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bstract

The coordination properties of a selected series of acyclic and macrocyclic ligands containing one or more phenolic groups are explored. The
ormation of polynuclear metal complexes was only considered highlighting the key role played by the phenoxide oxygen atom in binding two
etal centres in a bridge disposition. This arrangement allows two metal ions to stay close each other and consequently these dinuclear centres are
ble to mimic many biological sites, especially those where the two metals can cooperate to form an active centre. Catalytic properties of these
olynuclear complexes, when studied, have been reported. Also some of the numerous heterodinuclear metal complexes that have been synthesized
re here reviewed, included several crystal structures.
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Table 1
Protonation constants (log K) of L1 determined by means of potentiometric
measurements in 0.15 mol dm−3 NMe4Cl aqueous solution at 298.1 K

Reaction log K

L1 + H+ = HL1+ 10.49(1)a

HL1+ + H+ = H2L12+ 9.68(1)
H2L12+ + H+ = H3L13+ 9.21(1)
H3L13+ + H+ = H4L14+ 7.59(1)
H4L14+ + H+ = H5L15+ 2.31(3)
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. Introduction

Polynucleating ligands are a growing class of compounds;
his term, firstly coined as “dinucleating ligands” by Robson [1]
n 1970, defines a class of ligands able to simultaneously bind
wo or more metal ions thus forming di- or polynuclear metal
omplexes. In this field, not only the ligands, but also their coor-
ination compounds were extensively investigated allowing the
nderstanding of the basic metal–metal interactions. The possi-
le applications of the complexes formed by this type of ligands
ary from the biomimetic studies of dinuclear metalloproteins
r hosting and carrying of small molecules to their interesting
atalytic properties.

Among many different types of dinucleating ligands,
nd more generally polynucleating ligands, the phenol-based
olecules have attracted particularly a great number of

esearchers. This is due to the key role played by the phenolic
roup which has many useful electronic and structural charac-
eristics such as: (i) charge as function of pH, spanning from

at low pH to −1 at high pH values; (ii) bridging capability,
ften the phenolic donor atom binds two metal centres in close
roximity; (iii) the benzene ring present allows a great synthetic
exibility.

Regarding the first point, the acid–base properties of the phe-
ol in aqueous solution depends on the ligand topology in which
t is inserted; in fact, although the phenol loses its acidic proton at
H > 10 giving the phenolate H−1L− anionic species (the reac-
ion is L = H−1L− + H+), this process can occur also at lower
H values when the phenol takes part of an amino-phenolic
igand. Often, it is the H−1L species involved in the second
oint, that is the phenolate oxygen atom to bridge two metal
entres.

. Acyclic ligands

.1. Ligands containing one phenolic unit

.1.1. Ligand forming μ-phenoxo dinuclear complexes
Dinuclear metal complexes have been the subject of exten-

ive investigations due to their applications in many chemical
elds. In fact, dinuclear metal complexes are successful devices
or the recognition and assembly of external species of dif-
erent nature such as inorganic and organic species. Many
atural biological sites, such as the active centres of vari-
us metalloenzymes, are produced by the two transition metal
ons; thus synthetic dinuclear receptors can be used to mimic
he active centres. The important factors for the coordina-
ion and/or activation of secondary species are an unsaturated
oordination environment of the two metals ions, and the preor-
anization of the receptor to host the new species. The distance
etween the two metal ions is crucial to allow the cooper-

tion of both metal ions in forming the active centre. Due
o bridging abilities of the phenolate oxygen atom towards
etal ions, an important class of acyclic ligands capable to

ind two metal ions close to each other, contains one phenol
nit.

[
m
T
(
t

a Values in parentheses are the standard deviations on the last significant figure.

.1.1.1 Phenolic ligands bearing polyamine side-arms.

he basicity behaviour and coordination properties in aque-
us solution of the ligand L1 (2,6-bis{[bis(2-aminoethyl)amino]
ethyl}phenol) towards Co(II), are reported and discussed

ogether with those of the species formed with Ni(II), Cu(II)
nd Zn(II) ions (Tables 1 and 2).

The dinuclear Co(II) complexes of L1 were studied as pos-
ible binders for molecular dioxygen (Table 3) [2]. The studies
ere carried out using potentiometric measurements (298.1 K,
= 0.15 mol dm−3), UV–visible absorption spectra, and 1H and
3C NMR spectra in aqueous solution. L1 behaves as a pentapro-
ic base in the range of the potentiometric measurements; the UV
nd NMR experiments revealed that in L1, HL1+, H2L12+, and
3L13+ species there is the simultaneous presence of positive

nd one negative charge on the ligand.
L1 forms mono and dinuclear complexes with Co(II) ion. The

inuclear species occur with the complete deprotonation of the
igand; the oxygen atom of the phenolate moiety bridges the two

etal ions forcing them to stay close to each other, preorganizing
he complexes to bind an additional molecule.

This is the case of the dinuclear Co(II) species
Co2(H−1L1)(OH)j](3−j)+ (j = 0–2), which cooperate to bind one
olecule of dioxygen, giving rise to mono-oxygenated species.

he stoichiometry of such species [Co2(H−1 L1)(OH)jO2](3−j)+

j = 0–2), and other experimental data are in agreement with
he formation of �-peroxo complexes where the O2 molecule
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Table 2
Logarithm of the equilibrium constants determined in 0.15 mol dm−3 NMe4Cl at 298.1 K for the complexation reactions of L1 with Co(II), Ni(II), Cu(II) and Zn(II)
ions

Reaction log K

Co(II) Ni(II) Cu(II) Zn(II)

M2+ + L1 = ML12+ 13.81(2)a 15.13(2) 21.01(1) 14.87(4)
ML12+ + H+ = M(HL1)3+ 8.65(2) 8.83(2) 7.26(1) 8.64(3)
M(HL1)3+ + H+ = M(H2L1)4+ 5.06(7) 4.68(1) 4.75(1) 5.16(4)
M(H2L1)4+ + H+ = M(H3L1)5+ 3.59(1)
ML12+ + H2O = M(H−1L1)+ + H3O+ −9.57(1) −9.64(1) −9.41(1) −9.24(1)
M2+ + ML12+ = M2L14+ 9.26(1)
M2+ + M(H−1L1)+ = M2(H−1L1)3+ 10.01(1) 10.45(1) 14.35(1) 12.01(1)
M2(H−1L1)3+ + OH− = M2(H−1L1)OH2+ 5.16(1) 5.18(1) 7.65(1) 5.17(1)
M2(H−1L1)OH2+ + OH− = M2(H−1L1)(OH)2

+ 2.78(1)

a Values in parentheses are the standard deviations on the last significant figure.

Fig. 1. Proposed coordination model of the [Co2(H−1L1)(�-O2)]3+ complex.

Table 3
Logarithm of the equilibrium constants determined in 0.15 mol dm−3 NMe4Cl
at 298.1 K for the complexation reactions of the oxygenated cobalt complexes

Reaction log K

2Co2+ + L1 + H2O = Co2(H−1L1)(�-O2)3+ + H3O+ 18.02(4)a

2Co2+ + L1 + 3H2O = Co2(H−1L1)(OH)(�-O2)2+ + 2H3O+ 9.96(5)
2Co2+ + L1 + 5H2O = Co2(H−1L1)(OH)2(�-O2)+ + 3H3O+ −0.45(7)
Co2(H−1L1)3+ + O2 = Co2(H−1L1)(�-O2)3+ 3.77
Co2(H−1L1)OH2+ + O2 = Co2(H−1L1)(OH)(�-O2)2+ 4.28
Co2(H−1L1)(OH)2

+ + O2 = Co2(H−1L1)(OH)2(�-O2)+ 4.82
C 3+ − 2+

C

b
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respectively (Fig. 2).

T
L

R

2
2
2
M

o2(H−1L1)(�-O2) + OH = Co2(H−1L1)(OH)(�-O2) 5.67
o2(H−1L1)(OH)(�-O2)2+ + OH− = Co2(H−1L1)(OH)2(�-O2)+ 3.32

a Values in parentheses are the standard deviations on the last significant figure.

ridges the two metal ions (Fig. 1). The experiments showed
hat the oxygenation reactions are reversible.
The coordination properties of the ligand L1 towards the
n(II) ion were determined by potentiometric measurements in
queous solution (Table 2, 298.1 K, I = 0.15 mol dm−3).

n
o

able 4
ogarithm of the formation constants for the 2Cu(II)/L1 and 2Zn(II)/L1 systems with

eaction log K

Cu(II)

Imidazole Py

M2+ + L1 + G = M2(H−1L1)G3+ + H+ 30.57(3)a 29
M2+ + L1 + G = M2(H−1L1)(H−1G)3+ + H+ 23.64(4) 24
M2+ + L1 + G = M2(H−1L1)(H−2G)3+ + H+ 12.51(3) 13

2(H−1L1)3+ + G = M2(H−1L1)G3+ 4.6 3

a Values in parentheses are the standard deviations on the last significant figure.
L1 forms mono- and dinuclear complexes with Zn(II) ion
3,4]. The stable dinuclear complexes are practically the only
xisting species using L1/Zn(II), molar ratio of 1:2. In these
pecies, each dien subunit binds one Zn(II) ion, while the phe-
olate moiety bound to both ions allows the two metal centres to
e in close proximity with an incomplete coordination environ-
ent, the Zn(II)–Zn(II) separation is of 3.090 Å. The role of this
etal–metal distance in binding secondary ligands was studied

or the dinuclear systems 2Zn/L1 and 2Cu/L1 by potentiomet-
ic (Table 4, 298.1 K, I = 0.15 mol dm−3) and NMR experiments
n aqueous and MeOH solution with small guests having N
onor atoms. The coordination sphere of the two metal ions
as completed by adding one equiv of only those guests, which

howed at least two contiguous donor atoms or two lone pairs
n the same atom, to exactly match the metal–metal distance
ithout modifying the metal cluster. To do this, the imida-

ole molecule which shows the highest addition constants to
he [M2(H−1L1)]3+ species probably forms a �-1,1-amino.
hese results are in agreement with the two crystal structures

eported herein [Zn2(H−1L1)(CH3CH2CH2CH2O)](ClO4)2
nd [Zn2(H−1L1)(N3)](ClO4)2. In fact, these structures display
butanolate or azide guest linked to both Zn(II) ions of the dinu-
lear complex, resulting in a �-1,1-oxo and �-1,1-azido bridge,
The Ni(II) dinuclear complexes of L1 [Ni2(H−1L1)Cl3] is a
eutral species in which the two Ni(II) ions are bridged by the
xygen atom of the phenolato moiety and by a �-chloride anion

the guests G, determined in 0.15 mol dm−3 NMe4Cl at 298.1 K

Zn(II)

razole Pyridazine Pyrazole Azide

.10(4) 28.54(2) 21.68(3) 20.45(2)

.24(4) 23.90(3) 13.06(3)

.08(3) 2.97(4)

.2 2.6 4.0 2.8
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Fig. 2. ORTEP view of the complex cations [Zn2(H−1L1)CH3CH2CH2CH2O)]2+ and [Zn2(H−1L1)N3]2+.

u2(H
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m
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t
c
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tion of NO catalyzed by inducible nitric oxide synthase
obtained from RAW 264.7 murine macrophage cell line
stimulated with LPS. The experiments proved that NO is
coordinated by the complex [Cu2(H−1L1)OH]2+. The coor-

Table 5
Protonation constants (log K) of L1 determined by means of potentiometric
measurements in 0.15 mol dm−3 NaCl aqueous solution at 310.1 K

Reaction log K

L1 + H+ = HL1+ 10.47(1)a

HL1+ + H+ = H2L12+ 9.40(1)
Fig. 3. ORTEP view of the complex cation [C

5]. The coordination around each Ni(II) ion is completed by
inding a further chloride anion, the Ni(II)–Ni(II) distance is of
.226 Å (Fig. 3).

In the Cu(II) dinuclear complexes of L1
Cu2(H−1L1)OH](ClO4)2 the two Cu(II) ions are bridged
y the oxygen atom of the phenolato moiety and by one
-OH− ion, with a Cu(II)–Cu(II) separation of 3.004 Å

Fig. 3). This dinuclear copper complex has been also used
s scavenger of nitric oxide in biological medium. Nitric
xide is a gaseous, short-living free radical which behaves as
n important signalling molecule with pleiotropic capacities
ncluding vasodilatation, neurotransmission, and microbial
nd tumour cell killing, as well as in tissue damage and
rgan-specific autoimmune disorders. The stability constants
f L1 with Cu(II) ion were also determined by potentiometric
easurements in aqueous solution (310.1 K, I = 0.15 M of

aCl) to mimic the biological medium (Tables 5 and 6). The
easurements demonstrated that the [Cu2(H−1L1)OH]2+

s the predominant species present in solution
t pH 7.4.

H
H
H

−1L1)OH]2+ and [Ni2(H−1L1)Cl3] species.

