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The coordination features of the two dipyridine-containing polyamine macrocycles 2,5,8,11,14-pentaaza[15]-
[15](2,2�)[1,15]-bipyridylophane (L1) and 4,4�-(2,5,8,11,14-pentaaza[15]-[15](2,2�)-bipyridylophane) (L2) toward
Cu() and Ni() have been studied by means of potentiometric and spectrophotometric UV-vis titrations in aqueous
solutions. While in L1 all the nitrogen donor atoms are convergent inside the macrocyclic cavity, in L2 the hetero-
aromatic nitrogen atoms are located outside. Ligands L1 and L2 form stable mono- and dinuclear complexes with
Cu(). In the case of Ni() coordination, only L1 gives dinuclear complexes, while L2 can form only mononuclear
species. In the Cu() or Ni() complexes with L1 the metal(s) are lodged inside the macrocyclic cavity, coordinated to
the heteroaromatic nitrogens. As shown by the crystal structure of the [CuL1]2� and [NiL1]2� cations, at least one of
the two benzylic nitrogens is not coordinated and facile protonation of the complex takes place at neutral or slightly
acidic pH values. The particular molecular architecture of L2, which displays two well-separated binding moieties,
strongly affects its coordination behavior. In the mononuclear [CuL2]2� complex, the metal is encapsulated inside
the cavity, not coordinated by the dipyridine unit. Protonation of the complex, however, occurs on the aliphatic
polyamine chain and gives rise to translocation of the metal outside the cavity, bound to the heteroaromatic
nitrogens. In the [NiL2]2� complex the metal is coordinated by the dipyridine nitrogens, outside the macrocyclic
cavity. Thermodynamic and/or kinetic considerations may explain the different behavior with respect to the
corresponding Cu() complex.

There is a continuing interest in the chemistry of polyaza-
macrocycles because of their ability to interact with both metal
cations 1–12 and anionic species.12–19 In particular, cyclic poly-
amines containing six or more nitrogen donors are able to
form very stable metal complexes, containing one or more
metal ions, due to their large number of nitrogens.1,2,6,7 Struc-
tural factors, such as ligand rigidity, electron-donor properties
of the nitrogens and their disposition, have been shown to play
significant roles in determining the binding features of macro-
cycles toward metal cations.1–12 Heteroaromatic subunits, such
as 2,2�-dipyridine or 1,10-phenanthroline, are often introduced
as integral parts of the host molecules.20–26 These units are rigid,
and provide two aromatic nitrogens whose unshared electron
pairs are beautifully placed to act cooperatively in binding
cations. At the same time, incorporation of these moieties
into macrocyclic structures allows to combine within the same
ligand the special complexation features of macrocycles with
the photophysical and photochemical properties displayed by
the metal complexes of these heterocycles.24

Earlier we reported the synthesis of a series of macrocyclic
polyamine ligands containing a dipyridine unit.25,26 Among
these, L1 and L2 are two isomeric ligands containing different
binding sites for metal cations (Scheme 1).27

In L1 the disposition of the heteroaromatic and aliphatic
nitrogen donors is convergent toward the macrocyclic cavity,
where the metal cations can be conveniently hosted. The
particular molecular architecture of L2, instead, defines two

† Electronic supplementary information (ESI) available: selected bond
lengths [Å] and angles [�] for [CuL1](ClO4)2 (Table S1) and for [NiL1]-
(ClO4)2 (Table S2); absorption spectra of L2 in the presence of Cu()
(1 : 1 molar ratio) at different pH values (Fig. S1). See http://
www.rsc.org/suppdata/dt/b2/b211904h/

well-separated binding zones, the macrocyclic cavity and the
external dipyridine unit. Actually, a previous study on Zn(),
Cd() and Pb() binding by L2 showed that both these units
may act as metal binding sites.27 It was shown that in the
[ZnL2]2� and [CdL2]2� complexes the metal is coordinated to
the polyamine chain, inside the cavity. Protonation of this
complex occurs on the aliphatic amine groups and gives rise to
translocation of the metal outside the macrocyclic cavity. This
pH-induced movement does not occur in the [PbL2]2� complex,
where the metal is encapsulated into the cavity also in the
protonated forms of the complex. Therefore, the binding site
for the metal is not only determined by complex protonation,
but also by the different characteristics of the metal. For these
metal ions, however, the macrocyclic cavity seems to be the
preferred binding site in their unprotonated [ML]2� complexes.

It is of interest, therefore, to extend this study to transition
metals, such as Cu() and Ni(), with stricter stereochemical
requirements than Zn(), Cd() and Pb(). In this paper we
report on Cu() and Ni() binding by L1 and L2. Aiming to
elucidate the relationship between the structural features of
these ligands and their coordination properties toward Cu()
and Ni(), we have carried out a potentiometric and spectro-
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photometric (UV-vis) study on the interaction with these
metals in aqueous solutions. The results are compared with
those previously obtained with the saturated polyazacyclo-
alkane 1,4,7,10,13,16,19-heptaazacycloheneicosane (L3),28

which contains seven secondary amine groups linked by
ethylenic chains (Scheme 1).

Results and discussion

Cu(II) complexation

Crystal structure of [CuL1](ClO4)2. The molecular structure
consists of complexed cations [CuL1]2� and perchlorate anions.
The asymmetric unit contains two independent molecules. The
ORTEP drawings of the [CuL1]2� cations in the two molecules
(herein indicated A and B) are shown in Fig. 1a and b, respec-
tively. Selected bond distances and angles for the coordination
sphere of Cu() are reported within the ESI (Table S1).† The
Cu() ions in A and B display slightly different coordination
geometries. In both cases the coordination environments can
be best described as octahedral with a strongly tetragonal dis-
tortion, as often observed in hexa-coordinated Cu() com-
plexes. In complex A the N(1), N(3), N(4) and N(5) nitrogen
donors define the equatorial plane (max deviation 0.1473(2) Å
for N(4)), the Cu(1)–N bond distances spanning in the range
1.98–2.11 Å. The benzylic amine group N(2) and the hetero-
aromatic nitrogen N(7) occupy the apical positions, bound at

Fig. 1 ORTEP drawings of the [CuL1]2� cations. (a): A unit, (b): B
unit.

