. 1. c In polymorphic modification 2a.

spheres and the chelate ring conformations. In 1 the square-
planar coordination sphere and all three chelate rings are
virtually planar; realization of such conformation is necessary
in order to satisfy the fused disposition of three five-membered
rings. In 2b and 3b the equatorial planes exhibit insignificant
tetrahedral distortion with deviations of the nitrogen atoms from
the mean planes defined by them by 0.0630(8)–0.0845(11) Å.

Regarding the earlier published molecular structure of the an-
ionic complex of copper with PAP, 4a, this exhibits the expected
longer M–N distances as compared to the nickel complexes,
which is due to the larger ionic radius of Cu2+ as compared to
square-planar Ni2+. The observed Cu–N distances in 4a and Ni–
N distances in 2b and 3b are normal for the complexes with N-
coordinated amide and oxime groups while Ni–N bonds in 1 are
shorter than the typical value due to the reasons discussed above.
Note, that in 4a a noticeable difference in Cu–N(amide) and
Cu–N(oxime) distances is observed while in the Ni complexes
this difference is insignificant. The O(1) · · · O(4) separation in 4a
(2.581(5) Å) is much larger that in the Ni complex 2b containing
the same ligand PAP (2.449(2) Å).

Above pH 9, dissociation of the bridging oximate proton starts
to proceed, and according to a speciation study, at pH 9 and
higher the only abundant species for both considered metal
ions are [M(PAP − 4H)]2−.4a However, attempts to isolate
the corresponding doubly charged anionic complexes with the
studied ligands from strongly alkaline aqueous or alcohol
solutions in all cases results in crystallization of singly charged
anionic complexes containing the [M(PAP − 3H)]− anion.
This is an indication of an important stabilizing role of the
short intramolecular cis-oximate H-bonds on formation of the
crystalline phase.

An important role of the intramolecular H-bonds in addi-
tional stabilization of the coordination sphere of mononuclear
cis-bis(oximate) complexes is also confirmed by the results of
a study of complex formation in solution and by the reactivity
of the corresponding compounds.4a,c,d,5,13 Such a feature makes
it possible to carry out various chemical reactions with par-
ticipation of mononuclear cis-bis(oximate) complexes in which
the cis-coordination of the oximate ligands in the equatorial
plane is retained. There are numerous examples of template

ring closure reactions of cis-oximate groups resulting in the
formation of macrocyclic or open-chain complexes (in reactions
with boric acid, tin(IV) compounds, etc.), i.e. reactions in which
cis-coordination is retained.1b,5,13

The bridging oxime proton can be substituted by metal ions.
In this case the second metal ion appears to be coordinated to
two oxime oxygen atoms forming an additional six-membered
bimetallic chelate ring. This feature has often been used in
the synthesis of polynuclear oximate complexes, which are
extensively studied in molecular magnetism.

Synthesis and characterisation of binuclear complexes

Interaction of the anionic oximate complexes Cat[M(L − 3H)]
(Cat = PPh4 or alkaline metal ion; M = Ni2+, Cu2+) with complex
cations [M′(tren)(H2O)2]2+ (M = Ni2+, Co2+) in aqueous media in
the presence of 1 equiv. of alkali results in formation of binuclear
complexes where the M and M′ ions find themselves linked by
the double cis-oximate bridge (Scheme 1). Use of a tetradentate
amine ligand tren for blockage of four sites in the coordination
sphere of M′ allows to avoid oligo- and polymerisation and limits
any interaction between the anionic and cationic complexes to
the exclusive formation of binuclear species. Note, that in the
case of systems with M′ = Co reactions are accompanied by the
oxidation of the Co ion to the trivalent state, so the resulting
binuclear complexes 6 and 7 are cationic while the dinickel
complex 5 is neutral.