The molecular structure of this species suggests the coopera-
ion of the two copper ions in assembling the substrate, thus the
omplex can be used as a receptor for small molecules such as
O [6,7].
As a biological model, the authors chose the produc-
2L12+ + H+ = H3L13+ 9.02(1)

3L13+ + H+ = H4L14+ 7.52(2)

4L14+ + H+ = H5L15+ 2.59(4)

a Values in parentheses are the standard deviations on the last significant figure.
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Table 6
Logarithm of the equilibrium constants determined in 0.15 mol dm−3 NaCl
aqueous solution at 310.1 K for the complexation reactions of L1 with Cu(II)

Reaction log K

Cu2+ + L1 = CuL12+ 20.90(2)a

Cu2+ + L1 + H+ = Cu(HL1)3+ 29.72(3)
Cu2+ + L1 + 2H+ = Cu(H2L1)4+ 33.13(4)
Cu2+ + L1 + 3H+ = Cu(H3L1)5+ 36.29(7)
2Cu2+ + L1 = Cu2L14+ 29.59(2)
2Cu2+ + L1 = Cu2(H−1L1)3+ + H+ 25.03(2)
2Cu2+ + L1 + H O = Cu (H L1)OH2+ + 2H+ 19.09(5)

d
o
m
i

a
b
C
w
o
s

Table 7
Protonation constants (log K) of L2 determined by means of potentiometric
measurements in 0.15 mol dm−3 NaCl aqueous solution at 298.1 K

Reaction log K

H−1L2− + H+ = L2 11.06(1)a

L2 + H+ = HL2+ 9.86(1)
HL2+ + H+ = H2L22+ 8.46(1)
H

b
(

w
c
M
l

s
c

T
L
i

R

M
M
M
M
M
2
2

2 2 −1

a Values in parentheses are the standard deviations on the last significant figure.

ination of NO with [Cu2(H−1L1)OH]2+ reduces the level
f NO in the culture medium of stimulated RAW 264.7
acrophages without any inhibition in the expression of

NOS.
The ligand L2 (2-((bis(aminoethyl)amino)methyl)phenol) is

n analog of L1 with only one triaminic unit as side arm. Basicity
ehaviour and ligational properties of this ligand towards Ni(II),

u(II), Zn(II) [8] and heavy metal ions such Cd(II) and Pb(II)
ere studied by means of potentiometric measurements in aque-
us solution (298.1 K, I = 0.15 mol dm−3). The anionic H−1L2−
pecies can be obtained in strong alkaline solution; this species

t
t
t
p

able 8
ogarithm of the equilibrium constants determined in 0.15 mol dm−3 NMe4Cl at 298

ons

eaction log K

Ni(II)

2+ + H−1L2− = M(H−1L2)+ 14.80(1)a

2+ + H−1L2− + H+ = M(L2)2+ 20.80(3)
2+ + H−1L2− + 2H+ = M(HL2)3+

2+ + H−1L2− + H2O = M(H−1L2)OH + H+ 3.56(3)
2+ + H−1L2− + 2H2O = M(H−1L2)(OH)2

− + 2H+

M2+ + 2H−1L2− = M2(H−1L2)2
2+ 31.25(5)

M2+ + 2H−1L2− + H2O = M2(H−1L2)2OH+ + H+

a Values in parentheses are the standard deviations on the last significant figure.

Fig. 4. ORTEP view of the complex cations [N
2L22+ + H+ = H3L23+ 2.38(2)

a Values in parentheses are the standard deviations on the last significant figure.

ehaves as tetraprotic base in the experimental conditions used
Table 7).

L2 forms mono- and dinuclear complexes in aqueous solution
ith all transition metal ions examined (Table 8). The dinu-

lear species shows the [M2(H−1L2)2]2+ stoichiometry, where
= Ni(II), Cu(II), Zn(II), Cd(II) and Pb(II) [9], in which the

igand/metal ratio is 2:2.
The studies revealed that two mononuclear [M(H−1L2)]+

pecies self-assemble, giving the dinuclear complexes, which
an be easily isolated as perchlorate salt from the aqueous solu-

ion due to their low solubility. This behaviour is ascribed to
he fact that L2 does not fulfil the coordination requirement of
he ion in the mononuclear species and to the capacity of the
henolic oxygen, as phenolate, to bridge two metal ions.

.1 K for the complexation reactions of L2 with Co(II), Ni(II), Cu(II) and Zn(II)

Cu(II) Zn(II) Cd(II) Pb(II)

19.12(1) 15.07(2) 11.16(1) 10.86(1)
23.54(1) 16.94(5) 17.68(2)
27.62(7)

8.76(2) 4.39(2) 0.48(2) 0.08(2)
−1.78(3)
40.96(3) 32.23(4)
31.70(3)

i2(H−1L2)2]2+ and [Cu2(H−1L2)2]2+.
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Fig. 5. ORTEP view of the complex cati

All dinuclear species were characterized by determining their
rystal structures, which showed similar coordination patterns.
ll metal ions are substantially coordinated by three amine

unctions and two oxygen atoms of the phenolate moieties (see
ig. 4). The two metals in the dinuclear complexes are at short
istance, in all the dinuclear complexes the M(II)–M(II) sep-
ration is in the range of 3.023–3.446 Å, interacting together
s shown by magnetic measurements performed with Ni(II) and
u(II) complexes, which revealed an antiferromagnetic coupling
etween the two metal ions.

The [Cu2(H−1L2)2]2+ cation has a Cu(II)–Cu(II) separa-
ion of 3.088 Å at T > 100 K and of 3.139 Å at T < 100 K,
nd shows a phase transition occurring by the tem-
erature between 90 and 100 K; the characterization of
he compounds existing at different temperatures was
nvestigated using X-ray single-crystal diffraction, EPR,
nd magnetic measurements. By mixing the homodinu-

lear [Zn2(H−1L2)2]2+ (Zn(II)–Zn(II) distance = 3.140 Å) and
Ni2(H−1L2)2]2+ (Ni(II)–Ni(II) distance = 3.044 Å) complexes,
he heterodinuclear [ZnNi(H−1L2)2]2+, with a Zn(II)–Ni(II)
eparation of 3.023 Å, was obtained (Fig. 5) [10]. The

i

d
b

Fig. 6. Schematic and ORTEP view o
d2(H−1L2)2] and [ZnNi(H−1L2)2] .

uthors also reported the structure of Cd(II) dinuclear complex
Cd2(H−1L2)2]2+, in which the Cd(II)–Cd(II) separation is of
.446 Å (Fig. 5).

Although ligand L3 (1-(2-hydroxybenzyl)-1,5-diazacycloo-
ctane) could not be considered as a pure acyclic ligand, it
as been inserted in this section because mesocyclic amine lig-
nds and their derivatives could be considered as “bridging” or
orderline molecules between the two major class of ligands
alled acyclic and macrocyclic ligands. Ligand L3 is a small
olecule formed by a phenolic pendant side arm attached to

he 1,5-diazacyclooctane; this singular combination gives rise
o penta-coordinated complexes [11] [Co(H−1L3)Cl]2 as that
epicted in Fig. 6.

The boat/chair conformation adopted by the 1,5-
iazacyclooctane (DACO) inhibits the axial coordination at
he metal centre, preventing the formation of hexa-coordinated
omplexes. In Fig. 6 it can be observed as the phenol disposes

tself in a bridged disposition.

Another ligand bearing saturated aminic arms is L4 that forms
inuclear Mn(II) complexes. The discussion of its behaviour will
e done below.

f the complex [Co(H−1L3)Cl]2.
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.1.1.2. Phenolic ligands bearing imine and pyridine side-arms.
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The ligand L5 (N-(3-aminopropyl)salicylaldimine) forms
inuclear Ni(II) complex [Ni2(H−1L5)2(H2O)(NCS)2], in
hich the metal ions are bridged by one water molecule

nd two �-phenolate ions, and a thiocyanato-bridged dimeric
u(II) complex [12] [Cu(H−1L5)(NCS)]2. The complexes
ere characterized by IR and UV/vis spectroscopy, cyclic
oltammetry and single-crystal X-ray diffraction studies. The
tructure of [Ni2(H−1L5)2(H2O)(NCS)2] consists of dinu-
lear units with crystallographic C2 symmetry in which
ach Ni(II) atom is in a distorted octahedral environ-
ent, the Ni(II)–Ni(II) distance is 2.953 Å. The structure

f [Cu(H−1L5)(NCS)]2 consists of dinuclear units bridged
symmetrically by di-�1,3-NCS ions with Cu(II)–Cu(II) dis-
ance of 5.863 Å; each Cu(II) ion is in a square-pyramidal
nvironment. Variable-temperature magnetic susceptibility
tudies indicate dominant ferromagnetic exchange coupling

n complex [Ni2(H−1L5)2(H2O)(NCS)2] with J = 3.1 cm−1,
hereas complex [Cu(H−1L5)(NCS)]2 exhibits weak anti-

erromagnetic coupling between the Cu(II) centres with
= −1.7 cm−1.

u
[
a
a

ry Reviews 252 (2008) 1121–1152

The ligand L6 (2,6-bis[N-(2-aminoethy)iminomethyl]-4-
ethylphenol) forms dinuclear complexes with Cu(II) ions [13]

distance Cu–Cu = 3.032 Å) which is able to coordinate three
zide anions. In the neutral [Cu2(H−1L6)(N3)2(�1,1-N3)(H2O)]
pecies the two Cu(II) ions are connected by two different kind
f bridges, one it is an endogenous phenoxo bridge provided by
he phenolate group and the other is an exogenous azido bridge.

Sakijama, Okawa and Fenton’s groups investigated the coor-
ination properties of the N4O-type ligand series L9 (4-bromo-
-{[(dimethylaminoethyl)metylamino]methyl}-6-[2-(dimethy-
amino)-ethyliminomethyl]phenol), L4 (2,6-bis{[N-(dimethyl-
minoethyl)-N-metyl]aminomethyl}4-methylphenol) and L10
4 -bromo- 2 -{[(dimethylaminoethyl)metylamino]methyl} - 6 -
2-(diethylamino)ethyliminomethyl]phenol) towards Mn(II)
ons. L9 and L10 are asymmetric phenol-based dinucleating
igands with amino and imino chelating arms that formed din-
clear Mn(II) complexes [Mn2(H−1L9)(OOCR)2(NCS)] and

Mn2(H−1L10)(OOCR)2(NCS)], where R = Me or Ph [14]. The
symmetric ligands provide different co-ordination geometries
bout the two manganese ions, the Mn(II)–Mn(II) separation in



G. Ambrosi et al. / Coordination Chemist

Table 9
Apparent rate constants for disproportionation of H2O2 by dinuclear
complexes [Mn2(H−1L4)(p-XC6H4COO)2(NCS)(MeOH)]2H2O2 → 2H2O +
O2 − d[H2O2]/dt = k′[H2O2]

X k′ (min−1)

NO2 0.260
Cl 0.100
M
H
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little hydrolytic activity towards TNP in aqueous DMF
e 0.069
0.049

Mn2(H−1L10)(OOCMe)2(NCS)] was of 3.376 Å. The geom-
try of Mn at the imine site is a distorted trigonal bipyramidal
ith the amine nitrogen and the two acetate oxygen atoms

n the basal plane and the phenolic oxygen and the terminal
itrogen at the axial sites. The geometry of the Mn at the amine
ites is distorted octahedral involving also the nitrogen of the
sothiocyanato group. Cyclic voltammetry studies revealed
hree quasi reversible red-ox couples assignable to the stepwise

n(II)Mn(II) → Mn(II)Mn(III) → Mn(III)Mn(III) → Mn(III)
n(IV). The symmetric ligand L4 formed complexes

Mn2(H−1L4)(p-XC6H4COO)2(NCS)(MeOH)] (X = H, Cl, Me
r NO2). The isothiocyanato ion is co-ordinated to one of the
n(II) ions and the methanol molecule to the other, providing

istorted-octahedral geometries around each manganese.
All the complexes show a catalase-like activity in dispro-

ortionating H2O2 into O2 and H2O, with rates which follow
e trend NO2 > Cl > Me > H (Table 9). The authors showed a
ypothesis for the catalytic cycle that underlines the crucial
resence of oxomanganese(IV) intermediates (Scheme 1) [15].

L7 (2,6-bis{N-[2-(dimethylamino)ethyl]iminomethyl}-4-
ethylphenol), L8 (2-{[(dimethylamino-ethyl)metyl-amino]
ethyl}-6-[2-(dimethylamino)ethyliminomethyl]-4-methylph-

nol) and L2, were used to prepare dinuclear Ni(II)
omplexes [16] [Ni (H L7)(AcO)(NCS) (MeOH)],
2 −1 2
Ni2(H−1L7)(AcO)2(MeOH)]BPh4 (Ni(II)–Ni(II) distance =
.311 Å), [Ni2(H−1L9)(AcO)(NCS)2(MeOH)] (Ni(II)–Ni(II)
istance = 2.993 Å), [Ni2(H−1L9)(AcO)2]BPh4 (Ni(II)–Ni(II)

(

e

Scheme 1. Proposed mechanism for the disproportionation of hydrogen
ry Reviews 252 (2008) 1121–1152 1129

istance = 3.254 Å), [Ni2(H−1L9)(NCS)3(MeOH)] (Ni(II)–
i(II) distance = 3.142 Å, Fig. 7), [Ni2(H−1L7)(OH)(py)(H2O)]

ClO4)2 (Ni(II)–Ni(II) distance = 2.967 Å), [Ni2(H−1L8)
OH)(MeOH)(H2O)](ClO4)2 and [Ni2(H−1L8)(OH)(DMF)2]
ClO4)2 (Ni(II)–Ni(II) distance = 2.992 Å). These complexes
ould be interesting to mimic the activity of urease. Urease is a
i(II) dependant enzyme that catalyzes the hydrolysis of urea

o ammonium carbamate. In order to evaluate the relevance of
hese dinuclear species as model for urease, all the complexes
ere examined regarding their ability to bind urea. The

Ni2(H−1L9)(AcO)2(urea)]BPh4, [Ni2(H−1L9)(NCS)3(urea)]
Fig. 7), [Ni2(H−1L7)(OH)(urea)(H2O)](ClO4)2 (Ni(II)–Ni(II)
istance = 2.977 Å) and [Ni2(H−1L8)(OH)(urea)(H2O)]
ClO4)2 (Ni(II)–Ni(II) distance = 2.992 Å) urea adducts were
btained [17].