a much larger distance (Cu(1)–N(2): 2.46(1) Å; Cu1–N(7):
2.34(1) Å). The Cu(1)–N(2) and Cu(1)–N(7) bonds form
dihedral angles of 14.28(1) and 24.02(1)�, respectively, with the
normal to the basal plane. The metal ion lies 0.1906(2) Å above
the equatorial plane, shifted toward N(7). One of the benzylic
nitrogens, N(6), is not coordinated to the metal. This is a
common feature of first-row transition metal complexes with
polyamine macrocycles containing 1,10-phenanthroline or
2,2�-dipyridine units; the rigidity of these heteroaromatic units,
in fact, does not allow the simultaneous binding to the metal of
both the heteroaromatic nitrogens and the adjacent benzylic
amine groups.25–27 Similarly to the present case, not bound
benzylic donors have been already observed in mononuclear
complexes with macrocyclic compounds containing hetero-
aromatic units 29 as pendant arms or p-phenylene moieties as
integral part of macrocyclic frameworks.30

In complex B, the equatorial plane of the distorted octa-
hedron is defined by the N(8), N(10), N(11) and N(12) donors
(max deviation 0.0108(3) Å for N(11)), while N(9) and N(14)
occupy the apical positions, coordinated at longer distances
(Table S1). The Cu2–N(9) and Cu2–N(14) bonds form dihedral
angles of 13.54(1) and 19.99(2)� with the normal to the equa-
torial plane. The metal lies 0.0910(3) Å out of this plane, shifted
toward N(14). These data account for a slightly less distorted
coordination sphere of Cu(2) in B with respect to Cu(1) in A, as
also testified by the N–Cu(2)–N bond angles along the axes of
the octahedron, which are closer to the theoretical 180� value
than the corresponding N–Cu(1)–N angles in A (Table S1). As
in A, however, a benzylic nitrogen donor (N(13)) is not involved
in metal coordination.

In both molecules the two pyridine rings are almost coplanar,
with dihedral angles of 7.48(1) and 13.16(1)� in A and B,
respectively. The ligand assumes a screw conformation,
“wrapping” around the metal ion, which in consequence is
embedded inside the macrocyclic cavity. Both in A and B, the
equatorial plane of the octahedral coordination sphere is
almost normal to the plane of the aromatic unit, forming
dihedral angles of 88.64(1)� in A and 85.50(1)� in B.

The macrocyclic framework in A and B displays a marked
molecular strain as shown by the C–C–N and C–N–C bond
angle values of the polyamine chains, which span in the range
107(2)–119(2)� (A molecule) and 110(1)–121(2)� (B molecule).

In A and B, the corresponding torsion angles of the aliphatic
polyamine chain display similar values. There are, however,
slight differences (see the ESI†), which can be related to the
somewhat more distorted coordination sphere of Cu(1) in the
A unit with respect to Cu(2) in the B unit (see above).

Cu(II) coordination in aqueous solution. Cu() coordination
by ligands L1 and L2 was studied by means of potentiometric
measurements and the stability constants of the complexes
formed in aqueous solutions are listed in Table 1. Both ligands
can form mono- and dinuclear Cu() complexes in aqueous
solutions.

Considering the mononuclear complexes, the data in Table 1
outline some interesting findings. Firstly, the stability constant
of the [CuL1]2� complex is by far higher than that of the corre-
sponding L2 complex. Secondly, Cu() forms stable complexes
with protonated species of the ligands. This tendency is particu-
larly marked in the case of L2, which can form up to a tetra-
protonated [CuL2H4]

6� complex. Consequently, protonated
species of the complexes are present in solution from acidic to
slightly alkaline pH values as shown in Fig. 2.

It can be of interest to compare the stability of the L1 mono-
nuclear complex with that of the corresponding Cu() com-
plexes with the macrocyclic ligand L3,28b where the dipyridine
moiety of L1 is replaced by an ethylenediamine chain. The
stability constant of the L1 complex is just slightly lower
than that of the L3 one (log K = 18.72 for [CuL1]2�, Table 1, vs.
log K = 19.44 for [CuL3]2�). This difference may be ascribed to
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the somewhat lower binding ability of dipyridine with respect
to ethylenediamine (log K = 9.00 and 10.09 for the equilibrium
Cu2� � L = [CuL]2� with L = 2,2� dipyridine 31 and N,N�-di-
methylethylenediamine,32 respectively), as well as to the higher
flexibility of L3, which could allow a better arrangement of the
donors around the metal ion.

The absorption spectrum of [CuL1]2� in the visible region
displays a band at 629 nm (ε = 95 mol�1 dm3 cm�1) with a
shoulder at ca. 750 nm. These spectral features are in accord
either with a 6-coordinated Cu() ion with distorted octahedral
geometry, as actually found in the solid state, or with a 5-co-
ordinated metal ion. On the other hand, in the case of [CuL3]2�

it was proposed that only five of seven amine groups are
involved in metal coordination. The similar binding ability of
L1 and L3 toward Cu() would suggest a similar coordination
environment for the metal, or, at least, an equal number of
nitrogen donors involved in metal coordination in the two com-
plexes. This hypothesis is confirmed by the absorption spectrum
displayed by [CuL3]2� (a band at 628 nm (ε = 193 mol�1 dm3

cm�1) with a shoulder at ca. 760 nm), very similar to that found

Fig. 2 Species distribution diagrams for the systems Cu()/L1 (a) and
Cu()/L2 (b) in 1 : 1 molar ratio ([L] = [Cu()] = 2.5 × 10�5 M,
NMe4Cl 0.1 M, 298 K); charges have been omitted for clarity.