We launched numerous attempts to obtain the target binuclear
complexes according to Scheme 1 with M = Ni2+ and Cu2+ and
with all the three studied ligands. It should be mentioned that
we succeeded to obtain only complexes involving two out of six
possible oxime-containing building blocks: [Ni(PEN − 4H)]2−

and [Cu(PAP − 4H)]2−. In the case of Ni anionic complexes with
PAP and PAB, the resulting reaction mixtures produced only
mononuclear starting complexes, and ESI mass-spectrometric
control reactions performed under various temperature, concen-
tration, pH and solvents mixture conditions also revealed the
presence of signals corresponding to the mononuclear species
only. In Cu-containing systems, we found that the mononuclear
species [Cu(PEN − 4H)]− and [Cu(PAB − 4H)]− appear to be not
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stable enough themselves with respect to competitive complex
formation reactions. On standing, aqueous and methanolic
solutions containing the corresponding mononuclear complexes
within several hours produce insoluble neutral complexes
[Cu(PAB − 2H)]·nH2O and green-coloured soluble species with
an alternative {2N(oxime),2O(amide)} coordination mode. On
reactions with [M′(tren)(H2O)2]2+, the processes of formation of
the mentioned species are accelerated, and the obtained reaction
mixtures contain complex mixtures of mononuclear compounds.

Considering the reactions of substitution of the bridging
oxime proton by metal ions we should take into account the
distance between the oxime oxygen atoms as an important
parameter which can have critical impact on the course of these
reactions. Indeed, in order to allow a smooth proceeding of the
proton substitution, the considered “bite distance” should fit
to the accessible range of distances suitable for chelation of a
metal ion with a certain ionic radius and specific tolerance to
the distortion of its coordination sphere.

The expected binuclear structure of the synthesized com-
pounds is unambiguously confirmed not only by the results of el-
emental analysis, but also by a variety of spectral investigations.
ESI mass-spectra of the binuclear complexes exhibit signals of
molecular [M]+ or quasi-molecular [M + Na]+ or [M + H]+ ions
with characteristic isotope distribution for the species containing
two atoms of the corresponding metal in one molecule of the
complex. For the cationic complexes 6 and 7 the most intense
peaks (100% intensity) observed in the ESI spectra correspond
to the molecular ions [59Co63Cu(M)]+, while in the spectrum of
the neutral complex 5 the major peak corresponds to its dimeric
associate with a sodium ion [{58Ni3

60Ni(M)2} + Na]+. As in the
ESI-MS only charged particles can be registered, the neutral
complexes as a rule are associated with the available positively
charged ions (protons or cations of alkaline metals in the case
when the positive registration mode is applied). It is interesting
to note that in the spectrum of 5 there are quite intense signals
of trimeric [{58Ni4

60Ni2(M)3} + Na]+ (75%) and even tetrameric
[{58Ni5

60Ni3(M)4} + Na]+ (9%) associates of the binuclear
complexes with a sodium ion. Other signals in the ESI spectra
of 5, 6 and 7 are characterized by quite low intensities (<10%).

In the diffuse-reflectance and absorption UV-VIS spectra
of the binuclear complexes 5, 6 and 7 (Table 3) asymmetric
bands are observed which is due to overlap of spectral max-
ima characteristic for two different chromophores present in
the compounds: square-planar MN4 (M = Ni2+, Cu2+) and
octahedral M′N4O2 (M = Ni2+, Co3+). In 5 and 6, positions
of the absorption maxima of the bands corresponding to the
square-planar Ni2+ chromophore are close to those observed in
the mononuclear complexes (398–410 nm). In 7, the absorption
maximum at 513 nm is a result of overlap of two closely situated
bands caused by CuN4 and CoN4O2 chromophores, thus the
observed band appears to be somewhat shifted compared to the
position in the spectra of 4a and 4b (478–479 nm). In the absorp-
tion spectra the position of maxima are not significantly changed
as compared to the reflectance spectra which suggest that the
metal ions M retain their coordination environment in solution.

The EPR spectrum of the solid 4b complex is characteristic
for the orthorhombic Cu2+ symmetry while the Cu2+ centrum
in complex 7 is very close to tetragonal (Table 3). In solution
both Cu2+ sites in 4b and 7 have very similar EPR parameters
characteristic for tetragonal geometry with g‖ > g⊥ (Table 3).