The ligands L7, L9, L12 (2,6-bis{2-[(2-
yridyl)ethyl]iminomethyl}-4-methylphenol) and L14
2-[N,N-bis(2-pyridylmethyl)aminomethyl]-6-{N-[2-
dimethylamino)ethyl]iminomethyl}-4-methylphenol) formed
inuclear Zn(II) complexes [18]: [Zn2(H−1L7)(AcO)2]PF6,
Zn2(H−1L7)(NCS)3], [Zn2(H−1L9)(AcO)2]PF6,
Zn2(H−1L9)(NCS)3], [Zn2(H−1L12)(AcO)2]PF6,
Zn2(H−1L12)(NCS)3], [Zn2(H−1L14)(AcO)2]ClO4,
Zn2(H−1L14)(AcO)(NCS)2] and [Zn2(H−1L14)(NCS)3].
-ray analysis revealed the presence of a �-phenolato-dizinc(II)

ore (Fig. 8).
Most of these diacetato complexes are stable in aqueous

olution. Hydrolytic activities of the complexes towards tris(p-
itrophenyl)phosphate (TNP) were studied in aqueous DMF
y UV–visible spectroscopic and 31P NMR methods. Com-
lexes [Zn2(H−1L7)(AcO)2]PF6, [Zn2(H−1L9)(AcO)2]PF6
nd [Zn2(H−1L12)(AcO)2]PF6 have an activity to hydrolyze
NP into bis(p-nitrophenyl) hydrogenphosphate (HBNP) in
queous DMF. In contrast, [Zn2(H−1L14)(AcO)2]ClO4 showed
Scheme 2) [19].
The pyridinic-phenolic ligands L23 (2,6-bis{[(2-(2-pyridyl)

thyl)(2-pyridylmethyl)amino]methyl}-4-methylphenol), L24

peroxide by Mn(II) dinuclear complexes (2 H2O2 → 2H2O + O2).
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Fig. 7. ORTEP view of the complex cations [Ni2(H

2,6-bis{[(N,N-bis(2-(2-pyridyl)ethyl)amino]methyl}-4-meth-
lphenol) and L21 (2,6-bis{[(N,N-bis(2-pyridylmethyl)
mino]methyl}-4-methylphenol) were investigated towards
n(II) or Mn(III) ions [20]. The ligand L23 is able to form dinu-

lear Mn(II) complexes. The [Mn2(II,II)(H−1L23)(OAc)2]ClO4
pecies, after electrolytic oxidation at 0.7 V (vs.
g/AgCl), produces the mixed valence complex

Mn2(II,III)(H−1L23)(OAc)2](ClO4)2. X-ray crystallography
tructures show that both [Mn2(II,II)(H−1L23)(OAc)2]ClO4
nd [Mn2(II,III)(H−1L23)(OAc)2](ClO4)2 are dinuclear com-
lexes in which the two Mn(II) ions are each in distorted
ctahedral coordination environments bridged by the phenoxo
xygen atom and two acetate ions. The structural changes
hat occur after the oxidation suggest an extended �-bonding
ystem involving the phenoxo ring C–Ophenoxo–Mn(II)–Npyridyl
hain. As [Mn2(II,II)(H−1L23)(OAc)2]ClO4 (Mn(II)–Mn(II)
istance = 3.469 Å) is oxidized to [Mn2(II,III)(H−1L23)
OAc)2](ClO4)2 (Mn(II)–Mn(III) distance = 3.486 Å), the

earrangement in the coordination sphere resulting from the
xidation of one Mn(II) ion to Mn(III) is transmitted via the
ridging Mn–O phenoxo bonds and causes structural changes
hat make the site of the second Mn ion unfitting for the

Fig. 8. Structure of the complex cation [Zn2(H−1L7)(AcO)2]+.
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)(NCS)3(MeOH)] and [Ni2(H−1L9)(NCS)3(urea)].

n(III) state and hence unstable to reduction. In fact, after the
lectrolytic oxidation of [Mn2(II,III)(H−1L23)(OAc)2](ClO4)2
n MeCN at 1.20 V, the starting complex is recovered, showing
he instability of the Mn2(III,III) state. Magnetic susceptibility

easurements of [Mn2(II,II)(H−1L23)(OAc)2]ClO4 and
Mn2(II,III)(H−1L23)(OAc)2](ClO4)2 at 1.8–300 K show the
eak antiferromagnetic coupling between the two Mn ions in

ach dinuclear complex, which is commonly observed among
imilar phenoxo- and bis-1,3-carboxylato-bridged dinuclear

n2(II,II) and Mn2(II,III) complexes.
The dinucleating ligand L11 (2-[(2-pyrid-2-ylethyl)

minomethyl]-6-[(4-methylpiperazin-1-yl)methyl]phenol) for-
ed asymmetrical dinuclear Cu(II) complex [Cu2(H−1L11)

OAc)2](ClO4). The crystal structure establishes a dinuclear
opper core with distinct copper sites [21]. One of the Cu(II)
ons is coordinated by two sp3 nitrogen atoms whereas the
ther Cu(II) ion is coordinated by two sp2 nitrogen atoms.
he two Cu(II) ions are bridged by a phenoxo group, by
syn–syn bidentate acetato bridge, and by a monodentate

cetato bridge giving a Cu–Cu distance of 3.029 Å. The
opper centres are weakly antiferromagnetically coupled
ith 2J = −15 cm−1. This weak antiferromagnetic coupling

s reflected in the large isotropic shifts for the ligand protons
n the 1H NMR spectrum of [Cu2(H−1L11)(OAc)2](ClO4).
he complex formation was studied by microcalorimetric
nd UV–visible titrations These techniques unambiguously
stablish the stepwise complexation behaviour of the ligand:
symmetrical dinuclear complex [Cu2(H−1L11)(OAc)2](ClO4)
s formed via the initial formation of a mononuclear Cu(II)
omplex. The enthalpy of formation of the first complexation
tep is �H = −8.4 kcal/mol (K = 1.8 × 108); for the second step
value of �H = −1.9 kcal/mol (K = 1.1 × 105) was obtained

sing microcalorimetry.

The ligand L22 (2,6-bis{[bis(2-pyridylmethyl)

mino]methyl}-4-tert-butylphenol) was able to form a
eries of mixed-valent iron and mixed-metal Fe(III)–M(II)
M = Fe, Zn, Cu, Ni or Co) complexes, in which both
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Scheme 2. Proposed mechanism of TNP hydrolysis

xogenous bidentate bridging groups and different terminal
igands bound to each different metal ion at the exoge-
ous site were identified [22]. The mixed-valence complex
Fe2(III,II)(H−1L22)(F)2(H2O)2](BF4)2 is a rare example
f a dimetallic complex of a single-atom hinged acyclic
inucleating ligand with a non-bridged arrangement at the
xogenous bridging site. The Fe(II) and Fe(III) atoms are
ridged asymmetrically by the phenolic oxygen atom of
−1L22 with a Fe(III)–Fe(II) distance of 3.726 Å. The two

erminal fluoride ions are bound to the Fe(III) ion and strongly
ydrogen bonded to two water molecules bound to the adjacent
e(II) ion. This complex may model the mode in which fluoride

ons bind the active site of the purple acid phosphatases (PAPs)
hereby inhibiting the activity of these enzymes. Tetrahedral
xo anions are known also to inhibit PAPs, and to mimic this
nhibition a Fe(III)–Zn(II) complex [FeZn(H−1L22)(MoO4)2]
ncorporating molybdate bridging groups was prepared. The
e(III)–Zn(II) distance is 3.819 Å. A series of acetate-bridged
omplexes were prepared by the novel method of diffusing ethyl
cetate or iso-propyl acetate into mixtures of L22 and iron per-

hlorate in the presence and absence of second type of metal ion.
he acetate bridging groups are the result of the hydrolysis of

he alkyl acetate. These complexes have the general formulation
FeM(H−1L22)(CH3CO2)2](ClO4)2, where M = Zn, Cu, Ni or

I
i

L

n(II) dinuclear complexes (R = O2N-p-C6H4-OH).

o. Asymmetrical bridging by the hinging phenolate group
s evident in the bis(molybdate)-bridged Fe(III)–Zn(II) com-
lex [FeZn(H−1L22)(MoO4)2] and the bis(acetate)-bridged
e(III)–Cu(II) complex [FeCu(H−1L22)(CH3CO2)2](ClO4)2,
owever it is significantly less pronounced compared with the
on-bridged fluoride containing Fe(III)–Fe(II) complex. While
he fluoride and molybdate complexes may model aspects of
he binding of these ions in inhibited PAPs, the generation
f acetate complexes from the hydrolysis of alkyl esters may
ndeed model part of the reactivity of PAPs.

The ligand L13 (3-[[bis(2-pyridinylmethyl)amino]methyl]-
-hydroxy-5-methylbenzaldeide), which contains a tridentate
mino arm and a weak donor aldehyde group at the two and
ix positions of the phenol ring, respectively, formed dinuclear
omplexes [Co2(H−1L13)2](ClO4)2, [Co2(H−1L13)2](BF4)2,
Mn2(H−1L13)2](ClO4)2. The two metal ions are doubly
ridged by two deprotonated cresolate moieties and the coordi-
ation environment around the metal ions is completed in a very
istorted octahedron by three N donor atoms from the pendant
mino arm and the O atom of the aldehyde group (Fig. 9) [23].

n the dinuclear Mn(II) complex, the Mn(II)–Mn(II) separation
s 3.401 Å.

Anxolabéhère-Mallart and Blondin reported the ligand
17 (N,N′-bis(2-pyridylmethyl)-N-(2-hydroxybenzyl)-
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the terminal alcool function is coordinated, whereas in
Fig. 9. ORTEP view of the complex cation [Co2(H−1L13)2]2+.

′-methylethane-1,2-diamine) that gives dinuclear
henolato-bridged complex [Mn(II,II)2(H−1L17)2](ClO4)2,
haracterized by X-ray crystallography [24]. Cyclic voltamme-
ry of [Mn(II,II)2(H−1L17)2](ClO4)2 exhibits two irreversible
xidation waves at E1 = 0.89 V and E2 = 1.02 V, accom-
anied on the reverse scan by an ill-defined cathodic
ave at E1′ = 0.56 V (all measured versus the SCE).
fter chemical oxidation with tBuOOH at 293.1 K,

Mn2(II,II)(H−1L17)2](ClO4)2 is transformed into the
ono-�-oxo species [Mn2(III,III)(H−1L17)2(�-O)]2+, in
hich one of the aromatic rings of the ligand is decoordinated.
he UV/vis spectrum of [Mn2(III,III)(H−1L17)2(�-O)]2+

isplays a large absorption band at 507 nm, which is attributed
o a phenolate → Mn(III) charge-transfer transition. The cyclo-
oltammogram of [Mn2(III,III)(H−1L17)(�-O)]2+ exhibits
wo reversible oxidation waves, at 0.65 and 1.16 V vs. the
CE, corresponding to the Mn(III)Mn(III) → Mn(III)Mn(IV)
nd Mn(III)Mn(IV) → Mn(IV)Mn(IV) oxidation processes,
espectively. The mono-electron electrochemical oxidation
f [Mn2(III,III)(H−1L17)2(�-O)]2+ leads to the mono-�-oxo
ixed-valent species [Mn2(III,IV)(H−1L17)2(�-O)]3+.
he UV/vis spectrum of [Mn2(III,IV)(H−1L17)2(�-
)]3+ exhibits one large band at 643 nm, which is

ttributed to the phenolate → Mn(IV) charge-transfer
ransition. [Mn2(III,IV)(H−1L17)2(�-O)]3+ can also
e obtained by the direct electrochemical oxidation of

Mn2(II,II)(H−1L17)2](ClO4)2 in the presence of an external
ase.

[
i

ry Reviews 252 (2008) 1121–1152

Dinuclear Ni(II) complex [Ni2(H−1L18)(OAc)2(H2O)]
lO4, with the unsymetrical N5O donor ligand L18 (2-{[bis

2-pyridylmethyl)amino]methyl}-4-methyl-6-{[2-pyridylmet-
ylamino]methyl}phenol) was synthesized and characterized
y Greatti and co-workers. In this complex both Ni(II) ions
ave a distorted octahedral geometry [25]. The Ni(II) centres
re endogenously bridged by the phenolic O atom of the
eprotonated ligand and also bridged by the two acetate
roups as exogenous bridge. A H2O molecule as terminal
igand is coordinated to a Ni(II) ion. As other dinuclear Ni(II)
omplexes, this complex can be used as mimic of urease,
hereas Ni(II)–Ni(II) separation is of 3.422 Å, slightly shorter

han that observed in Klebsiella aerogenes urease (3.5 Å) and
acillus Pasteuri urease (3.7 Å).

The unsymmetrical ligand L25 (2-((bis(2-pyridylmethyl)
mino)methyl)-6-(((2-pyridylmethyl)benzylamino)methyl)-4-
ethylphenol) and its 2,6-dichlorobenzyl analogue L26

2-((bis(2-pyridylmethyl)amino)methyl)-6-(((2-pyridylmethyl)
3,5-dichlorobenzyl)amino)methyl)-4-methylphenol), afford
he mixed valence diiron(II,III) complexes [Fe2(II,III)(H−1L25)
mpdp)(H2O)](ClO4)2 and [Fe2(II,III)(H−1L26)(mpdp)(CH3-
H)](ClO4)2, when they react with Fe(ClO4)2 in

he presence of disodium m-phenylenedipropionate
Na2mpdp) followed by exposure to air [26]. The complex
Fe2(II,III)(H−1L25)(mpdp)(H2O)](ClO4)2 was characterized
y X-ray crystallography. After dissolution in acetoni-
rile the terminal ligand on the Fe(II) site in the cation
Fe2(II,III)(H−1L25)(mpdp)(H2O)]2+ is replaced by a solvent
olecule. The acetonitrile-water exchange was investigated by

arious spectroscopic techniques (UV/vis, NMR, Mossbauer)
nd electrochemical studies. Exhaustive electrolysis of a
olution of [Fe2(II,III)(H−1L25)(mpdp)(H2O)]2+ shows that
he aqua diferric species [Fe2(III,III)(H−1L25)(mpdp)(H2O)]3+

s not stable and undergoes a chemical reaction which can be
artly reversed by reduction to the mixed-valent state. This and
ther electrochemical observations suggest that after oxidation
f the diiron center to the diferric state the aqua ligand is
eprotonated to a hydroxo. This hypothesis is supported by
ossbauer spectroscopy. The authors illustrate the drastic

ffects of aqua ligand exchange and deprotonation on the
lectronic structure and redox potentials of diiron centres.