Table 1 Log K for the Cu() complexes with L1 and L2 (NMe4Cl
0.1 M, 298 K) a

Equilibria L1 L2

L � Cu2�  CuL2� 18.72(5) 13.91(6)
CuL2� � H�  CuLH3� 5.97(6) 6.89(7)
CuLH3� � H�  CuLH2

4�  5.89(7)
CuLH3� � 2H�  CuLH3

5� 7.28(7)  
CuLH2

4� � 2H�  CuLH4
6�  7.87(5)

CuL2� � OH�  CuL(OH)� 4.41(1) 2.78(9)
   
CuL2� � Cu2�  Cu2L

4� 9.43(8) 7.83(8)
Cu2L

4� � H�  Cu2LH5�  6.27(5)
Cu2LH5� � H�  Cu2LH2

6�  4.92(6)
Cu2L

4� � OH�  Cu2L(OH)3� 7.27(8) 6.00(9)
Cu2L(OH)3� � OH�  Cu2L(OH)2

2�  3.95(5)
a The values in parentheses are the standard deviations of the last
significant figure. 

for [CuL1]2�. Although the hypothesis of a Cu() ion hexa-
coordinated by the ligand donors cannot completely be dis-
missed, the similar features observed for [CuL1]2� and [CuL3]2�

lead us to propose that in [CuL1]2� the metal would be co-
ordinated by five nitrogen donors; therefore, two nitrogen
donors are probably not involved in metal coordination and can
easily bind protons, as testified by the tendency of this complex
to form protonated species in aqueous solution. On the other
hand, the crystal structure of the [CuL1]2� cation shows the
metal coordinated by six donors of the ligand in a distorted
octahedral geometry (Fig. 1), only one nitrogen being not
involved in metal binding (N(6)). The contrast with the con-
clusions derived from the solution data can be tentatively
solved considering that the two nitrogens in axial position in
the coordination octahedron (N(2) and N(7)) are just weakly
bound, interacting at a long distance with the metal center.

Ligand L2 contains two well-separated binding units for the
metal ion, i.e., the external dipyridine nitrogens and the macro-
cyclic cavity, where five nitrogen donors are potentially available
for metal coordination. As previously anticipated, ligand L2
gives a much less stable Cu() complex and, at the same time,
the [CuL2]2� complex displays a higher tendency to form
protonated species than L1, forming up to a tetraprotonated
[CuL2H4]

6� species in aqueous solution. Aliphatic amine groups
are by far more basic than the heteroaromatic nitrogens and the
first two protonation constants of the [CuL2]2� complex are
remarkably higher than that reported for 2,2�-dipyridine alone
(log K = 4.39).31 This suggests that at least the first protonation
steps of [CuL2]2� occur on the polyamine chain. These data
may indicate that in the protonated Cu() complexes the metal
ion is located outside the cavity, coordinated by the hetero-
aromatic nitrogen donors of dipyridine, as already found in the
case of the protonated Zn() and Cd() complexes with this
ligand.27 On the other hand, the stability constant of [CuL2]2�

is by far higher than that reported for the Cu() complex with
2,2�-dipyridine (log K = 13.91 for [CuL2]2� vs. log K = 9.00 31 for
[Cu(2,2�-dipyridine)]2�) suggesting that in the [CuL2]2� com-
plex the metal is lodged inside the macrocyclic cavity.

To shed further light on the role played by the dipyridine unit
in metal binding, we carried out an UV-vis spectrophotometric
study on solutions containing Cu() and ligands L1 and L2 in
equimolecular ratio. Ligands L1 and L2 each present a sharp
band at 288 and 283 nm, respectively, in their UV spectra. As
previously observed in the case of proton and Zn() binding,27

Cu() coordination by the heteroaromatic unit gives marked
changes in the absorption spectra of ligands L1 and L2, with
the appearance of new structured red-shifted absorption with
absorption maximum above 300 nm. These new bands can be
used as a diagnostic tool to prove the effective involvement of
dipyridine nitrogens in metal binding. Fig. 3 reports the UV
spectra of L1 in the absence of Cu() at pH 12 and in the
presence of Cu() (1 : 1 molar ratio) at different pH values. A
clear red-shift of the absorption band of dipyridine is observed
upon complexation, for both the [CuL1]2� complex and its
protonated forms. The spectrum at pH 8, where the [CuL1]2�

predominates in solution (spectrum d in Fig. 3), displays a
single absorption maximum at 305 nm, while the spectra
recorded at acidic pHs also present a shoulder at ca. 318 nm,
probably due to the presence in solution of the [Cu2L1]4� com-
plex (see below). Therefore, in the Cu() complexes with L1 the
dipyridine unit is involved in metal coordination, which occurs
inside the macrocyclic cavity.

A different behavior is found for the mononuclear Cu()
complex with L2. The analysis of the UV spectra recorded
on aqueous solutions containing L2 and Cu() in 1 : 1 molar
ratio at different pH values (Fig. 4a) clearly points out a marked
red-shift of the dipyridine absorption band passing from the
alkaline pH region, where the [CuL2]2� complex predominates
in solution, to acidic pHs, where protonated forms of the com-
plex are prevalent in solution. The comparison of the spectro-
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Fig. 3 Absorption spectra of L1 at pH 12 (a), L1 in the presence of
Cu() (1 : 1 molar ratio) in aqueous solution at pH 3.7 (b), 5.0 (c) and
8.0 (d) ([L1] = [Cu()] = 4.1 × 10�5 M).

Fig. 4 (a) Absorption spectra of the L2 in the presence of Cu() (1 : 1
molar ratio) in aqueous solution at pH 10.86 (a), 9.84 (b), 7.94 (c), 6.85
(d), 6.27 (e), 5.45 (f ), 3.83 (g), 2.90 (h), 1.52 (i), ([L2] = [Cu()] = 4.49 ×
10�5M). (b) Absorbance at 313 nm (�) and molar fraction (χ) of the
protonated (dashed lines) and complexed (solid lines) species for the
system L2 /Cu() (1 : 1 molar ratio) as functions of pH ([L2] = [Cu()] =
2.49 × 10�5 M, I = 0.1 M NMe4Cl). Charges have been omitted for
clarity.

photometric titration curve with the distribution diagram of
the protonated and complexed species of L2 (Fig. 4b) shows
a marked increase of the absorbance at 313 nm with the
formation in solution of the protonated species of the L2
complex (pH < 8). These data account for the involvement of
the dipyridine unit in metal coordination in the protonated
forms of the Cu() complex. In other words, in the protonated
complexes, the metal is lodged outside the cavity, coordinated
by the heteroaromatic nitrogens, while the acidic protons
are bound by the polyamine chain (Scheme 2). In the not-
protonated forms of the complex, instead, the dipyridine unit is
not involved in metal coordination and Cu() is lodged inside
the macrocyclic cavity. A red-shift upon complex protonation is
also observed for the d–d band of the complex. The absorption
band at 628 nm observed at pH 10, where the [CuL2]2� species
prevails in solution, shifts up to 679 nm at pH 6, where
protonated forms of the complex predominate in solution
(Fig. S1, ESI). † This is in accord with a weaker ligand field
operating at the metal center in the [CuL2Hx]

(x�2)� species,
where the metal is coordinated only by the two nitrogens of
dipyridine.