In the IR spectra of both mono- and binuclear complexes
significant high frequency shifts of the m(NO) stretching mode
vibrations as compared to the position in the spectra of the free
ligands is observed (Table 3). This suggests that N-coordination
of the deprotonated oxime groups is retained in the binuclear
complexes and is similar to their mononuclear precursors. Com-
pared to the spectra of the mononuclear complexes, the band
m(NO) of the binuclear 5, 6 and 7 undergoes a shift to higher fre-
quency (Dm = 7–22 cm−1) which may be caused by the change of
the coordination mode from monodentate to N,O-bridging and T
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also by the effect of substitution of the bridging oxime proton
which results in slight shortening of the N–O distances. The ab-
sence of peaks characteristic for the stretching mode vibrations
m(NH) of the secondary amide groups as well as insignificantly
small frequency shifts of the absorption bands m(C=O) “Amide
I” in the spectra of the synthesised complexes as compared to
their positions in the spectra of the free ligands suggests preser-
vation of N-coordination of the deprotonated amide groups.

Molecular structures of the binuclear complexes

The molecular structures of complexes 5, 6 and 7 are presented
in Figs. 3, 4 and 5, respectively. Geometrical parameters of all
the structures are listed in Table 4.

Fig. 3 Structure and numbering scheme for complex 5 (top: viewed
from above with the atom-numbering scheme; bottom: side view).

Substitution of the oxime proton in the mononuclear com-
plexes by the additional ion M′ results in the closing of the
coordination sphere of M {MN2(oxime)N2(amide)} in a 13-
(in the case of PEN) or 14-membered (in the case of PAP)
metallamacrocyclic ring. All the binuclear complexes contain
the coordinatively saturated octahedral ion M′ bound to the
two oxygen atoms of the bridging oximate groups, and the four
nitrogen atoms of the tetradentate ligand tren. 5 is a neutral
complex while 6 and 7 are anionic as they contain the trivalent
Co ion. Thus, two metal ions M and M′ in the binuclear
complexes appear to be linked by the double cis-oximate bridge
and incorporated in the six-membered bimetallic chelate ring.

Compared to the mononuclear precursors, the overall
coordination sphere of M remains unchanged, however,
macrocyclisation leads to certain changes in the structural
parameters of the binuclear complexes as compared to those
observed in the mononuclear complexes [M(L − 3H)]−. First of
all, there is a significant increase in the O(1) · · · O(4) separations
between the cis-oximate oxygen atoms on coordination of
the additional metal ions M′ (2.9162(17)–3.028(3) Å in the
binuclear complexes vs. 2.431(2)–2.625(2) Å in the mononuclear
complexes). As a consequence, a certain lengthening of the M–
N distances (much more pronounced for M–N(oxime) than
for M–N(amide) distances) and an increase in the values of
the angles N(1)–M–N(4) (which in the binuclear complexes
becomes the bite angles) is observed.

Fig. 4 Structure and numbering scheme for complex 6 (top: viewed
from above with the atom-numbering scheme; bottom: side view).

Fig. 5 Structure and numbering scheme for complex 7 (top: viewed
from above with the atom-numbering scheme; bottom: side view).
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Table 4 Selected bond lengths (Å) and angles (◦) for 5, 6 and 7

[Ni(tren)Ni(PEN −
4H)]·2H2O (5)

[Co(tren)Ni(PEN −
4H)](ClO4)·H2O (6)

[Co(tren)Cu(PAP −
4H)](NO3)·0.25LiNO3·6.25H2O (7)

M–N(1) 1.883(2) 1.8644(15) 1.991(2)
M–N(2) 1.816(3) 1.8180(17) 1.924(2)
M–N(3) 1.829(2) 1.8201(16) 1.935(2)
M–N(4) 1.890(2) 1.8731(16) 1.972(2)
M′–O(1) 2.032(2) 1.9070(14) 1.902(2)
M′–O(4) 2.096(2) 1.9207(13) 1.898(2)
M′–N(5) 2.116(3) 1.9573(16) 1.955(2)
M′–N(6) 2.115(3) 1.9524(14) 1.952(2)
M′–N(7) 2.103(3) 1.9510(15) 1.955(2)
M′–N(8) 2.126(3) 1.9612(14) 1.946(2)
O(1)–N(1) 1.338(3) 1.345(2) 1.352(3)
O(4)–N(4) 1.329(3) 1.352(2) 1.337(3)
O(2)–C(3) 1.239(4) 1.268(2) 1.263(3)
O(3)–C(6) 1.249(3) 1.253(2) 1.259(4)
N(1)–C(2) 1.299(4) 1.314(2) 1.296(3)
N(4)–C(7) 1.309(4) 1.303(2) 1.297(4)
O(1) · · · O(4) 3.028(3) 2.9162(17) 2.930(3)
M · · · M′ 3.5273(12) 3.4869(7) 3.7005(5)