The asymmetrical ligands L15 (2-[N,N-bis(2-pyridinil-
ethyl)aminomethyl]-6-{N-[N′-(2-hydroxyethyl)aminoethyl]

minomethyl}-4-methylphenol) and L16 (2-[N,N-bis
2- pyridinilmethyl) aminomethyl] - 6 - {N - [N′ -(2-aminoethyl)
minoethyl]iminomethyl}-4-methylphenol), derived from
henol and bearing a terdentate linear arm and a terdentate
ipodal arm, give two dinuclear Ni(II) complexes [27],
i2(H−1L15)(OAc)2](BF4) and [Ni2(H−1L16)(OAc)(NCS)2]

Fig. 10). The binding of the terminal donor atoms
f the terdentate linear arm appears to be dependent
n the nature of the accompanying counteranion. In
he complex [Ni2(H−1L15)(OAc)2](BF4), in the pres-
nce of the non-coordinating tetrafluoroborate anion,
Ni2(H−1L16)(OAc)(NCS)2], in the presence of added
sothiocyanate ion, the terminal amine group is not coordinated.
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ig. 10. Structure of the complexes [Ni2(H−1L15)(OAc)2] and
i2(H−1L16)(OAc)(NCS)2].

L20 (2,6-bis{[bis(2-pyridylmethyl)amino]methyl}phenol)
orms dinuclear Cu(II) complexes [Cu2(H−1L20)(�-O2)]+

eacting with SO2, CO2, H+, phenols, ArC(O)+, PPh3, and
hMgBr to form sulphate Cu(II) complexes, carbonato-
icopper(II) compounds (via peroxy-carbonato intermediates),
o produce H2O2 (from excess H+ or phenols), to form acylper-
xo complexes with ArC(O)Cl, to liberate O2 by addition
f PPh3, and oxygenating PhMgBr (PhOH:Ph2 = 3:1) respec-
ively [28]. By the bound dioxygen, ligand acts as a base or
ucleophile towards several substrates, while the behaviour of
Cu2(H−1L20)(�-O2)]+ is more typical of early transition metal
eroxo complexes.

Costes J. prepared two original heterodinuclear Cu(II)–
d(III) complexes from polydentate asymmetrical Schiff
ase phenol oxime ligands L27 (1-hydroxy-9-(2-hydroxy-
-methoxyphenyl)-2,3,6,6-tetramethyl-1,4,8-triazanona-1,3,8-
riene) and L28 (1-hydroxy-8-(2-hydroxy-3-methoxylphenyl)-
,3,6,6-tetramethyl-1,4,7-triazaotta-1,3,7-triene), that differ
y the length of the diamino chain [29]. The complexes have

toichiometry [CuGd(H−2L27)](NO3)3 (Cu(II)–Gd(III) dis-
ance = 3.648 Å) and [CuGd(H−2L28)](NO3)3 (Cu(II)–Gd(III)
istance = 3.621 Å, Fig. 11).

Fig. 11. ORTEP view of the complex [CuGd(H−2L27)](NO3)3].
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ig. 12. Structure of the cation complex [Fe2(II,III)(H−1L31)(OAc)]3+.

The structural studies show that in both complexes the Cu(II)
nd Gd(III) ions are doubly bridged by a phenolate oxygen
tom and by an oximato (N-O) pair; the bridging network is
ot planar. The more important distortions are observed for the
omplex having the larger diamino chain. Unexpectedly the
atter complex presents an antiferromagnetic interaction, but
he related J value is small (J = −0.49 cm−1), whereas in the
omplex [CuGd(H−2L27)](NO3)3 the interaction is ferromag-
etic (J = 3.5 cm−1) as it is in complexes containing (CuO2Gd)
ridging cores which yield J values varying from 1.4 to
0.1 cm−1.

Ward MD synthesized a lot of ligand based on the
,O-bidentate chelating 2-(2-hydroxyphenyl)pyridine unit. The

igand L29 (6-(2-hydroxyphenyl)pyridine-2-carboxylic acid)
aving a tridentate phenolate-pyridyl-carboxylate (O,N,O)
onor set was found to coordinate transition-metal and
anthanide(III) ions as a dianionic terdentate chelate [30].
wo dinuclear Cu(II) complexes were obtained and crys-

allographically characterized: [Cu2(H−2L29)2(MeOH)2] has
planar (Cu2O2) core with two phenolate ligands bridg-

ng the Cu(II) centres, and an axial MeOH ligand on each
u atom directed to either side of the planar core; in
ontrast, the axial solvent molecules, one H2O and one
eOH in [Cu2(H−2L29)2(MeOH)(H2O)], are both on the

ame face of the (Cu2O2) core which induces a substan-
ial ‘bowing’ of the core to minimize steric interference
etween them. The ligand L30 (2-(2-hydroxyphenyl)-4-t-butyl-
yridine) formed the phenolate-bridged dinuclear complex
Cu2(H−1L30)4], that is stable in the solid state, but in solu-
ion it dissociates to give [Cu(H−1L30)2] monomeric units
31].

Dinuclear Fe(II)–Fe(III) complexes [Fe2(II,III)(H−1L31)
OAc)](OAc)X2, where X = PF6

− or BPh4
−, were pre-

ared by Maeda using the nonadentate ligand L31
4-methyl-2,6-bis[N-(2-pyridylmethyl)-N-(2-pyridylmethyl-
neaminoethyl)aminomethyl]phenol) (Fig. 12) [32]. Cyclic
oltammograms in dried acetonitrile showed a quasi-reversible
edox couple with E1 = −0.07 V and an irreversible redox
ouple with E2 = 0.58 V versus SCE for [Fe2(II,III)(H−1L31)

OAc)](OAc)(PF6)2, corresponding to a comproportionation
onstant of 1.0 × 1012. No visible or near-IR bands due to
ntervalence electron transitions between Fe(II) and Fe(III)
ere observed.
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.1.1.3. Phenolic ligands bearing various heterocycles as

ide-arms. Reaction between VO(acac)2 and the ONN donor
32 (2-[(benzimidazol-2-ylmethylimino)methyl]phenol) gave

he dinuclear complex [[V(IV)O(H−1L32)]2(�-1,3-SO4)] in
hich the bridging functions are the phenolate oxygen atoms

g

a
t

ry Reviews 252 (2008) 1121–1152

rom both of the ligands and two oxygen atoms of the sulphate

roup [33].

Kandaswamy co-workers synthesized two dinucle-
ting phenol ligands bearing benzimidazole donors:
he symmetrical L34 (2,6-bis{N-[2-(2-benzimidazolyl)-
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ig. 13. Proposed structure for the complexes [Cu2(H−1L34)(X)]2+ and
Cu2(H−1L33)(X)]2+.

henyl]iminomethyl}-4-methylphenol) and the asymmetrical
33 (2-N-[2-(2-benzimidazolyl)phenyl]iminomethyl-6-

(4-methylpiperazin-1-yl)-methyl]-4-methylphenol) [34].
omplexation of these ligands with Cu(II) perchlorate and
ppropriate sodium salt offered the dinuclear Cu(II) complexes,
Cu2(H−1L34)(X)](ClO4)2 and [Cu2(H−1L33)(X)](ClO4)2,
here X = Cl, OH and OAc (Fig. 13). The authors reported their

pectral, electrochemical and magnetic properties. The elec-
rochemical data shows that the complexes of L33 undergoes
eduction at less negatively potential (E1 = −0.15 to −0.25 V,
2 = −0.45 to −0.65 V) when compared to the complexes
f L34 (E1 = −0.45 to −0.58 V, E2 = −1.07 to −1.103 V). A
ariable temperature magnetic study on the complexes of the
igand L33 showed strong antiferromagnetic coupling between
he copper atoms (−2J = 285–295 cm−1), in contrast, the
omplexes of the ligand L34 showed weak antiferromagnetic
nteraction (−2J = 60–85 cm−1).

The similar heptadentate ligand L36 (2,6-bis[bis(2-
enzimidazolylmethyl)aminomethyl]-4-methylphenol) was
eported by Nie et al. Reaction of Zn(ClO4)2 with L36
nd sodium isonicotinate yielded a dinuclear Zn complex
Zn2(H−1L36)(Iso)(Hiso)](ClO4)2 where Hiso is isonicotinic
cid and Iso− is isonicotinate anion. The structure was estab-
ished by X-ray crystallography and shows that the two Zn(II)
ons are bridged by the phenoxy unit of deprotonated L36, and
he presence of unusual monodentate O-coordination of the
arboxylate group from isonicotinic acid [35]. The coordination
eometry around the Zn(II) ion is approximately trigonal
ipyramidal. The structure can be regarded as a model for
he transition state of the catalytic process of relevant dizinc
nzymes.

Rapta and Kamarars reported the synthesis and char-
cterization of a Fe(III) complex featuring a oxo-hydroxo
ridge stabilized by hydrogen bonding to uncoordinated
enzimidazole moieties of the polydentate asymmetrical
igand L35 (2-[bis(2-benzimidazolylmethyl)amino]methyl-4-

ethyl-6-[N-(2-benzimidazolylmethyl)-N-(2-methoxybenzyl)-
minomethyl]phenol) [36]. This ligand, in ethanolic solution,
inds Fe(ClO4)3 in a 1:1 molar ratio in the presence of hydrogen

iphenylphosphate and triethylamine to give [Fe2(HL35)2(�-
,2-O2P(OPh)2)(�-O· · ·H· · ·O)](ClO4)4. Only one branch, the
3, of the ligand coordinates Fe(III), leaving the benzimidazole
–H group and the protonated amine of the N2 branch to

a
a
a
d

ig. 14. Proposed structure for the complexes [Ni2(H−1L38)2] and
Mn2(L38)(H−1L38)(OAc)].

ydrogen bond to the oxo-hydroxo and phenoxo moieties,
espectively. Coordination at each iron is completed by a N
amine) trans to the oxo-hydroxo bridge, an O (phenolato) trans
o the phosphato bridge and two trans-related N (amine) atoms.
he authors underlined the importance of the �-oxo-hydroxo

igand in the catalytic cycle of many enzymes having a diiron
ore.

The ligand L37 (4-methyl-2,6-bis(5-methylpyrazol-
-yl)phenol) was able to form phenoxo-bridged
omo- and hetero-dinuclear complexes [37]. Variable-
emperature magnetic susceptibility measurements
arried out for homo-dinuclear [Cu2(H−1L37)2](ClO4)2,
Cu2(H−1L37)2(acac)2](ClO4), [Cu2(H−1L37)(�-OH)Cl2],
Ni2(H−1L37)2(H2O)4](ClO4)2 and [Fe2(H−1L37)4(�-
H)2] showed that in all cases the dinuclear metal

entres are antiferromagnetically coupled. The ESR
pectra of heterodinuclear [ZnCu(H−1L37)2](ClO4)2 and
ZnMn(H−1L37)2Cl2] were examined. The 1H NMR spectra
f the dicopper(II) complexes [Cu2(H−1L37)2](ClO4)2 and
Cu2(H−1L37)2(acac)2](ClO4) are reasonably sharp and the
sotropic shifts of [Cu2(H−1L37)2](ClO4)2 are relatively
maller compared to those of [Cu2(H−1L37)2(acac)2](ClO4).
he crystal structures of [Fe2(H−1L37)4(�-OH)2]
nd [Cu2(H−1L37)2(acac)2](ClO4) were determined.
Fe2(H−1L37)4(�-OH)2] comprises two edge-shared ster-
cally nonequivalent FeO4N2 distorted octahedra; the structure
f [Cu2(H−1L37)2(acac)2](ClO4) consists of two nearly
quare-planar Cu(II) centres supported by a phenoxide bridge.

The ligand L38 (2-[(2-pyrrolylmethylene)amino]phenol)
ives dinuclear complexes [Cu2(L35)(H−1L38)(OAc)],
Mn2(L38)(H−1L38)(OAc)], [Ni2(H−1L38)2] and
Co2(H−1L38)2], synthesized and characterized by Meet’s
roup using IR, UV/vis and MS spectrometry and by elemental
nalysis [38]. L38 behaves as a tridentate dianionic ligand in
he Co(II) and Ni(II) complexes, while in the Cu(II) and Mn(II)
omplexes one ligand is a tridentate dianion and the other is a
identate monoanion (Fig. 14).

The ligand L39 4-methyl-2,6-bis{[(2-methylpyridyl)(2-
ethylthiophenyl)amino]methyl}phenol contains pyridine and

hiophene substituents and it yields two dinuclear complexes
Cu2(H−1L39)Cl3] and [Cu2(H−1L39)Br3] with Cu(II) chloride

nd bromide. In both complexes, Cu(II) ions are pentacoordinate
nd bridged by the deprotonated phenolate and by one halogen
nion [39]. The complexes were characterized by means of X-ray
iffraction, ligand field and EPR spectroscopy, mass spectrome-
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ry, and electrochemical measurements. Both complexes exhibit
eometric asymmetry, as the coordination environment around
ne of the two copper ions is square-pyramidal, whereas the
eometry around the other can be best described as a distorted
rigonal bipyramid. The interaction of the complexes with model
ubstrates 3,5-di-tert-butylcatecol and tetrachlorocatechol was
valuated by the UV/vis titration of solutions of complexes in
cetonitrile with the substrates.

.1.1.4. Phenolic ligands bearing oxygen donors
s side-arms. The ligands L40 (2,6-bis[bis(2-
ethoxyethyl)aminomethyl]-4-methylphenol) and his

nalogues L41 (2,6-bis[bis(2-methoxyethyl)aminomethyl]-
-nitrophenol), L42 (2,6-bis[bis(2-methoxyethyl)amino-
ethyl]-4-chlorophenol) and L43 (2,6-bis[bis(2-

ydroxyethyl)aminomethyl]-4-methylphenol) were extensively
nvestigated by Sakiyama and co-workers [40]. L40 formed a
inuclear Zn(II) complex [Zn2(H−1L40)(OAc)2]BPh4 in which
he Zn(II)–Zn(II) separation is 3.264 Å.