Therefore, the particular molecular topology of this ligand
gives rise to a pH-controlled translocation of the metal, since
protonation of the [CuL2]2� complex leads to a “jump” of the
metal cation from inside to outside the cavity, as sketched in
Scheme 2.

As previously observed, both ligands can add a second metal
to give dinuclear metal complexes in aqueous solution. In the
case of L1, the constant for the addition of the second metal
to the [Cu2L1]4� complex is by far lower than the formation
constant of the [CuL1]2� (18.72 vs. 9.43 log units, Table 1), as
expected considering that two metal cations are lodged at short
distance inside the macrocyclic cavity. The seven nitrogen
donors of the macrocycle, however, cannot fulfill the co-
ordination sphere of both the two metals, leading to low
coordination numbers for the Cu() ions in this complex. The
remarkable red-shift of the d–d band observed in the visible
spectrum of [Cu2L1]4� (λmax= 718 nm, ε = 307 mol�1 dm3 cm�1)
with respect to the mononuclear [CuL1]2� one (λmax= 629 nm),
supports this hypothesis. The [Cu2L1]4� complex also shows a
marked tendency to form a monohydroxo species in aqueous
solution (Table 1 and Fig. 5a). The constant for the addition of
the OH� anion to the [Cu2L1]4� complex is high (log K =
7.27 logarithmic units) in comparison with the analogous
constants for the addition of a hydroxide group to the corre-
sponding mononuclear [CuL1]2� complex (log K = 4.41, see
Table 1). This indication of a strong binding of the hydroxide
ion leads to suppose that this group bridges the two metal
centers. The UV region of the absorption spectrum of the di-
nuclear Cu() complexes displays a structured absorption band

Scheme 2
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with λmax= 306 and 319 nm, further red-shifted with respect to
that of the [CuL1]2� complex (Fig. 5b). This would suggest a
stronger interaction between the heteroaromatic nitrogens and
Cu() in the dinuclear complexes with respect to the mono-
nuclear one. Although conclusions on coordination properties
of ligands in solution derived from solid state observations may
sometimes be misleading, the crystal structure of the mono-
nuclear [CuL1](ClO4)2 complex shows that one dipyridine
nitrogen is weakly involved in metal coordination (see above).
It is reasonable that in the dinuclear [Cu2L1]4� complex, which
contains two metal ions enclosed within the macrocyclic
framework, both the dipyridine nitrogens are strongly involved
in metal binding, leading to further red-shift of the dipyridine
band.

The dinuclear Cu() complex with L2 displays, once again,
a different behavior. The difference between the addition con-
stant of the first Cu() ion to L2 and that for the addition of a
second metal ion to [CuL2]2� (13.91 vs. 7.83 log unit, Table 1)
is remarkably lower with respect to that found for the Cu()
complexes with L1. At the same time, the constant for the
addition of the second metal to the [CuL2]2� complex is only
slightly lower to that reported for Cu() complexation with
2,2�-dipyridine (7.83 vs. 9 log units). These data indicate that
the second Cu() ion coordinates to the dipyridine unit, giving
rise to a dinuclear complex in which the two metals occupy
the two separated binding zones of this ligand (Scheme 2).
Actually, the UV absorption spectrum of the dinuclear
[Cu2L2]2� complex displays a structured band with two maxima
at 302 and 313 nm, almost equal to that found for the proton-
ated mononuclear [CuL2Hx]

(x�2)� complexes, indicating that in

Fig. 5 (a) Species distribution diagram for the system Cu()/L1 in 2 : 1
molar ratio ([L1] = 4.1 × 10�5 M, [Cu()] = 8.2 × 10�5 M, NMe4Cl
0.1 M, 298 K); charges have been omitted for clarity. (b) Absorption
spectra of L1 in the presence of Cu() in 1 : 1 molar ratio at pH 8
(a) and in 1 : 2 molar ratio at pH 4.02 ([L1] = 4.1 × 10�5M).

the dinuclear complex one metal cation is indeed coordinated
by the dipyridine unit.

Ni(II) complexation

Crystal structure of [NiL1](ClO4)2. The crystal structure of
[NiL1](ClO4)2 is composed by [NiL1]2� cations and perchlorate
anions. Fig. 6 shows an ORTEP drawing of [NiL1]2� selected
bond angles and distances for the metal coordination environ-
ment are reported within the ESI (Table S2). † The Ni() ion is
hexa-coordinated by the heteroaromatic nitrogens N(1) and
N(7) and by the secondary amine groups N(2), N(3), N(4)
and N(5). As in the [CuL1]2� complex, the benzylic N(6) nitro-
gen is not coordinated. The resulting coordination geometry
is a tetragonally distorted octahedron, where N(2) and N(7)
define the apical positions and N(1), N(3), N(4) and N(5)
the equatorial plane (max deviation 0.100(7) Å for N(4)). The
tetragonal distortion, however, is smaller than in the [CuL1]2�

complex, the apical bond distances being by far shorter than
those found in the Cu() complex. The metal lies 0.094(1) Å out
of the equatorial plane, shifted toward N(7).

A similar distorted octahedral coordination geometry has
been also found in the crystal structure of the Ni() complex
with ligand L3.28a

The overall conformation of the complex cation is quite
similar to that found in [CuL1]2�. The ligand adopts a screw-
shaped conformation and envelops the metal. The two hetero-
aromatic rings are almost coplanar, with a dihedral angle of
7.9(3)�. The equatorial plane is almost perpendicular to the
dipyridine unit (86.6(3)�). Finally, the aliphatic polyamine
chain displays a marked conformational strain, the C–C–N
and C–N–C bond angles ranging from 106.8(7)� for C(10) to
118.8(7)� for C(15).