N(1)–M–N(2) 83.52(11) 84.25(7) 82.75(10)
N(1)–M–N(3) 168.27(11) 169.08(7) 171.20(10)
N(1)–M–N(4) 107.00(10) 105.19(7) 98.02(9)
N(2)–M–N(3) 84.82(11) 85.42(7) 96.14(11)
N(2)–M–N(4) 169.48(11) 170.54(7) 174.49(10)
N(3)–M–N(4) 84.65(10) 85.12(7) 82.26(10)
O(1)–M′–O(4) 94.34(9) 99.26(6) 100.88(9)
O(1)–M′–N(5) 169.54(9) 169.84(6) 171.96(9)
O(1)–M′–N(6) 92.64(11) 90.29(6) 95.73(9)
O(1)–M′–N(7) 88.37(10) 83.62(6) 85.61(10)
O(1)–M′–N(8) 103.46(10) 97.95(6) 91.64(9)
O(4)–M′–N(5) 94.91(9) 89.69(6) 86.74(9)
O(4)–M′–N(6) 85.81(10) 83.77(6) 91.48(10)
O(4)–M′–N(7) 176.84(10) 175.86(6) 171.87(9)
O(4)–M′–N(8) 86.21(9) 90.17(6) 83.05(10)
N(5)–M′–N(6) 83.17(12) 85.88(6) 86.55(10)
N(5)–M′–N(7) 82.54(11) 87.20(6) 86.58(10)
N(5)–M′–N(8) 82.04(11) 86.75(6) 86.70(10)
N(6)–M′–N(7) 95.70(11) 93.27(7) 92.73(11)
N(6)–M′–N(8) 162.52(11) 170.48(6) 171.54(11)
N(7)–M′–N(8) 91.58(10) 92.38(6) 91.95(11)

Increase of the separation O(1) · · · O(4) in the binuclear
complexes is caused by the necessity to satisfy the geometrical
requirements for chelation of the M′ ion of given radius, thus the
values of the bite angles O(1)–M′–O(4) may be also different. For
example, in the structure of the mononuclear 1 the separation
O(1) · · · O(4) is 2.625(2) Å, while in the binuclear complexes 5
and 6 it is increased to 3.028(3) and 2.9162(17) Å, respectively.
The distances Ni–N(oxime) in the coordination sphere of M
are increased by 0.03–0.05 Å while the increase in Ni–N(amide)
distances is only minor. In the Cu-containing complexes with
PAP the separation O(1) · · · O(4) = 2.515(2) Å found in the
mononuclear 4a is increased to 2.930(3) Å in the binuclear
complex 7. The distances Cu–N(amide) are increased on average
by 0.02–0.04 Å while Cu–N(oxime) is lengthened by 0.03–
0.06 Å. The increase of the O(1) · · · O(4) separation influences
also the angular parameters of the square-planar coordination
spheres, mainly the values of the bite angles N(1)–M–N(4). In the
mononuclear 1 this angle is equal to 102.74(7)◦ while in the binu-
clear complexes 5 and 6 it is increased to 107.0(1) and 105.19(7)◦,
respectively. In 7 the angle N(1)–Cu–N(4) (98.02(9)◦) is also in-
creased as compared to the mononuclear complex 4a (96.8(2)◦).
One can show that the increase of the values of the considered
angle correlates with the increase of the distance O(1) · · · O(4) in
the polynuclear complexes (Tables 2 and 4). On the contrary, the
bite angle between the coordinated amide groups N(2)–Cu–N(3)
is decreased from 98.6(2)◦ in 4a to 96.14(11)◦ in 7.