X-ray analysis revealed that this complex contains
wo Zn(II) ions bridged by the phenolic oxygen atom
nd by two acetate groups, forming a �-phenoxo-bis(�-
cetato)dizinc(II) core. The dinuclear complex shows an
minopeptidase function which was evaluated using N-
-nitrophenyl-l-leucine as substrate. Aminopeptidases are
nzymes that remove the N-terminal amino acid from a pro-
ein or peptide. In order to evaluate the ligand effect on
he catalysis, the complexes [Zn2(H−1L41)(OAc)2]BPh4 and
Zn2(H−1L42)(OAc)2]BPh4 (Fig. 15) were synthesized and
tudied. The second-order rate constants k for the release of
-nitroaniline as the result of the substrate hydrolysis was
.3 × 10−3 dm3 mol−1 s−1 for L40, 2.7 × 10−2 dm3 mol−1 s−1

or L41 and 5.9 × 10−1 dm3 mol−1 s−1 for L42, in the ratio
42:L41:L40 = 250:10:1. The aminopeptidase activity was

mproved 50 times by the substitution of the p-methyl group
y the p-chloro group and 250 times by the substitution of the
-methyl group with the p-nitro group.
L40 and L43 give dinuclear species with Co(II)
nd Ni(II) ions of [Co2(H−1L40)(OOCR)2]BPh4,
Co2(H−1L43)(OOCR)2]BPh4 and [Co2(H−1L40)(OOCR)2]
Ph4 stoichiometry, where R = Me or Ph. All these com-

N
c
c
M

Fig. 15. ORTEP view of the complex cation [Zn2(H−1L40)(OAc)2]+.

lexes have a �-phenoxo-bis(�-carboxylato)dimetallic(II) core
nd show a ferromagnetic coupling between the two metal
ons.

L44 (2,6-bis[bis(carboxymethyl)aminomethyl]-4-methyl-
henol) was synthesized as a model for ferritin, the mammalian
ron storage protein which consists in a polynuclear iron-oxo
ore surrounded by a protein shell [41]. A dinuclear complex
Fe2(H−5L44)(OH)(H2O)2] was isolated from acid solution,
hile a tetranuclear [Fe4(H−5L44)2(O)2(OH)2]4, having a

hree-dimensional Fe4O6 core, was isolated from basic solution.

.1.2. Ligand forming dinuclear complexes without
-phenoxo bridged phenol

The monophenolic ligand L45 (N,N-bis(2-pyridylmethyl)-
′
-salicylidene-1,2-diaminoethane), forms the dinuclear
omplex [Mn(III)2(O)(H−1L45)2](ClO4)2 (Fig. 16). The
ationic unit [Mn(III)2(O)(H−1L45)2]2+ contains a linear
n(III)–O–Mn(III) frame with a Mn-Mn distance of 3.516 Å.
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Fig. 16. Structure of the �-oxo complex [Mn(III)2(O)(H−1L45)2]2+.

he pentadentate ligand L45 wraps around the Mn(III) ion.
lectrochemically, it is possible to prepare the one electron oxi-
ized cation [Mn2(III,IV)(O)(H−1L45)2]3+ which crystallizes
s [Mn2(III,IV)(O)(H−1L45)2](ClO4)2.37(PF6)0.63.

The complex cation [Mn2(III,IV)(O)(H−1L45)2]3+

Fig. 16) contains a Mn(III)–O-Mn(IV) unit with a
n-Mn distance of 3.524 Å. The UV/vis spectrum

f [Mn2(III,IV)(O)(H−1L45)2]3+ exhibits an intense
bsorption band centred at λ = 570 nm assigned to a phe-
olate → Mn(IV) charge-transfer transition. The potentials
f the redox couples determined by cyclic voltammetry are
◦ (Mn(III)–Mn(IV)/Mn(III)–Mn(III)) = 0.54 V/SCE and
◦ (Mn(IV)–Mn(IV)/Mn(III)–Mn(IV)) = 0.99 V/SCE. After
xidation at 1.3 V/SCE, the band at 570 nm shifts to λ = 710 nm
nd a well-defined band appears at λ = 400 nm which suggests
he formation of a phenoxyl radical. The relevance of these
esults to the study of the photosynthetic oxygen evolving
omplex was discussed [42].

The asymmetrical phenol-based N,O,S-ligand L46
2-[(bis(pyridin-2-ylmethyl)amino)methyl]-6-[(thiophen-2-
l)methylamine]-4-methylphenol was used to coordinate Cu(II)
hloride [43]. Two dinuclear Cu complexes [Cu2(H−1L46)2(�-
l)2](CuCl4)2 and [Cu2(H−1L46)2(�-Cl)2](ClO4)2 were

ynthesized and fully characterized. Both the complexes
ontain a [Cu2Cl2] core in which the two Cu(II) ions are
ridged by two �-Cl ligands and have a intermetallic distance
f 3.439 Å and 3.525 Å, respectively.

Although the two coordination compounds exhibit identical
omplex cations, the crystal packings of both molecules sig-
ificantly differ; they are most likely induced by the distinct
etrachlorocuprate(II) and perchlorate anions.

In order to understand the magnetic interaction between
aramagnetic Cu(II) ions in the frame [Cu2Cl2], Ma and
o-workers synthesized and characterized the �-Cl bridged din-
clear complex [Cu(H−1L47)(Cl)]2 (Fig. 17) with ligand L47
2-methyl-6-[(pyridine-2-ylmethylene)amino]phenol) [44].
The structural study shows the complex has the unusual
istorted trigonal-bipyramidal geometry. Variable tempera-
ure susceptibility measurements in the range of 2.0–300 K
evealed a novel ferromagnetic coupling, 2J = 1.52 cm−1. The

p
o
2
p

Fig. 17. ORTEP view of the [Cu(H−1L47)(Cl)]2 species.

uthors performed a detailed comparison for the magnetic cou-
ling of [Cu(H−1L47)(Cl)]2 with other reported Cu(�-Cl)2Cu
ompounds with square-pyramidal or trigonal-bipyramidal
eometry. The complex may provide useful information for the
agneto-structural correlations of these compounds.
The unusual and interesting ligand L48 (2,6-bis(1,3-dioxo-

-phenylpropyl)-4-methylphenol) contains two �-diketone
nits linked to phenol, so as to display an array of five
xygen donors disposed in a linear way [45]. This ligand
hows four adjacent coordinating pockets able to chelate an
qual number of metal ions in close proximity, in Scheme 3
arious complex topologies were reported. Aromı̀ and co-
orkers reported the behaviour of L48 towards Cu(II), Mn(II)

nd Co(II) ions, in presence of several solvents and other
o-ligands. All the metal ions tested formed polynuclear
omplexes, the stoichiometry and structures of them depend
y the solvent nature (coordinating or not-coordinating) and
y the co-ligands used. The octanuclear clustered polymeric
Cu8(H−3L48)2(OMe)8X2]n (X = NO3, Cl, Br, ClO4) species
ere isolated using Cu(II) ions. The cluster can be altered

n the tetranuclear analogue [Cu4(H−3L48)(OMe)3X2] by
hanging the amount of base in solution. This ligand, in
on-coordinating solvent, forms with Mn(II) ion the trinuclear
rimeric [Mn3(H−2L48)3] species in which H−2L482− unit
xhibits a �3 coordination mode with both �-diketonate groups
n syn conformation with respect to the central phenol group
Scheme 3). Interestingly, if the solvent is coordinating (as
yridine) it participates in the formation of dinuclear complex
Mn2(H−2L48)2(py)4], where the H−2L482− unit is �2 and
t is found in an rare syn,anti conformation (Scheme 3). The
igand L48 forms with Co(II) ion di- or trinuclear complexes
table in various conformations; the following series of com-

lexes were synthesized: [Co2(H−2L48)2(solv)4] (solv = py
r MeOH), [Co2(H−2L48)2(LL)2] (LL = 2,2′-bipyridine,
,2′-bipyridylamine, 4,4′-diphenyl-2,2′-bipyridine or 1,10-
henanthroline) and [Co3(H−2L48)3]. In the [Co3(H−2L48)3]
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Scheme 3. Representation of all the coordination modes and conformations observed for ligand L48: (a) � -syn,syn; (b) � -syn,syn; (c) � -syn,syn; (d) � -syn,
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pecies the H−2L482− unit coordinates three Co(II) ions
n �3-syn,syn manner (Scheme 3). In the dinuclear species
he H−2L482− is �2-syn,syn (e.g [Co2(H−2L48)2(py)4]) or

2-syn,anti (e.g [Co2(H−2L48)2(bpy)2]), dependently from the
o-ligand used.

.2. Ligands containing two phenolic units

.2.1. Ligand forming μ-phenoxo dinuclear complexes

The asymmetrical biphenolic N5O2 donor ligand L49
2-[N,N-bis(2-pyridylmethyl)aminomethyl]-6-[N′,N′-(3,5-di-
ert-butylbenzyl-2-hydroxy)(2-pyridylmethyl)]-aminomethyl]-

-methylphenol) formed dinuclear Cu(II) complexes
Cu2(H−1L49)(�-OCH3)](ClO4)2 and [Cu2(H−2L49)(�-
CH3)](BPh4); they were synthesized and characterized in the

olid state by X-ray crystallography [46]. Both the complexes

a

p
p

4 3 2 2

ave a common [Cu(II)(�-phenoxo)(�-OCH3)Cu(II)] structural
nit. Magnetic susceptibility studies of [Cu2(H−1L49)(�-
CH3)](ClO4)2 and [Cu2(H−2L49)(�-OCH3)](BPh4) reveal
values of −38.3 cm−1 and −2.02 cm−1, respectively, and

hat the degree of antiferromagnetic coupling is strongly
ependent on the coordination geometries of the Cu centres
ithin the dinuclear [Cu(II)(�-phenoxo)(�-OCH3)Cu(II)]

tructural unit. Solution studies in CH2Cl2, using UV/vis
pectroscopy and electrochemistry, indicate that under these
xperimental conditions the first coordination spheres of
he Cu(II) centres are maintained as observed in the solid
tate structures, and that both forms can be brought into
quilibrium [Cu2(H−1L49)(�-OCH3)]2+ = [Cu2(H−2L49)(�-
CH3)]+ + H+ by adjusting the pH. Potentiometric titration

tudies of [Cu2(H−1L49)(�-OCH3)](ClO4)2 in an EtOH/H2O
ixture (70:30, v/v; I = 0.1 mol dm−3 KCl) show three titratable

rotons, indicating the dissociation of the bridging CH3O–
roup (Scheme 4).

The catecholase activity of [Cu2(H−1L49)(�-
CH3)](ClO4)2 and [Cu2(H−2L49)(�-OCH3)](BPh4)

n MeOH/H2O buffer (30:1, v/v) demonstrates that the
eprotonated form is the active species in the oxidation
f 3,5-di-tert-butylcatechol and that the reaction follows
ichaelis–Menten behaviour with kcat = 5.33 × 10−3 s−1 and

M = 3.96 × 10−3 mol dm−3. The complex [Cu2(H−2L49)(�-
CH3)](BPh4) can be electrochemically oxidized with
1/2 = 0.27 V versus ferrocenium/ferrocene couple Fc+/Fc, a

edox potential which is believed to be related to the formation
f a phenoxyl radical. Since these complexes are redox
ctive species, the authors analyzed their activity towards
he nucleic acid DNA, a macromolecule prone to oxidative
amage. These complexes promoted DNA cleavage following

n oxygen-dependent pathway.

Wang synthesized dinuclear and tetranuclear Cu(II) com-
lexes, based on the ligand L50 (2,6-bis(2-hydroxyphenyl)
yridine), of stoichiometry [Cu2(H−2L50)2(Py)2] and
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with J = 1.91 cm−1. L52 formed a Cu(II)–Gd(III) heterod-
inuclear complex [CuGd(H−2L52)(OAc)(H2O)](ClO4)
that dimerized to form a tetranuclear [CuGd]2 complex
cheme 4. pKa values of complex [Cu2(H−1L49)(�-OCH3)] determined
= 0.1 mol dm−3 KCl).

Cu4(H−2L50)4(DMF)]. These complexes were characterized
y elemental analyses, mass spectrometry, and single-crystal
-ray diffraction analyses [47]. [Cu2(H−2L50)2(Py)2] is a
inuclear complex with two Cu(II) centres, two pyridine
igands, and two H−2L50 ligands; each H−2L50 ligand donates
ts pyridyl ring and one of the phenolate groups to one metal and
hares the other phenolate group between both metals, affording

Cu2(�-O)2 core. On the contrary, [Cu4(H−2L50)4(DMF)]
s a tetranuclear complex with four Cu(II) centres and four
−2L50 ligands. Two of the H−2L50 ligands have the same

oordination mode as [Cu2(H−2L50)2(Py)2], while the other
wo H−2L50 ligands donate their pyridyl rings to one metal and
hare both phenolate groups between four metals, resulting in
hree four-membered Cu2(�-O)2 rings, which joined each other
nd showed great distortion from planarity. The ligand forms
lso a Zn(II) tetranuclear complex with four Zn(II) centres, four
yridine and four H−2L50 ligands; the H−2L50 ligands have the
ame coordination modes as those of [Cu4(H−2L50)4(DMF)].