Ni(II) coordination in aqueous solution. The L1 complexation
features toward Ni() are similar to those observed for Cu().
As shown in Table 2, both mono- and dinuclear complexes are
formed in aqueous solution. Considering the mononuclear
complexes, the most significant difference with respect to the
Cu() complexes is the lower stability of the [NiL1]2� complex
than [CuL1]2�. This behavior, however, is usually observed in
Cu() and Ni() complexation by polyamines.33 The formation
constant of the [NiL1]2� complex is only slightly lower than
that of corresponding complex with L3 (log K = 15.54 and
16.56 for the equilibrium Ni � L =NiL2� with L = L1 and L3,28a

respectively). For [NiL3]2� it was found that the metal is hexa-
coordinated by six nitrogen donors of the macrocycle. By far
higher drops in stability (3–4 log units) are usually observed
passing from hexa-coordinated to penta-coordinated Ni()

Fig. 6 ORTEP drawing of the [NiL1]2� cation.
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complexes with polyamine ligands.33 This suggests that,
similarly to [NiL3]2�, in [NiL1]2� the metal is coordinated to
six nitrogen donors, as actually shown by the crystal structure
of the [NiL1](ClO4)2 solid complex. Furthermore, the [NiL1]2�

complex in aqueous solution presents a typical spectrum for
an octahedral high-spin Ni() chromophore (a band at 848 nm
(ε = 19 mol�1 dm3 cm�1) with a shoulder at ca. 800 nm, and a
band at 544 nm (ε = 8 mol�1 dm3 cm�1)), due to the 3A2  3T2

and 3A2  3T1 transitions). As sometimes observed in 6-co-
ordinated Ni() complexes, the band at highest energy (3A2 
3T1(P)) is hidden by the charge transfer transitions. The band at
the lowest energy yields the octahedral splitting parameter ∆o

of 11790 cm�1, a value close to those reported for octahedral
complexes with polyamine macrocycles;34 the Racah parameter
B is found to be 804 cm�1.35 The reflectance spectrum of the
[NiL1](ClO4)2 solid complex shows similar spectral features
(two bands at 850 and 550 nm). These data suggest that the
coordination environment for Ni() found in [NiL1](ClO4)2 is
also maintained in aqueous solution. Therefore, in [NiL1]2� one
nitrogen is not bound to the metal, accounting for the high
value of the equilibrium constant for binding of the first proton
to the complex (log K = 7.44).

Differently from Cu() complexation, the slightly lower
stability of the [NiL1]2� with respect to [NiL3]2� cannot be
ascribed to the replacement of the heteroaromatic nitrogens of
dipyridine in L1 with the amine groups of ethylenediamine
in L3, since dipyridine and ethylenediamine shows a similar
binding ability toward Ni() (log K = 7.04 and 7.11 for the
equilibrium Ni2� � L = [NiL]2� with L = 2,2� dipyridine 36

and N,N�-dimethylethylenediamine,37 respectively). The lower
stability of [NiL1]2� is probably related to the more stiffened L1
framework, due to the presence of a dipyridine unit, more rigid
than an ethylenediamine chain, within the macrocyclic ring.
Such an increased rigidity may reduce the ability of the ligand
to adapt itself to the stereochemical requirements of Ni(),
which are much stricter than the Cu() ones, producing a
decrease in thermodynamic stability of the [NiL1]2� complex.

As already observed in the Cu() complexes, Ni() com-
plexation by L1 in aqueous solutions gives rise to a new red-
shifted band at 305 nm. Fig. 7a clearly shows a marked increase
of the absorbance at 305 nm in the pH range 3.7–6, where the
process of complex formation occurs. The spectral data in
Fig. 7a account for the involvement of the dipyridine moiety
in metal coordination in the mononuclear complexes [NiL1]2�

and [NiL1H]3�.
Similarly to Cu() complexation, L1 can also form dinuclear

Ni() complexes in aqueous solutions. In this case, however,
the formation of the [Ni2L1]4� complex is not detected in
our experimental conditions and dinuclear complexes are only
present in their hydroxylated forms [Ni2L1(OH)]3� and [Ni2L1-
(OH)2]

2�, the second one being largely prevalent at alkaline
pHs (Fig. 7b). The UV spectra of the dipyridine unit in these
complexes are similar to that of the mononuclear complexes,
displaying band with absorption maximum at 307 nm. As
shown in Fig. 7b, the absorbance at 307 nm increases with the

Table 2 Log K for the Ni() complexes with L1 and L2 (NMe4Cl
0.1 M, 298 K) a

Equilibria L1 L2

L � Ni2�  NiL2� 15.54(3) 5.71(4)
NiL2� � H�  NiLH3� 7.44(4) 10.55(2)
NiLH3� � H�  NiLH2

4� 4.12(4) 7.80(3)
NiLH2

4� � H�  NiLH3
5�  6.21(4)

NiLH3
5� � H�  NiLH4

6�  5.02(4)
   
2Ni2� � L � OH�  Ni2L(OH)3� 23.61  
Ni2L(OH)3� � OH�  Ni2L(OH)2

2� 4.71  
a The values in parentheses are the standard deviations of the last
significant figure. 

formation of the mononuclear complexes at acidic pHs and
does not change with the formation of the dinuclear species in
the alkaline pH region, accounting for a similar coordination
mode of dipyridine to Ni() in both mono- and dinuclear
complexes. The d–d absorption bands observed in the vis-NIR
spectra (two bands respectively at 938 nm (ε = 25 mol�1 dm3

cm�1) and 560 nm (ε = 16 mol�1 dm3 cm�1)) of the dinuclear
Ni() complexes account, once again, for an octahedral
coordination of Ni(). These bands, however, are markedly red-
shifted with respect to the corresponding bands of the mono-
nuclear complex [NiL1]2�. As in the binuclear Cu() com-
plexes, the weaker ligand field operating on the metal centers is
probably due to the lower number of nitrogen donors bound to
each metal ion with respect to the single Ni() ion in [NiL1]2�.