The octahedral ions are situated in a distorted surrounding. It
should be noted that the distances Co–O (1.898(2)–1.9207(13)

Å) and Co–N (1.946(2)−1.9573(16) Å) in 6 and 7 are noticeably
shorter as compared to the corresponding Ni–O (2.032(2)–
2.096(2) Å) and Ni–N (2.103(3)–2.126(3) Å) distances in 5. This
evidently is due to the relatively small ionic radius of Co3+

and also by a larger O(1) · · · O(4) separation in 5 (Table 4).
Another consequence of the discussed effects is significant
increase of the bite angle O(1)–M′–O(4) in the Co-containing
complexes (99.26(6)◦ in 6 and 100.88(9)◦ in 7) as compared
to 5 (93.34(9)◦). In spite of longer distances M′–O in 5 the
separation Ni(1) · · · Ni(2) (3.527(1) Å) appears to be nearly equal
to Ni(1) · · · Co(1) (3.4869(7) Å) in 6 and significantly shorter
than Cu(1) · · · Co(1) in 7 (3.7006(5) Å). This could be explained
in terms of two effects: noticeably shorter distances (in average
by 0.1 Å) for Ni–N as compared to Cu–N in square-planar
moieties and also by a different degree of folding of the bimetallic
molecules along the O(1)–O(4) vector. As one can see from
Figs. 3–5 (bottom), all three complexes differ noticeably by their
angular conformation which can be described by the values of
the dihedral angles between the planes of the corresponding bite
angles MN(1)N(4) and M′O(1)O(4). These angles are 129.8(1)◦

in 5, 137.62(5)◦ in 6 and 142.94(8)◦ in 7. Such conformational
differences significantly influence the values of metal–metal
separations: one can observe that in the complex with the largest
dihedral angle (7) the longest M · · · M′ separation is realised.
Slightly shorter M · · · M′ separation in 6 compared to 5, in spite
of a larger dihedral angle along the O(1)–O(4) line is evidently
conditioned by shorter metal–ligand distances in the octahedral
coordination sphere of Co3+ in 6 as compared to Ni2+ in 5.
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In the structures 5 and 6 the equatorial planes of the square-
planar ions M atom are nearly regular (the deviation of the
atoms from the mean plane MN4 does not exceed 0.014(1)
and 0.034(1) Å, respectively, while in 7 the equatorial plane of
the copper ion undergoes slight tetrahedral distortion, and the
central atom is displaced by 0.121(1) Å out of the mean plane
defined by the four nitrogen atoms. The central six-membered
bimetallic cycles MN(1)O(1)M′O(4)N(4) in all the structures
exhibit the conformation of an insignificantly distorted envelope
with the M′ atoms displaced from the mean planes defined by the
other five atoms by 1.071(2) (in 5), 0.850(1) (in 6) and 0.696(2)
(in 7) Å.

Electrochemical studies

As expected, in the synthesized mononuclear anionic com-
plexes essential thermodynamic stabilization of copper(III) and
nickel(III) takes place. The square-planar surrounding of the
strong r-donors: N-coordinated deprotonated oxime and amide
groups facilitates efficient stabilization of the trivalent state.

A cyclic voltammetry study of the mononuclear complexes
revealed the presence of quasi-reversible processes M2+→M3+

(M = Ni, Cu) with positions of cathodic and anodic peaks
invariant with respect to different sweep rates with formal elec-
trode potentials of +0.691–0.755 V vs. the Ag/AgCl electrode
for the Ni-containing complexes 1, 2 and 3a and +0.485 V for
the Cu-containing complex 4b in methanol (+0.793–0.798 and
+0.354 V, respectively, in acetonitrile) (Table 5). The values of
the formal redox potentials M3+/2+ (M = Ni, Cu) suggest quite
efficient thermodynamic stabilization of the trivalent state in the
mononuclear complexes. Observed values for the Ni3+/2+ redox
potentials are close to those reported for the tetraazamacro-
cyclic nickel(II) complexes providing a mixed N(amide)N(amine)
donor environment.15 Note, that the value of Ef(Cu3+/2+) ob-
served for 4b in acetonitrile is very close to those reported by
Krüger et al.5 for the mononuclear copper complexes with open-
chain ligands having the same {2N(oxime,2N(amide)} donor
set but different disposition of the amide groups and having
several peripheral methyl groups (0.354 mV vs. Ag/AgCl for 4b
and 0.321 mV for the complex in ref. 5). The observed formal
Cu3+/2+ potential values are significantly lower then those found
for the analogous Ni complex in the same solvents. One can see
that in the Ni complex 1 having three condensed five-membered
rings the +3 state is somewhat destabilized compared to 2 and
3a, probably because the internal donor cavity is smaller than
required to ideally fit the Ni3+ ionic radius. It should be noted
that the effect of thermodynamic destabilization of square-
planar mononuclear nickel(II) complexes with tetranitrogen
macrocyclic ligands having three condensed five-membered
chelate rings has been recognized before.16