Heterodinuclear Cu(II)–Gd(III) and Ni(II)–Gd(III) com-
lexes were obtained from the open diphenolic ligands
51 (3,8-bis(2-hydroxyphenyl)-4,7-diazadeca-3,7-diene)
nd L52 (N,N′-dimethyl-N,N′-bis[(5-bromo-3-formyl-2-
ydroxyphenyl)methyl]ethylendiamine) (Fig. 18). L51 formed

wo dinuclear complexes [48] [CuGd(H−2L51)(hfa)3],
NiGd(H−2L51)(hfa)3]. Both [CuGd(H−2L51)(hfa)3] and
NiGd(H−2L51)(hfa)3] are discrete dinuclear complexes
onsisting of an eight coordinate Gd(III) ion which is bridged

F
[

potentiometric titration at 298.1 K in an EtOH/H2O mixture (70:30, v/v;

o four coordinate Cu(II) or Ni(II) ion via both phenolate
xygen atoms of the ligand L51. The crystal structure shows no
endency towards dimerization between adjacent Cu(II) Schiff
ase units in [CuGd(H−2L51)(hfa)3]. Cryomagnetic measure-
ents, as predicted by theory, show a ferromagnetic interaction

etween Gd(III) and Cu(II) in [CuGd(H−2L51)(hfa)3]
ig. 18. Structure of the complexes [CuGd(H−2L51)(hfa)3] and
CuGd(H−3L52hemiacetal)]2+.
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Table 10
Protonation constants (log K) of L53 determined by means of potentiometric
measurements in 0.15 mol dm−3 NaCl aqueous solution at 298.1 K

Reaction log K

H−1L53− + H+ = L53 10.58(4)a

L53 + H+ = HL53+ 10.52(1)
HL53+ + H+ = H2L532+ 9.56(1)
H2L532+ + H+ = H3L533+ 9.34(1)
H 3+ + 4+

H

possible to modulate the M(II)–M(II) distance by the choice of
M(II) and to space the two M(II) farther away than was possi-
ble with the previously synthesized analogous ligands L1 and

Table 11
Logarithm of the equilibrium constants determined in 0.15 mol dm−3 NaCl at
298.1 K for the complexation reactions of L53 with Cu(II) and Zn(II) ions

Reaction log K

Cu(II) Zn(II)

M2+ + H−1L53− = M(H−1L53)+ 20.52(3)a 14.79(3)
M + L53 = ML532+ 19.61(2) 13.85(3)
M(H−1L53)+ + H+ = ML532+ 9.67(2) 9.64(3)
ML532+ + H+ = M(HL53)3+ 7.83(2) 8.87(2)
M(HL53)3+ + H+ = M(H2L53)4+ 4.81(1) 5.05(2)
M(H−1L53)+ + H+ = M2(H−1L53)OH 2.58(3)
M2(H−1L53)3+ + OH− = M2H−1L534+ 4.07(3)
M2+ + M(H−1L53)+ = M2(H−1L53)3+ 13.77(2) 8.84(2)
M2(H−1L53)3+ + OH− = M2(H−1L53)OH2+ 8.44(3)
140 G. Ambrosi et al. / Coordination Ch

CuGd(H−2L52)(OAc)(H2O)]2(ClO4)2. Structural analysis of
CuGd(H−2L52)(OAc)(H2O)]2(ClO4)2 revealed that one of the
wo formyl groups of the ligand is converted into a hemiacetal
roup and the two dinuclear Cu(II)–Gd(III) units are bridged
y the alcoholic oxygen atoms of acetal groups of each unit to
uilt the tetranuclear [CuGd]2 core.

.2.2. Ligand forming dinuclear complexes without
-phenoxo bridged phenol

The biphenolic ligand L53 (3,3′-bis[N,N-bis(2-
minoethyl)aminomethyl]-2,2′-dihydroxybiphenyl) contains
wo diethylenetriamine units linked by a 1,1′-bis(2-phenol)
roup on the central nitrogen atom which allows two
eparate binding amino subunits in a non-cyclic ligand
49].

The basicity and binding properties of L53 towards Cu(II)
nd Zn(II) ions were determined by means of potentiometric
easurement in aqueous solution (298.1 K, I = 0.15 mol dm−3).
53 behaves as a pentaprotic base and as a monoprotic acid
nder the experimental conditions used, yielding the H5L535+

r H−1L53− species, respectively (Table 10).
L53 formed both mononuclear and dinuclear species with

oth metal ions investigated; the dinuclear species are largely
revalent in aqueous solution with a L53/M(II) molar ratio of
:2 at pH higher than 7.

L53 shows different behaviour in Cu(II) and Zn(II) binding
Table 11), affecting the dinuclear species formed and the

istance between the two coordinated metal ions, which is
reater in the Zn(II) than in the Cu(II) dinuclear species.
his difference can be attributed to the different degree of
rotonation of biphenol moiety which influence the angle
etween the phenyl rings in the two systems. In this way, it was

M
M
M
M

3L53 + H = H4L53 6.09(2)

4L534+ + H+ = H5L535+ 3.78(4)

a Values in parentheses are the standard deviations on the last significant figure.
2(H−1L53)OH2+ + OH− = M2(H−1L53)(OH)2
+ 2.31(4)

2(H−1L53)3+ = M2(H−2L53)2+ + H+ −6.72(2)

2(H−2L53)2+ + OH− = M2(H−2L53)OH+ 3.98(3)

2(H−2L53)OH + OH− = M2(H−2L53)(OH)2
+ 3.06(3)

a Values in parentheses are the standard deviations on the last significant figure.
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Fig. 19. ORTEP view of the complex cations [Cu2(H−1L53)(OH)]2+ and [Zn2(H−2L53)(H2O)2]2+.
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Fig. 20. Structure for the cationic mononuclear and dinuclear co

2. L53 formed the complex cations [Zn2(H−2L53)(H2O)2]2+

Zn(II)–Zn(II) distance = 4.962 Å) and [Cu2(H−1L53)(OH)]2+

Cu(II)–Cu(II) distance = 3.546 Å) in which the coordination
phere of the metal ions are not saturated, and thus, these latter
pecies are prone to add guests (Fig. 19). Both the complexes
ere characterized by X-ray and UV/vis spectroscopy, and the

omplex [Zn2(H−2L53)(H2O)2]2+ by 1H NMR and 13C NMR
xperiments.

The ligand L54 (3,5-bis(2-hydroxyphenyl)pyrazine)
as able to form dinuclear Ru(II) complexes

Ru(bpy)2(H−2L54)Ru(bpy)2](PF6)2, in which each Ru(II)
oieties are bound throughout adjacent O,N coordination

o anionic phenolate and a pyrazine bridge (Fig. 20) [50].
elatively few reports are available on the dinuclear com-
lexes bridged across a phenolate and this study provides an
pportunity to examine the impact of reduced O donor ligands
n metal–metal communication. The authors presented very
nusual behaviour whereby the apparent location of the LUMO
hanges between the mononuclear [Ru(bpy)2(H−1L54)](PF6)
nd dinuclear [Ru(bpy)2(H−2L54)Ru(bpy)2](PF6)2 complexes.
he lowest energy optical transition appears to involve the
eripheral bipyridine ligand as acceptor in the mononuclear
omplex, whereas this ligand is not involved in the lowest
nergy optical transition in the dinuclear complex.

The origin of this difference is not clear, however, signif-
cant changes in the electronic properties of the mononuclear

omplex are observed on coordination of the second metal,
eflected in significant alterations in the electrochemistry of
he bridge and metals as well as changes in the optical
pectroscopy.

a
i
1

es [Ru(bpy)2(H−1L54)]+ and [Ru(bpy)2(H−2L54)Ru(bpy)2]2+.

In order to extract in organic solvents the uranyl(VI) cation,
O2

2+, a series of biphenolic ligand bearing an alcoholic
hain and a tertiary aminic function was examined [51].
mong them, L55 (N,N-bis(2-hydroxy-3,5-dimethylbenzyl)-2-

minoethanol), reacts with uranyl nitrate hexahydrate and in
cetonitrile without base, affording the dinuclear uranyl com-
lex [(UO2)2(H−1L55)2(NO3)2]. The molecular structures of
his complex were verified by X-ray crystallography whereby
t was ascertained that it is a dialkoxo-bridged dinuclear uranyl
omplex with a U(VI) to L55 ratio of 1:1.

In order to better understanding the molecular mecha-
ism and the origin of stereoselectivity in the polymerization
f styrene, Okuda and co-workers designed and real-
zed a series of new group IV metal catalysts bearing
,�-dithiaalcanediyl-bridged bis-phenolate ligands [52]. In
articular, ligand L56 (1,4-dithiabutanediyl-2,2′-bis(6-tert-
utyl-4-methylphenol) was reacted with [Ti(OiPr)2((R)-binol)]
ffording the chiral-at-metal complex [Ti(H−2L56)((R)-binol)]
n low diastereomeric excess. Complex [Ti(H−2L56)((R)-
inol)], after partial hydrolysis, gave dinuclear complex
Ti2(H−2L56)2(�-(R)-binol)(�-O)], in which the two Ti(IV)
entres are homochiral and are bridged by the ((R)-binol) unit
nd by a (�-O) ligand (Fig. 21). The molecular structure of
Ti(H−2L56)((R)-binol)] and [Ti2(H−2L56)2(�-(R)-binol)(�-
)] was confirmed by single crystal X-ray analysis, which shows
2-symmetry in both complexes.
Dinuclear complexes bearing O = Re(V)–O–Re(V) = O
nd O = Tc(V)–O–TC(V) = O frames are extensively stud-
ed due the applications of radioactive isotopes 186Re,
88Re and 99mTc in radiopharmaceutical for radiotherapy.
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Fig. 21. Structure of the mononuclear and dinuclear complexes [Ti(
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ig. 22. Structure of the complex [Re2(H−2L57)2(O)2(�-O)] bearing the
Re–O–Re O backbone.

n order to achieve better stabilization of these moieties,
clemper’s group synthesized tetradentate amino dipheno-

ic ligands L57 (N,N′-bis[(2-hydroxyphenyl]methyl)-1,3-
ropylendiamine), L58 (N,N′-bis[(2-hydroxyphenyl]methyl)-
,2-dimethyl-1,3-propylendiamine), L59 (N,N′-bis[1-(2-
ydroxyphenyl)ethyl]-1,3-propylendiamine), L60 (N,N′-
is[(2-hydroxyphenyl]methyl)-1,4-butylendiamine) [53]. The
H−2L56)((R)-binol)] and [Ti2(H−2L56)2(�-(R)-binol)(�-O)].

igand L57, L58 and L60 formed dinuclear Tc(V) complexes
Tc2(H−2L57)2(O)2(�-O)] (Fig. 22), [Tc2(H−2L58)2(O)2(�-
)] and [Tc2(H−2L60)2(O)2(�-O)] containing the

Tc–O–Tc O backbone. The ligand L57, L59 and L60
ormed dinuclear Re(V) complexes [Re2(H−2L57)2(O)2(�-O)],
Re2(H−2L59)2(O)2(�-O)] and [Re2(H−2L60)2(O)2(�-O)]
ontaining the O Re–O–Re O backbone. All the complexes
ere characterized by 1H NMR, 13C NMR, IR spectroscopy,
V/vis spectroscopy and X-ray diffraction analysis. The

omplexes shows a near octahedral M(V) coordination.
Fenton and co-workers, in order to realize biomimetic

inuclear Zn(II) complexes as model of hydrolase, syn-
hesized a series of polypodal ligands based on pyridine

oiety [54]. Among these new molecules, the authors
eported the ligand L61 (1,3-bis(2-xydroxybenzylpyridn-2-
lmethylamino)propan-2-olo) and its dinuclear Zn(II) complex
Zn2(H−3L61)(OAc)]. In this complex the two Zn(II) ions
re bridged by the deprotonated alcoholic oxygen atom
f the ligand H−3L613− and by a �-1,3-acetate anion
Fig. 23).

.3. Ligands containing three or more phenolic units



G. Ambrosi et al. / Coordination Chemist

Fig. 23. ORTEP view of the [Zn2(H−3L61)(OAc)] species.
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Fig. 24. ORTEP view of the complex cation [Zn4(H−3L63)2]2+.
Fig. 25. Proposed 2:1 binding mode of H2PO4
− to
ry Reviews 252 (2008) 1121–1152 1143

A series of amino-triphenolic ligands bearing the pen-
adentate N2O3 donor bis(aminomethyl)triphenol moiety were
ynthesized by many research groups. Here we report the coor-
ination properties of more representative ligands of this class
owards transition metal ions.

Nag and co-workers synthesized and characterized the
igand L62 (2,6-bis{[(2-hydroxyphenyl)methyl]aminomethyl}-
-methylphenol), that formed the stable dinuclear dimeric
e(III) complex [Fe2(H−3L62)2]. In this complex the two Fe(III)

ons are bridged by the central cresolate group of each ligand,
orming a [Fe2O2] core37. Each Fe(III) ions is hexacoordinated
y two nitrogen atoms of the amine function and by two oxygen
toms of the terminal phenolate ions of one ligand, and by two
xygen atoms of the central cresolate moieties of both ligands,
hus to have a N2O4 coordination sphere.

The ligand L63 ((2,6-bis{N-[(2-hydroxyphenyl)methyl]-N-
2-hydroxyethyl)aminomethyl}-4-methylphenol) is analogue to
62 with two 2-hydroxyethyl frames linked to the two nitrogen
toms [55]. L63 is a potentially heptadentate N2O5 ligand form-
ng the tetranuclear Zn(II) complex [Zn4(H−3L63)2](ClO4)2
Fig. 24). The three-dimensional [Zn4O6] core of this species
s formed by four Zn(II) ions bridged by two cresolic and
our phenolic oxygen atoms of two ligands. All four Zn(II)
entres are pentacoordinated and adopt a distorted square pyra-
id geometry. The complex is stable and strongly fluorescent

t λem = 330 nm (λex = 298 nm), which were quenched by the
resence of dihydrogen phosphate anion in methanol.

Thus [Zn4(H−3L63)2](ClO4)2 can be used as selective
ensor for dihydrogen phosphate anion. The binding phe-
omenon was monitored by UV/vis absorption, fluorescence
uenching effects, ESI-MS techniques and NMR studies. The
the tetranuclear [Zn4(H−3L63)2]2+ complex.
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otential binding mode is represented in Fig. 25; the adduct
Zn4(H−3L63)2(H2PO4)] shows each dihydrogen phosphate
nion bridging in a �-1,3 mode two Zn(II) ions and taking place
f the two alcoholic ligands.