Since L1 shows similar coordination features toward Cu()
and Ni(), we expected for L2 a similar coordination behavior
toward the two metals. On the contrary, potentiometric
measurements showed that L2 forms only mononuclear com-
plexes with Ni(). The absorption spectrum of the [NiL2]2�

complex displays in the vis-NIR region two bands at 930
(ε = 8.4 mol�1 dm3 cm�1) and 577 nm (ε = 88 mol�1 dm3 cm�1),
due to the 3A2  3T2 and 3A2  3T1 transitions, respectively.
Once again these spectral features can be attributed to a high
spin octahedral complex, the band at the highest energy (3A2 
3T(P)) being hidden by the charge transfer and/or dipyridine
bands. The observed absorption bands allows one to calculate
∆o and B values of 10740 and 902 cm�1. Their values are in the

Fig. 7 (a) Absorbance at 305 nm (�) and molar fraction (χ) of the
protonated (dashed lines) and complexed (solid lines) species for the
system L1/Ni() (1 : 1 molar ratio) as function of pH ([L1] = [Ni()] =
4.97 × 10�5 M, I = 0.1 M NMe4Cl). (b) Absorbance at 307 nm (�) and
molar fraction (χ) of the protonated (dashed lines) and complexed
(solid lines) species for the system L1/Ni() (1 : 2 molar ratio) as
function of pH ([L1] = 4.97 × 10�5 M, [Ni()] = 9.95 × 10�5 M, I = 0.1 M
NMe4Cl). Charges have been omitted for clarity
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range generally observed for Ni() octahedral complexes.35

The process of Ni() complexation was followed by means of
spectrophotometric measurements at 298 K, evidencing that
complete formation of the complex occurs in ca. 1 h at pH 11.

The stability constant of the [NiL2]2� complex is just some-
what lower than that found for 2,2�-dipyridine, suggesting that
Ni() is coordinated by the heteroaromatic nitrogens of the
dipyridine unit, outside the macrocyclic cavity. Therefore,
facile protonation may occur on the pentaamine chain of the
macrocycle, accounting for the high values of the protonation
constant of the [NiL2]2� (Table 2). Actually, the protonation
constants of the complex are only 1–1.5 log units lower than the
corresponding protonation constant of the free ligand L2. As a
consequence, protonated species of the complex are prevalent
in aqueous solution from acidic to alkaline pH values (Fig. 8a).
Interestingly, the possible formation of Ni() complexes with a
metal to ligand 1 : 2 stoichiometry was not evidenced neither
by potentiometry or spectrophotometric measurements at dif-
ferent pHs. The absorption spectra of solutions containing
Ni() and L2 in 1 : 2 molar ratio display the same bands of the
1 : 1 complex and no change was observed in ten days at 298 K.
This result can be tentatively explained considering that the
formation of 1 : 2 complexes is extremely slow at room tem-
perature. Furthermore, the [NiL2]2� complex forms protonated
species from acidic to alkaline pH values (Fig. 8a); therefore,
the assembly of [NiL22Hx]

(x�2)�species could be also inhibited
by electrostatic repulsions between the two protonated macro-
cyclic moieties.

The UV absorption spectrum of the [NiL2]2� complex dis-
plays a structured band with two maxima at 298 and 307 nm.
As discussed above, these spectral features account for metal
coordination by the dipyridine unit. As shown in Fig. 8b, these
spectral features are almost independent of pH, indicating

Fig. 8 (a) Species distribution diagrams for the systems Ni()/L2 in 1 :
1 molar ratio ([L] = [Cu()] = 1 × 10�3 M, NMe4Cl 0.1 M, 298 K);
charges have been omitted for clarity. (b) Absorption spectra of the L2
in the presence of Ni() (1 : 1 molar ratio) in aqueous solution at pH
1.75 (a), 3.61 (b), 5.65 (c), 7.48 (d), 8.55 (e), 12.21 (f ).

that, differently from Cu(), the Ni() binding site is not pH-
controlled. These results are rather surprising since, in the case
of Cu(), Zn(),27a Cd() 27b and Pb() 27b complexation, the
macrocyclic cavity is the preferred binding site for the metal,
at least in the [ML2]2� complexes.

It is known that, in comparison with Cu(), Zn() or Cd(),
Ni() complexation is often affected by kinetic inertness, in
particular with sterically hindered ligands. Therefore, the pro-
cess of Ni() encapsulation may be extremely slow at room
temperature and Ni() coordination may occur at the less
hindered binding site (the external dipyridine nitrogens), even if
Ni() external binding is not thermodynamically favored. In
this case the log K values for Ni() complexation by L2 should
be referred to an intermediate step of the process of complex
formation. It is to be noted that prolonged (up to seven days)
heating in water (100 �C, pH 10.5) or in methanol (65 �C) does
not lead to significant changes in both the d–d and dipyridine
absorption bands of the complex, indicating that the metal does
not translate inside the macrocyclic cavity even in drastic
conditions.

Similarly, prolonged heating of the complex in the presence
of a further equivalent of metal does not affects the d–d bands
of mononuclear complex; this would indicate that dinuclear
metal complexes, containing an inner-cavity coordinated metal
ion, are not formed.

All these experiments strongly suggest that the outer-cavity
Ni() coordination is kinetically controlled.

On the other hand, the hypothesis of a thermodynamic con-
trol of Ni() complexation cannot be completely dismissed.
Coordination of Ni() by dipyridine nitrogens, outside the
cavity, could be also favored from a thermodynamic point of
view. It is to be noted that Ni() has a greater tendency to
impose its own geometry on ligands than Cu(), Zn() or
Cd(). At the same time, the presence of a rigid dipyridine
moiety leads to an overall ligand stiffening and to a reduced
ability of the “intra-cavity” L2 amine donors to adapt them-
selves to the rather strict stereochemical requirements of Ni().
This could thermodynamically favor Ni() complexation by
dipyridine nitrogens, outside the cavity.

Conclusions
Both Cu() and Ni() form 1 : 1 and 1 : 2 complexes in aqueous
solutions with ligand L1, which contains a pentaamine chain
linking the 6,6� position of a dipyridine unit. In the mono-
nuclear complexes the metal is coordinated by the dipyridine
moiety, as shown by the appearance of new red-shifted bands
in the UV absorption spectra as well as by the crystal structure
of the [CuL1]2� and [NiL1]2� complexes. On the other hand,
the high values of the protonation constants of the complexes
suggest that some aliphatic amine groups are weakly bound or
not bound to these metals.

Ligand L2 contains two well-separated binding moieties.
This particular molecular architecture gives rise to a different
coordination behavior toward Cu() and Ni() in aqueous
solutions. In the mononuclear [CuL2]2� complex, the metal is
coordinated inside the macrocyclic cavity, not bound by the
heteroaromatic moiety. Protonation of the complex takes place
on the more basic aliphatic amine groups and leads to trans-
location of the metal from inside to outside the cavity. There-
fore, in the [CuL2Hn]

(2�n)� complexes, the metal is coordinated
to the heteroaromatic nitrogens. In all the Ni() complexes
with L2 the metal is surprisingly coordinated to the dipyridine
nitrogens, outside the cavity. Thermodynamic and kinetic
factors can account for this coordination mode.