A study of the electrochemical activity of binuclear complexes
5, 6 and 7 in methanol revealed important differences in their
redox behaviour as compared to their mononuclear precursors
and also differences among the series of binuclear complexes
having different M′ ions. In 7, a significant anodic shift of the
redox potential compared to that seen for the Cu-containing
mononuclear complex 4b is observed (DEf = +0.274 V).
This effect is believed to be caused by partial electrostatic
destabilization of the doubly-charged cationic species formed
on oxidation of the Co3+-containing cationic binuclear complex.
Surprisingly this effect is negligibly small in the similar Co3+-
containing complex 6 (DEf = +0.009 V vs. 1). It is interesting
to note that unlike the Co3+-containing complexes 6 and 7, the
dinickel binuclear complex 5 exhibits the opposite trend, and
its Ni3+/2+ redox potential is decreased by more than 0.1 V as
compared to the mononuclear complex 1 (Table 5). This effect
can be understood in terms of a decrease of compression in the
equatorial plane of the Ni coordination sphere on account of
an increase of separation O(1) · · · O(4) between the cis-oxime
oxygen atoms upon bridging coordination. In this way the
macrocyclic cavity becomes wider and thus fits better to the
size of the larger Ni3+ ion as compared to the mononuclear
complex (Tables 2 and 4), since square-planar Ni2+ has a smaller
ionic radius than tetragonal-bipyramidal Ni3+,17 having the
same in-pane donor environment, which is formed on account
of axial coordination of solvent molecules. On the contrary,
in the Cu-containing complex 7 the stretching of the donor
cavity accompanied by an increase of the Cu–N distances
results in partial destabilization of the Cu(III) species formed
upon electrochemical oxidation, as the Cu3+ ion has a smaller
ionic radius than Cu2+ and thus fits much worse to the wider
metallamacrocylic cavity.

In this context one can explain different trends in changes
of the formal redox potentials of the binuclear complexes.
There are two factors affecting their values in the considered
systems: (i) the effect of partial electrostatic destabilization of
the cationic species formed upon oxidation which is much more
pronounced in the Co3+-containing complexes as they produce
doubly charged cationic species on oxidation; (ii) the effect of
widening of the donor cavity on bridging coordination of the
second metal ion M′ via cis-oximato oxygen atoms, resulting in
the lengthening of the M–N bonds. This effect has a different
impact on complexes with M = Ni2+ and Cu2+: in the first case
it leads to additional stabilization of the formed Ni3+ species as
the wider cavity fits better the larger Ni3+ ions; in the case of
Cu-containing complexes it results in additional destabilization
of the Cu3+ species as the Cu3+ ions has a smaller ionic radius as
compared to the Cu2+ ion.

Thus, in the neutral binuclear complex 5 the effect of
electrostatic stabilization is insignificant and the conformational

Table 5 Redox characteristics of the synthesized mono- and binuclear complexes in methanol and acetonitrile solutions (c = 2 × 10−3 M) at sweep
rate 0.100 V s−1

Compound Ea/V Ec/V (Ea − Ec)/V ia/ ic Ef/V (vs. Ag/AgCl)

Li[Ni(PEN − 3H)]·4H2O (1) 0.825 0.685 0.140 1.2 0.755
PPh4[Ni(PAP − 3H)]·H2O (2)a 0.761 0.620 0.141 1.3 0.691

0.849b 0.747b 0.103b 1.2b 0.798b

PPh4[Ni(PAB − 3H)]·H2O (3a)a 0.791 0.635 0.157 1.3 0.713
0.864b 0.722b 0.142b 1.3b 0.793b

[Ni(tren)Ni(PEN − 4H)]·2H2O (5) 0.684 0.588 0.096 1.2 0.636
0.987c 0.884c 0.103c 1.3c 0.936c

[Co(tren)Ni(PEN − 4H)](ClO4)·H2O (6)a 0.820 0.710 0.110 1.3 0.764
PPh4[Cu(PAP − 3H)]·4.5H2O (4b) 0.529 0.440 0.089 1.0 0.485