The N4O3 coordinating ligands L64 (2,6-bis[{{(2-
ydroxybenzyl)(N′,N′-(dimethylamino)ethyl)}amino}methyl]-
-methylphenol, L65 (2,6-bis[{{(5-methyl-2-hydroxybenzyl)
N′,N′-(dimethylamino)ethyl)}amino}methyl]-4-methylphe-
ol), L66 (2,6-bis[{{(5-tert-butyl-2-hydroxybenzyl)(N′,N′-
dimethylamino)ethyl)}amino}methyl]-4-methylphenol), L67
2,6-bis[{{(5-chloro-2-hydroxybenzyl)(N′,N′-(dimethylamino)
thyl)}amino}methyl]-4-methylphenol), L68 (2,6-bis[{{(5-
romo-2-hydroxybenzyl)(N′,N′-(dimethylamino)ethyl)}
mino}-methyl]-4-methylphenol), and L69 (2,6-bis[{{(5-meth-
xy-2-hydroxybenzyl)(N′,N′-(dimethylamino)ethyl)}methyl}]-
-methylphenol), were used to synthesize dinuclear
(IV)–V(V) oxophenoxovanadates [56].
The chemistry of mixed-valence vanadium complexes is

f abiding interest because they play an important role in
ifferent biological processes and offers easy success to the
odel system [3d1,3d0] to understand the behaviour of the

npaired electron and hence the oxidation state of metal both
n solid state and in solution. The ligands L64–L69 were
esigned and synthesized to realize dinuclear V(IV)–V(V)

omplexes having [V2(H−3L)(�-O)(O)2] general stoichiome-
ry (L = L64, L65, L66, L67, L68 and L69). For example, in
V2(H−3L64)(�-O)(O)2], both the metal atoms have distorted
ctahedral geometry, with a V(IV)–V(V) distance of 3.173 Å

O
m

3

ry Reviews 252 (2008) 1121–1152

Fig. 26). The two metal ions are bridged by the oxygen atom
f the central cresolate anion of H−3L64 and by a (�-O) lig-
nd, forming a symmetrical [O V(�-Ooxo)(�-Ocresolate)V O]
ore. X-ray crystallography, IR, UV–visible, and 1H NMR and
1V NMR experiments (complexes are NMR-silent) show that
he mixed-valence complexes contain two indistinguishable V
toms.

The new ligand L70 (2,6-bis{[(2-hydroxy-5-tert-butylben-
yl)(2-pyridylmethyl)amino]methyl}-4-methylphenol), which
ontains two additional phenolate groups and two tert-butyl
roups compared to its parent monophenolic L21, is able to sta-
ilize two Mn(III) ions forming the high valent complex [57]
Mn(III)2(H−3L70)(�-OAc)2](PF6). High valent polynuclear

n complexes have a crucial role in artificial photosynthesis
rocesses, which are a target in the search for continuable energy
esources. Previously, reporting the properties of ligand L21, we
ighlighted that this ligand is not able to forms Mn(III)–Mn(III)
inuclear complexes, but it stabilizes Mn(III)–Mn(II) com-
lexes. The stronger bond between oxygen of lateral phenolate
roups of L70 and Mn than that between neutral nitrogen of
yridine of L21 and Mn, prevents the dissociation of central
ons. The new complex [Mn(III)2(H−3L70)(�-OAc)2](PF6) and
Mn4] cluster present in natural oxygen evolving centres (OEC
n nature) are very similar. In the complex [Mn2(H−3L70)(�-
Ac)2](PF6) the two Mn(III) ions are bridged by a �-phenoxo
oiety and by two acetate anions, in a �-1,3 mode.

. Macrocyclic ligands
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A class of ligands containing phenolic units totally differ-
nt from the previous one is the family of macrocyclic ligands.
lmost all ligands reported contain the phenolic moiety as inte-
ral part of the macrocyclic skeleton; L77 is the only one which
hows the phenol as pendant arm of the macrocyclic framework;
n particular this ligand can be seen as a molecule formed by two

acrocyclic units connected by a phenolic group.
Dinuclear Cu(II) complex of macrocyclic ligand L71 was

btained using an interesting synthetic procedure which involves
direct single pot template synthesis using the copper(II)

itrate, 1,2-diaminoethane, 4-methyl-2,6-diformylphenol, and
odium azide as reagents [13]. The complex was easily obtained
ith moderate yields. X-ray structure analysis revealed that

he two Cu(II) ions are in a distorted square pyramidal coor-
ination environment with the two phenoxide oxygen atom
hich adopt a bridge disposition between the two metal centres
see Fig. 27)
The topology of the symmetric ligand L71 forces the two

etal ions to stay close to each other, with a Cu–Cu separa-
ion of 2.913 Å. Interestingly, this dinuclear complex exhibits

p
a
l
m

ry Reviews 252 (2008) 1121–1152

supramolecular 2D assembly through hydrogen bonding, as
hown in packing diagram reported in Fig. 28.

Asymmetrical compartimental ligands are of great interest
ecause they provide discrete heterodinuclear core complexes.
hese complexes are interesting for their potential use in sol-
atochromism studies and for their catalytic activities. A very
ecent example of a asymmetrical macrocyclic ligand involved
n the formation of heterodinuclear complexes is L72. Ligand
72 contains two phenolic moieties and it can be considered
dicompartimental ligand which shows hexa- and pentaden-

ate coordination sites that give peculiar characteristics to the
hole molecule. In fact, a novel macrobicyclic heterodinuclear
n(II)–Ni(II) complex, has been recently reported [58]. The
tructure reveals an asymmetrical nature with the two differ-
nt binding areas of the ligand involved in the coordination of
he two different metal ions. The Ni(II) ion occupies a square

lanar geometry and it is bound to an iminic and aminic nitrogen
toms of the diethylenetriamine link as well as to two pheno-
ic oxygen atoms. The formation of this asymmetrical structure

ainly arises from the chelate ring size. As a consequence, both
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Fig. 26. ORTEP view of the [V2(H−3L64)(�-O)(O)2] species.

he pyridyl ligands dispose themselves to the same side of the
ean molecular plane towards to that of the phenolic groups.

n this complex the Zn–Ni intermetallic separation bridged by
oth phenolic oxygen atoms is 3.104 Å.

An example of a more complex molecule is the large
olyaza-phenolic-macrobicycle L73. This ligand can be con-
idered as formed by the large polyazamacrocyclic base [24]

neN8 bridged at two opposite amine functions by the 2,6-
imethyl-phenolic unit. The ligand has been studied in its
oordinating properties towards Cu(II) and Zn(II) ions by means

Fig. 27. ORTEP view of [Cu2H−2L71(N3)2]·2H2O.
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ig. 28. Supramolecular 2D assembly of complex [Cu2L71(N3)2]·2H2O.

f potentiometric measurements in aqueous solution (298.1 K,
= 0.15 mol dm−3) [59]. The equilibrium constants determined
re reported in Table 12.

The high value of the log K relative to the addition of a
econd metal ion for both Cu(II) and Zn(II) to the mononu-
lear [M(H−1L73)]+ species highlight the great tendency of
his ligand to coordinate another M(II) ion, forming stable din-
clear species that are the only species existing in solution at
H higher than 6 when the ligand to metal ratio is 1:2. The
wo metal ions are coordinated by the amine functions and by
he phenolate oxygen moiety that bridges the two M(II) ions.
his has been confirmed by the crystal structure of the dinu-
lear [Zn2(H−1L73)]3+ species. The two Zn(II) ions are 3.331 Å
part and each metal ion is pentacoordinated by the four nitrogen
toms provided by the polyaza macrobicycle and the phenolic
xygen atom, as illustrated in Fig. 29.

The crystal structure shows also that the cage topol-
gy of ligand L73 well isolates the metal ions from the
edium, with the donor atoms of the ligand fulfilling

he coordination requirement of the two Zn(II) ions lodg-
ng inside the three-dimensional cavity. This aspect reflects
he tendency to add OH−. In fact, the formation con-
tants of the hydroxylated [M2(H−1L73)OH]2+ species are

3+ − 2+
ow (reaction [M2(H−1L73)] + OH = [M2(H−1L73)OH] ;
og K = 2.50 and 2.83 for Cu(II) and Zn(II), respectively).

Example of asymmetric macrocyclic ligands that has been
ecently reported by Tamburini et al. are ligands L74 [60] and

able 12
ogarithm of the equilibrium constants determined in 0.15 mol dm−3 NMe4NO3

t 298.1 K for the complexation reactions of L73 with Cu(II) and Zn(II) ions

eaction log K

Cu(II) Zn(II)

M2+ + L73 = M2L734+ 33.76(2)a 21.23(1)
M2+ + L73 + H2O = M2(H−1L73)OH2+ + 2H+ 19.88(4) 5.43(2)

2+ + ML732+ = M2L734+ 11.63 5.68
2+ + M(H−1L73)+ = M2(H−1L73)3+ 18.87 11.51

2(H−1L73)3+ + OH− = M2(H−1L73)OH2+ 2.50(4) 2.83(3)

a Values in parentheses are the standard deviations on the last significant figure.
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Fig. 29. ORTEP view of the complex cation [Zn2(H−1L73)]3+.

75 [61]. L74 is a compartmental ligand which is capable to
ind two equal or different metal ions in close proximity; in
act, a molecule of this kind offers the possibility to give two
ifferent recognition processes in the two adjacent sites. In
his way, numerous hetero-dinuclear complexes with similar
igands were prepared. Ligand L74 was used in the synthe-
is of [LnLn′(H−2L74)]Cl4 complexes, where LnLn′ = CeEu,
uCe, EuLu, EuYb and YbEu. Generally these hetero-dinuclear
omplexes have low solubility in methanol, and an increased sol-
bility is generally correlated to demetalation processes, with the
onsequent formation of the more soluble mononuclear species.
omodinuclear complexes of this ligand were also synthesized.
omplex [Eu2(H−2L74)Cl4]·4H2O, obtained by template pro-
edure, was the only homodinuclear complex enough soluble
o allow NMR investigations. Ligand L75 formed heterodin-
clear metal complexes which have been also characterized
y X-ray crystallography. The ORTEP view of the complex
LaZn(H−2L75)]Cl3·CH3OH is reported in Fig. 30.

The Zn(II) ion resides in the N2O2 site in a square-pyramidal
oordination, the fifth apical position being filled by a chlo-
ide ion, while the lanthanum ion is located in the oxygen rich
ite and is nona-coordinated. Ligand L75 has an appropriate
hape for forming stable heterodinuclear species. Furthermore,
he large difference between the two adjacent chambers assures
he formation of only one species of heterodinuclear complexes,
voiding transmetallation, scrambling, migration reactions.

A recent work by Okawa et al. reported the template
ynthesis of a new macrocyclic ligand (L76) derived
rom the cyclic condensation of four molecules of 3-
minomethyl-5-methylsalicylaldehyde in the presence of
ifferent metal ions [62]. When Ni(II) was used, two tetranu-
lear complexes, [Ni4(H−4L76)(OH)(H2O)4](ClO4)3 and
Ni4(H−4L76)(O)(DMF)4](ClO4)2 have been obtained. Fur-

hermore, the dinuclear [Mn2(H−2L76)OH)(AcO)2(H2O)]Br
omplex has been produced by a similar condensation in
he presence of Mn(II) in open air. X-ray crystallographic
tudies for [Ni4(H−4L76)(OH)H2O)8](ClO4)3·7H2O indicate

U
o
w
d

Fig. 30. ORTEP view of the complex cation [LaZn(H−2L75)]3+.

hat the macrocyclic ligand accommodates four Ni(II) ions,
roducing a square Ni4 core with �4-hydroxo group at the
enter of the core. Each Ni(II) is bound to the exogenous
4-hydroxo oxygen and to the ONO donor set of the macro-
yclic ligand, with the phenolic oxygen atom that bridges
wo Ni(II) ions. Water molecules occupy the axial sites of
ach Ni affording a nearly octahedral geometry about the
etal. Magnetic studies for the complexes indicate a ferro-
agnetic interaction between the adjacent Ni(II) centres and

n antiferromagnetic interaction between the diagonal Ni(II)
entres. The Mn(III) complex shows a weak antiferromagnetic
nteraction between the Mn(III) ions, as observed in similar
�-oxo)bis(�-carboxylato)-dimanganese(III) complexes.

Recently, the synthesis and the coordination properties of
he new macrocyclic ligand L77 were reported [63]. Equilib-
ium studies of basicity and coordination properties towards
he Cu(II), Zn(II), Cd(II) and Pb(II) ions were performed by
otentiometric measurements in aqueous solution (298.1 K,
= 0.15 mol dm−3). In Table 13 selected formation constants of
ifferent metal ions are reported.

The symmetric molecular topology of ligand L77, showing
wo macrocyclic subunits linked by a phenolic group, is ideal
or the formation of dinuclear complexes: L77 forms stable din-
clear complexes with all of the metal ions investigated, with
he phenolate group bridging the two metal ions. This configu-
ation allows the two metal centres to be close to each other in
coordination environment which is still unsaturated. Indeed,

he dinuclear species [M2(H−1L77)]3+ (with M = Cu(II), Zn(II)
nd Pb(II)) shows a great tendency to add the OH− group and to
orm dinuclear hydroxo species such as [M2(H−1L77)(OH)]2+.
he role of the phenolate oxygen atom in the stabilization via
bridging disposition of both metal ions was confirmed by

V/vis studies. Direct evidence of this coordinative behaviour
f the ligand L77 was given from the crystal structures obtained
ith Ni(II) and Cu(II) ions. In Fig. 31 the ORTEP view of the
inuclear Cu(II) complex with ligand L77 is reported.
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Table 13
Formation constants (log K) of L77 with Cu(II), Zn(II), Cd(II) and Pb(II) ions in H2O at 298.1 K, I = 0.15 mol dm−3 NaCl

Reaction log K

Cu Zn Cd Pb

MH−1L77+ + M2+ = M2H−1L773+ 6.00(1)a 8.01(1) 11.91(1) 9.89(1)
M H L773+ + OH− = M H L77(OH)2+ 4.77(3) 5.66(3) 2.8(1) 3.18(2)
M

re.

t
s
n
i
i
d
c
s

M
f
w
a
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c
t
i
i
d
i
c
t

I
a
i
c

o
h
a
p
o
l
c
N
c
n
w
[
a
F

2 −1 2 −1

2H−1L77(OH)2+ + OH− = M2H−1L77(OH)2
+ –

a Values in parentheses are the standard deviations on the last significant figu

The way in which the H−1L77− species is wrapped around
he metal ions filling, albeit only partially, their coordination
ites is almost identical in both the metal complexes. The phe-
olic oxygen atom acts as bridging unit between the two metal
ons, keeping the Ni(II) and the (Cu(II) ions in close proxim-
ty (3.150 and 3.118 Å, respectively). The restricted number of
onors (four) supplied by the ligand to each metal ion and the
loseness of the two metal cations allow the latter to host external
pecies in order to complete their coordination spheres.