Both the [CuL2]2� and [NiL2]2� complexes display a “metal-
free” binding unit (the dipyridine nitrogens in [CuL2]2� and the
polyamine chain in [NiL2]2�) as a potential coordination site
for different metal cations. Therefore, it can be of interest,
in future studies, to explore the ability of these mononuclear
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Table 3 Crystal data and structure refinement for [CuL1](ClO4)2 and [NiL1](ClO4)2

 [CuL1](ClO4)2 [NiL1](ClO4)2

Empirical formula C20H31Cl2CuN7O8 C20H31Cl2N7NiO8

Formula weight 631.96 627.13
Temperature/K 298 298
Wavelength/Å 0.71069 1.54180
Crystal system, space group Monoclinic, P21/n Monoclinic, P21/c
a/Å 14.245(5) 11.7484(6)
b/Å 18.438(7) 11.2278(6)
c/Å 20.233(7) 19.6420(10)
β/� 101.26(3) 95.359(2)
Volume/Å3 5212(3) 2579.6(2)
Z 8 4
Calculated density/Mg m�3 1.611 1.615
Absorption coefficient/mm�1 1.102 3.520
Reflections collected/unique [R(int)] 6583/6361 [0.0711] 7612/2762 [0.0415]
Final R indices [I > 2σ(I )]: R1, wR2

a 0.0882, 0.2225 0.0809, 0.1776
R indices (all data): R1, wR2

a 0.2377, 0.2892 0.0969, 0.1857
a R1 = Σ| |Fo| � |Fc| |/Σ|Fo|; wR2 = [Σw(Fo

2 � Fc
2)2/ΣwFo

4]½. 

complexes to add a second metal, yielding heterodinuclear
metal complexes.

Experimental

Synthesis

Ligands L1 and L2 were obtained as previously reported.26d,27

Crystals of [CuL1](ClO4)2and [NiL1](ClO4)2were obtained by
slow evaporation at room temperature of aqueous solutions
containing ligand L1 and Cu(ClO)4�6H2O or Ni(ClO)4�6H2O in
equimolecular ratio.

X-Ray structure analysis

Single crystals of [CuL1](ClO4)2 (a) and [NiL1](ClO4)2 (b) were
analyzed by means of X-ray crystallography and a summary of
the crystallographic data is reported in Table 3. The intensities
of some reflections were monitored during data collection
to check the stability of the crystals: no loss of intensity was
observed during data collections. The integrated intensities
were corrected for Lorentz and polarization effects. Both struc-
tures were solved by direct methods (SIR-97).38 Refinements
were performed by means of full-matrix least-squares using the
SHELXL-97 program.39 In both structures all non-hydrogen
atoms were anisotropically refined while the hydrogen atoms
were introduced in calculated position and their coordinates
were refined according to the linked atoms. An overall fixed
isotropic thermal parameter was used for the hydrogen atoms in
structure (a) while in (b) the isotropic thermal factors were
refined according to the linked atoms. No residual electron
density was found at the end of refinements.

CCDC reference numbers 199214 and 199215.
See http://www.rsc.org/suppdata/dt/b2/b211904h/ for crystal-

lographic data in CIF or other electronic format.
(a) An empirical absorption correction was applied.

Unfortunately, the crystal quality was very poor. The com-
pleteness for the Cu() data collection was only 77.5%, because
of the too low intensity of reflections with high θ. This also
leads to a low number of observed reflections (2775) vs. the
number of collected reflections (6361). Disorder and/or thermal
motion affects the structure of [CuL1](ClO4)2 and high thermal
parameters were found for several atoms, in particular for the
oxygen atoms belonging to the perchlorate anions, but no
model able to solve this disorder was recognised. In the case of
one perchlorate, the disorder affects also the chlorine atoms
(Cl(4)).

(b) Data acquisition, integration, reduction and absorption
correction were performed using SMART, SAINT and SAD-

ABS program.40 Disorder or thermal motion affects one per-
chlorate. Among the different models used to try to interpretate
the disorder of this perchlorate, the better one consists in fixing
the O21 position and introducing four oxygens with partial
occupation parameters (O22, O23, O24 and O25) each corre-
sponding to the four peaks at bond distance from the Cl atom
and residual electron density greater than 1.

Potentiometric measurements

Equilibrium constants for complexation reactions with L1
and L2 were determined by means of potentiometric measure-
ments (pH = �log [H�]), carried out in 0.1 mol dm�3 NMe4Cl at
298.1 ± 0.1 K, in the pH range 2.5–11, by using the equipment
that has been already described.28 The reference electrode
was an Ag/AgCl electrode in saturated KCl solution. The glass
electrode was calibrated as a hydrogen concentration probe
by titrating known amounts of HCl with CO2-free NaOH solu-
tions and determining the equivalent point by Gran�s method.41

This allow one to determine the standard potential E �, and the
ionic product of water (pKw = 13.83 ± 0.01). 1 × 10�3 to 2 × 10�3

mol dm�3 ligand and metal ion concentrations were employed
in the potentiometric measurements, varying the metal to
ligand molar ratio from 0.5 : 1 to 2 : 1. The process of Ni()
complexation is slow at room temperature; therefore, to achieve
equilibrium conditions, 1 h was allowed to elapse after each
titrant addition before acquiring the emf values. At least three
measurements (about 100 experimental points each one)
were performed for each system. The computer program
HYPERQUAD 42 was used to calculate the stability constants
of metal complexes from emf data. The titration curves for each
system were treated either as a single set or as separated entities
without significant variations in the values of the protonation
or metal complexation constants.

Spectrophotometric measurements

All aqueous solutions were prepared in 0.10 mol dm�3 NaCl.
HCl and NaOH were used to adjust the pH values that were
measured on a Metrohm 713 pH meter. Absorption spectra
were recorded on a Perkin-Elmer Lambda 6 spectro-
photometer.

Acknowledgements

Financial support by the Italian Ministero dell�Università
e della Ricerca Scientifica e Tecnologica (COFIN 2000) and
EU Network “Molecular level devices and machines” HPRN-
CT-00029-2000 are gratefully acknowledged.