0.393b 0.315b 0.078b 1.0b 0.354b

[Co(tren)Cu(PAP − 4H)](NO3)·0.25LiNO3·6.25H2O (7) 0.803 0.715 0.088 1.1 0.759
Ferrocene 0.449 0.371 0.078 1.0 0.410

0.481b 0.400b 0.081b 1.0b 0.441b

a Sweep rate 0.025 V s−1 in methanol, 0.500 V s−1 in acetonitrile. b In acetonitrile. c Ni3+ → Ni4+ oxidation.
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effect has evidently a larger contribution, so that the observed
redox potential is decreased compared to the mononuclear
complex 1. In the case of 6, electrostatic destabilization is much
more significant, so that the contribution of electrostatic and
conformational effects are approximately equal and compensate
each other, and the observed redox potential does not change
much compared to the mononuclear complex 1. Finally, in 7
both electrostatic and conformational effects result in partial
destabilization of the Cu trivalent state, and the observed
redox potential is markedly higher than that measured for the
mononuclear complex 4b.

In the considered systems the thermodynamic stability of
the binuclear complexes varies on account of a change of
geometrical parameters of the coordination sphere of the redox
active metal M, which is controlled by the redox-innocent metal
ion M′. This may be considered as an example of allosteric
regulation of the redox potential.

Consideration of structural features and electrochemical
properties of the synthesized complexes may be helpful in
understanding the problems which we encountered during the
reactivity study. It is evident that the separation between the
cis-oximato oxygen atoms is a very important parameter which
may have a critical impact on reactivity of the mononuclear
matrices and redox properties of both mono- and binuclear
complexes. It is believed that this separation can be changed in
a certain range of values determined mainly by the ionic radius
of the central atom and the motif of the chelate ring alternation.
Substitution of the bridging oxime proton by the second metal
ion requires a certain stretch of the oxime oxygens, however, the
extent of this stretch is sure to be limited to a certain threshold
value. Thus, substitution of the oxime proton in the PEN-
containing nickel(II) complex 1 is accompanied by stretching
of the O(1) · · · O(4) separation from 2.625(2) to 2.9162(17)–
3.028(3) Å, i.e. by 0.29–0.40 Å. In the case of the copper-
containing complex 7 this stretch is equal to 0.35 Å. It is evident
that in order to facilitate substitution of the bridging oxime
proton by the bi- or trivalent 3d-metal ions, the mononuclear
matrix should provide cis-interdonor distances in the range ca.
2.90–3.20 Å. Bridging coordination of the second metal ion to
the mononuclear complexes of nickel(II) with PAP and PAB
would require stretching of the O(1) · · · O(4) separation by at
least 0.45–0.50 Å which is impossible for the ligand systems
having the six- and seven-membered rings situated trans to the
bridging oxime proton. This would probably be a satisfactory
explanation of the inactivity of Ni-containing mononuclear
complexes with PEN and PAP in reactions aimed at substitution
of the bridging oxime proton by metal ions.

Conclusions
The mononuclear nickel(II) and copper(II) complexes with
ligands having the {2N(oxime,2N(amide)}donor set indicate
quite efficient thermodynamic stabilization of the +3 oxidation
state of the central atoms; the differences in Ni3+/2+ redox
potentials may be attributed to different alternation motifs of the
chelate rings in the donor cavity. The mononuclear complexes
appeared to be suitable precursors for obtaining the binuclear
complexes via substitution of the bridging oxime proton by
3d-metal ions. Comparison of the structural features of the
mono- and binuclear complexes revealed important differences,
mostly connected with widening of the internal tetranitrogen
donor cavity due to the stretch of the separation between
the oxime oxygen atoms on the second ion coordination. The
binuclear complexes showed noticeable shifts in the values of
formal redox potentials Ni3+/2+ and Cu3+/2+ as compared to those
observed in mononuclear complexes. The observed changes are
explained in the terms of the electrostatic destabilization of the
cationic species formed on oxidation, and in terms of effect of
better or worse fit of the M3+ or M2+ ion to the size of the

metallamacrocyclic cavity. The fine tuning of redox potentials in
tetragonal metal complexes may be achieved by proper control
of the size of the donor cavity by use of different metal ions for
its capping.
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