The larger macrocyclic ligand L78 has been synthesized by
artell et al. by NaBH4 reduction of the Schiff base obtained

rom [2 + 2] template condensation of 2,6-diformyl-p-cresol
ith diethylenetramine [64]. Complexes formed with this lig-

nd have been extensively studied both in solid state than in
olution [65]. L78 is a very flexible ligand that forms dinuclear
omplexes with Cu(II) and Ni(II) ions having different charac-
eristics. In the homodinuclear copper complex the two metal
ons are located in separate compartments and each of them
s coordinated to three amino nitrogen atoms deriving from two

iethylenetriamine units and to one phenolic oxygen atom which
s not involved in a bridged disposition. As a consequence of this
oordinative pattern the Cu–Cu distance is 5.36 Å. On the con-
rary, when the metal ion is Ni(II) the structure is quite different.

Fig. 31. ORTEP view of the complex cation [Cu2(H−1L77)(N3)]2+.

f
d
b
c
�
n
d
d
h
r
S

o
t
b
i
s
d

i
N
b
N
p
c
a
3
w

2.72(2) – –

n fact, each Ni(II) ion is coordinated by three amino nitrogen
toms, two bridged phenolic oxygen atoms and an oxygen deriv-
ng from a water molecule. The Ni(II)–Ni(II) separation for this
omplex is 3.14 Å.

The potentiometric equilibrium studies, performed in aque-
us solution (298.1 K, I = 0.10 mol dm−3), indicate that the
omodinuclear nickel complexes with the two phenolic oxygen
toms combined with the central nickel atoms via oxo-bridges
redominate from pH 10.0 to 12.0. The stability constant
f the dinuclear complex with fully deprotonated ligand is
og K[Ni2H−2L78]/[NiH−2L78][Ni] = 10.85. When the metal ion is
opper the system is much simpler than the corresponding
i(II) system. Above pH 4.3 the fully deprotonated dinu-

lear complex [Cu2(H−2L78)]2+ becomes the major species;
o hydroxo copper complexes have been found in the
hole pH range on account of its high stability constant:

Cu]2+ + [Cu(H−2L78)] = [Cu2(H−2L78)] log K = 21.75. Lig-
nd L78 forms also dinuclear complexes with Fe(II,II) and
e(III,III) metal ions. Potentiometric data indicate that the
ormation of a �-oxo bridge between two ferric ions in the
inuclear species occurs even under fairly acidic conditions:
etween pH 4 and 7, the stable �-hydroxo-bridged diferric
omplex [Fe(III)2(�-OH)(H−2L77)]3+ predominates, and the
-oxo-bridged diferric complexes become the main compo-
ent in an aqueous solution at high pH values. Mixed-valence
inuclear Fe(II,III) complexes have also been studied. These
inuclear ferrous complexes have been tested in the catalytic
ydroxylation of adamantane in the presence of a two-electron
eductant (H2S). The overall oxidation reactions are shown in
cheme 5.

This macrocyclic iron complex was less active with respect
ther iron complexes formed with more rigid ligands; moreover,
he oxidation of adamantane produced not only hydroxylation
ut also ketonization products when the reaction was performed
n CH3CN. When the solvent was changed to acetone, in the
ame experimental conditions, no ketonization products were
etected.

Yan et al. also studied the macrocyclic ligand L78 obtain-
ng the complex [Ni2(H−2L78)](ClO4)2 by the reaction of
i(ClO4)2 and L78 [66]. Differently from the structure obtained
y Martell et al., this complex revealed to be formed by two
i(II) centres bridged by two phenoxide oxygen atoms com-
leting the Ni2O2 plane. Each of the metal centres obtains a five

oordinated environment by interacting with three secondary
mine nitrogen donors. The two nickel atoms are separated by
.092 Å. The thermal decomposition processes of this complex
ere studied using TG–DTG and the kinetic parameters were
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tance of 3.447 Å. All the three phenolic oxygen atoms bridge
the two metals. These constitutes the first examples of dinuclear
lanthanide complexes of an iminophenolate cryptand together
with the crystal structure of a dilutetium(III) complex.
Scheme 5. Oxidation of adamantane by molecular

btained from analysis of the curves with integral and differen-
ial methods [67].

The macrocyclic ligands L79 and L80 have been synthe-
ized through the 2 + 2 condensation of 2,6-diformyl-p-cresol
ith appropriate diamines; the following reduction of the

etra Schiff base afforded the saturated macrocycles L79 and
80 [68]. These ligands form dinuclear Fe(II) and Fe(III)
omplexes in which the Fe(II) and Fe(III) centres are coor-
inated and bridged by the phenolate groups. Potentiometric
quilibrium studies, performed in KCl supporting electrolyte
0.1 mol dm−3) at 298.1 K, indicate for the ligand L79 that a
ariety of mononuclear and dinuclear Fe(II) and Fe(III) com-
lexes form through pH 2 to 11 in aqueous solution are forming.
hree different dinuclear complexes were identified with fairly
igh stability constants for the ferrous ion-ligand system. At
H > 7 only dinuclear species exist in solution, whereas the
ydroxo-bridged species [Fe(II)2(�-OH)(H−2L79)]+ predom-
nates over pH 10. In the case of ferric ion, stable �-hydroxo
ridged are observable even under fairly acidic conditions: the
Fe(III)2(�-OH)(H−2L79)]3+ species is prevalent between pH
.5 and 7. Above pH 7, the �-oxo bridged diferric complex
Fe(III)2(�–O)(H−2L79)]2+ and its further hydrolytic species
ecome the main components in aqueous solution. The dinu-
lear Fe(II) complexes of the ligands L79 and L80 catalyze the
ydroxylation of hydrocarbons (cyclohexane and adamantane)
y molecular oxygen, in the presence of H2S as a two-electron
eductant [69]. The hydrocarbons are mainly hydroxylated, also
f some ketonization products are observable in the case of
yclohexane. It is interesting that the oxidation of adamantane
roduces only hydroxylation product; no ketonization product
s observed. The turnover numbers are really high and thus
hese dinuclear macrocyclic iron(II) complexes are among the

ost effective functional models of methane monooxygenase
eported thus far.

One of the few examples of macrocyclic ligand able to
orm polynuclear metal complexes and containing only one
henolic unit is L81 [70]. The ligational properties of L81
owards Ni(II), Zn(II) and Cu(II) ions were determined by means
f potentiometric measurements in aqueous solution (298.1,
= 0.15 mol dm−3). The ligand form dinuclear species with all
he metal ions studied. The addition of the second metal ions to
he mononuclear species gave lesser stability constants than the
rst one, due to the low number of donor atoms present in the lig-

nd. In the case of copper(II) complexes the dinuclear species
re largely prevalent in solution at pH values higher than 6.
or the Ni(II) and Cu(II) complexes, hydroxylated species were
etected and were the prevalent species in solution at alkaline
gen with dinuclear iron(II) complexes as catalysts.

H. UV spectra recorded in aqueous solution containing L81
nd M(II) in various molar ratios and different pH values sup-
orted the hypothesis that the phenol played an important role
n the formation of the dinuclear species, due to the capacity
f the phenolic oxygen atom to bridge two metal ions, forcing
hem to stay very close. These results were confirmed by the
rystal structure of [Ni2(H−1L81)(H2O)2Cl2]+ cation reported
n Fig. 32.

As can be seen in the Fig. 32, the macrocyclic ligand act as a
exadentate, and each Ni atom has an octahedral geometry. The
henolic oxygen atom, together a Cl atom, disposes itself in a
ridge disposition between the two metal centres. The distance
rom the two-nickel atoms is 3.209 Å.

Ligand L82 is an example of an ncapsulating ligand con-
aining three phenolic groups. This ligand has been synthesized
y a metal-templated reaction between triethylammonium 2,6-
iformyl-4-methylphenolate and tris(2-aminoethyl)amine in the
resence of hydrated lanthanide nitrates (Ln = Gd–Lu) [71]. X-
ay crystallographic data were collected in the case of complex
Lu2(H−3L82)(NO3)2]+. In the complex the two lutetium(III)
ons have the same coordination environment and are at a dis-
Fig. 32. ORTEP view of the complex cation [Ni2(H−1L81)]+.
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Nag et al. reported the synthesis and characterization,
ogether with the coordinative properties, of the homo- and
eterodinuclear complexes formed by the ligand L83 [72]. This
igand easily formed dinuclear metal complexes with Ni(II) ion
hat have been characterized by X-ray crystallography. Crystal
ata reveal, in the case of the [Ni2(H−2L83)(CH3OH)2](ClO4)2
pecies, that the two Ni(II) centres are bridged by two phenox-
de oxygen atoms with two secondary amine nitrogen donors
ompleting the NiN2O2 plane [73]. The octahedral environ-
ent of the metal centres is completed by the trans axially

isposed methanol molecules and perchlorate ions. The two
etal centres are separated by 3.135 Å. The high coordination

umbers of Ni(II) ion, together with the low number of donor
toms of the ligand L83, prompted the authors to study the
nteraction of this complex with amino acids. The result was
he synthesis and characterization of the carboxylate-bridged
omplex [Ni2(H−2L83)(�-−O2C-NH3

+)(H2O)2](ClO4)2, that
as the first example of �-carboxylate binding of amino

cids in zwitterionic form in Ni(II) chemistry [74]. The
uthors studied also the magneto-structural relationship in a
eries of dinuclear Ni(II) complexes with ligand L83 [75].

linear dependence of antiferromagnetic exchange cou-
ling constant (−J) on Ni–O–Ni bridge angle as well as the
ntramolecular Ni· · ·Ni distance has been obtained for the
inickel(II) complexes with centrosymmetric structures. As
entioned before, ligand L83 was able to form heterodinuclear

omplexes with transition metal ions. In fact, a series of
imetallic complexes of the type [Fe(III)M(II)(H−2L83)(�-
Ac)(OAc)(H2O)](ClO4)·nH2O (where M(II) = Zn, Ni, Co
nd Mn) and [{Fe(III)Co(III)(H−2L83)(�-OAc)(OAc)}2(�-
)]ClO4)2·3H2O have been synthesized and characterized.
pectral data indicate that in all the cases the metal ions have
imilar environments. An in-depth study of the magnetic,
pectroscopic and redox properties of these complexes has
een performed, and two crystal structures, for complexes
Fe(III)Ni(II)(H−2L83)(�-OAc)(OAc)(H2O)](ClO4)·2H2O
nd [{Fe(III)Co(III)(H−2L83)(�-OAc)(OAc)}2(�-
)]ClO4)2·3H2O, allowed to confirm the bridge disposition of

he phenoxide oxygen atom between the two metal centres,
ith a distance of 3.03 and 3.085 Å, respectively.
The macrocyclic ligands L84 and L85 have been synthesized

y a 2:2 template condensation of 2,6-diformyl-4-(R)-phenol
R = Me, tBu) with 3,6-bis(aminoethyl)thio)-pyridazina in the
resence of copper(II) salts [76]. Dinuclear Cu(II) complexes
f the 34-membered macrocyclic ligands L84 and L85 were
btained. These two ligands are potentially decadentate, capa-
le of forming endogenous phenolate and pyridazino bridges
nd possibly binding four metal centres. The involvement of
he sulphur atoms as donors could increase the coordination
apacity beyond four. However, in these complexes, the macro-
ycles coordinate with the familiar N4O2, equatorial donor set,
o two phenoxide bridged copper(II) centres. The Cu· · ·Cu dis-
ance in the complexes formed by L84 and L85 were 3.017

nd 3.066 Å, respectively. All the complexes were studied
n their magnetic and redox properties; in particular, EPR
pectra were recorded for all the mixed valence Cu(II)–Cu(I)
omplexes.

[
[

[

ry Reviews 252 (2008) 1121–1152 1151

Ligand L86 is another ligand that has been obtained by
2:2 template condensation of 2,6-diformyl-p-cresol and tri-

thylenetetramine in the presence of lanthanide salts [77]. The
agnetic and luminescence properties of the complexes have

een studied but all the efforts to obtain crystalline states suitable
or X-ray analysis were not successful. The magnetic suscepti-
ility measurements suggested that coupling between lanthanide
ons was significant, at least in the case of the praesodymium
omplexes. The luminescence properties provided considerably
ore detailed insight into the nature of the complexes. The lumi-

escence from the La3+, Y3+ and Gd3+ complexes are clearly
ttributable to emissions from the chromophoric (Schiff base)
ortion of the macrocyclic ligand; the energy of the emissive
xcited state was significantly affected by coordination at the
henolate ion and by intermolecular aggregation. Finally, the dif-
erent coloured forms which the lanthanide complexes showed
ere attributable to different environments for the chromophoric
roup.

. Conclusions

The foregoing pages have illustrated how chemists from
ifferent backgrounds have synthesized new molecules with dif-
erent molecular topology but all having the phenolic group and
mines as fragment in their framework.

We hope that this short review will be a handy reference for
hose already in the field and a stimulating entry point for new
esearchers.
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