D a l t o n  T r a n s . , 2 0 0 3 ,  1 2 9 9 – 1 3 0 71306



References
1 (a) J. S. Bradshaw, Aza-crown Macrocycles, Wiley, New York, 1993;

(b) R. M. Izatt, K. Pawlak and J. S. Bradshaw, Chem. Rev., 1995, 95,
2529.

2 J. M. Lehn, Supramolecular Chemistry VCH, New York, 1995.
3 L. F. Lindoy, Pure Appl. Chem., 1997, 69, 2179.
4 T. A. Kaden, D. Tschudin, M. Studer and U. Brunner, Pure Appl.

Chem., 1989, 61, 879.
5 A. J. Blake, N. R. Champness, P. Hubberstey, W. S. Li, M. Schröder

and M. A. Withersby, Coord. Chem. Rev., 1999, 183, 117.
6 J. Nelson, V. McKee and G. Morgan, Prog. Inorg. Chem., 1998, 47,

167.
7 A. Bencini, A. Bianchi, P. Paoletti and P. Paoli, Coord. Chem. Rev.,

1992, 120, 51.
8 P. Ghosh, P. K. Bharadway, J. Roy and S. Ghosh, J. Am. Chem. Soc.,

1997, 119, 11903.
9 L. Lamarque, C. Miranda, P. Navarro, F. Escartí, E. García-España,

J. Latorre and J. A. Ramírez, Chem. Commun., 2000, 1337.
10 M. Formica, V. Fusi, M. Micheloni, R. Pontellini and P. Romani,

Coord. Chem. Rev., 1999, 184, 347.
11 P. Guerriero, S. Tamburini and P. A. Vigato, Coord. Chem. Rev.,

1995, 110, 17.
12 R. M. Izatt, K. Pawlak, J. S. Bradshaw and R. L. Bruenig, Chem.

Rev., 1991, 91, 1721.
13 Supramolecular Chemistry of Anions, ed. A. Bianchi, E. Garcia-

España and K. Bowman-James, Wiley–VCH, New York,
1997.

14 (a) H. J. Schneider, Angew. Chem., 1991, 30, 1417; (b) A. V. Eliseev
and H. J. Schneider, J. Am. Chem. Soc., 1994, 116, 6081 and
references therein.

15 P. D. Beer and P. A. Gale, Angew. Chem., Int. Ed., 2001, 40, 486.
16 L. Fabbrizzi, M. Licchelli, G. Rabaioli and A. Taglietti, Coord.

Chem. Rev., 2000, 205, 59.
17 Md. A. Hossain, J. M. Llinares, C. A. Miller, L. Seib and

K. Bowman-James, Chem. Commun., 2000, 2269.
18 B. M. Maubert, J. Nelson, V. McKee, R. M. Town and I. Pal,

J. Chem. Soc., Dalton Trans., 2001, 1395.
19 R. M. Izatt, J. S. Bradshaw, K. Pawlak, R. L. Bruening and

B. J. Tarbet, Chem. Rev., 1992, 92, 1261.
20 (a) A. J. Blake, F. Demartin, F. A. Devillanova, A. Garau, F. Isaia,

V. Lippolis, M. Schröder and G. Verani, J. Chem. Soc., Dalton
Trans., 1996, 3705; (b) A. J. Blake, J. Casabo, F. A. Devillanova,
L. Escriche, A. Garau, F. Isaia, V. Lippolis, R. Kivekas, V. Muns,
M. Schröder and G. Verani, J. Chem. Soc., Dalton Trans.,
2001, 1180; (c) M. Arca, A. J. Blake, J. Casabo, F. Demartin,
F. A. Devillanova, L. Escriche, A. Garau, F. Isaia, V. Lippolis,
R. Kivekas, V. Muns, M. Schröder, R. Sillampia and G. Verani,
J. Chem. Soc., Dalton Trans., 1996, 3705.

21 (a) J. Azéma, C. Galaup, C. Picard, P. Tisnès, O. Ramos, O. Juanes,
J. C. Rodrìguez-Ubis and E. Brunet, Tetrahedron, 2000, 56, 2673
and references therein; (b) C. Galaup, M.-C. Carrié, P. Tisnès and
C. Picard, Eur. J. Org. Chem., 2001, 2165.

22 (a) J-C. Rodriguez-Ubis, B. Alpha, D. Plancherel and J. M. Lehn,
Helv. Chim. Acta, 1984, 67, 2264; (b) B. Alpha, J. M. Lehn
and G. Mathis, Angew. Chem., Int. Ed. Engl., 1987, 26, 266;
(c) M. Cesario, J. Guilhem, E. Pascard, E. Anklam, J. M. Lehn and
M. Pietraskiewicz, Helv. Chim. Acta, 1991, 74, 1157; (d ) J. Bkouche-
Waksmann, J. Guilhem, E. Pascard, B. Alpha, R. Descheneaux
and J. M. Lehn, Helv. Chim. Acta, 1991, 75, 1163; (e) J. M. Lehn
and J. B. Regnouf de Vains, Helv. Chim. Acta, 1992, 75, 1221; ( f )
C. Roth, J.-M. Lehn, J. Guilheim and C. Pascard, Helv. Chim. Acta,
1995, 78, 1895 and references therein.

23 (a) P.-L. Vidal, B. Divisia-Blohorn, G. Bidan, J.-M. Kern,
J.-P. Sauvage and J.-L. Hazemann, Inorg. Chem., 1999, 38, 4203–
4210; (b) M. Weck, B. Mohr, J.-P. Sauvage and R. H. Grubbs,
J. Org. Chem., 1999, 64, 5463–5471; (c) G. Rapenne, C. Dietrich-
Buchecker and J.-P. Sauvage, J. Am. Chem. Soc., 1999, 121,
994–1001; (d ) M. Meyer, A.-M. Albrecht-Gary, C. O. Dietrich-
Buchecker and J.-P. Sauvage, Inorg. Chem., 1999, 38, 2279–2287.

24 (a) F. Barigelletti, L. De Cola, V. Balzani, P. Belser, A. von Zelewsky,
F. Vögtle, F. Ebmeyer and S. Grammenudi, J. Am. Chem. Soc., 1989,
111, 4662; (b) V. Balzani, R. Ballardini, F. Bolletta, M. T. Gandolfi,

A. Juris, M. Maestri, M. F. Manfrin, L. Moggi and N. Sabbatini,
Coord. Chem. Rev., 1993, 125, 75 and references therein; (c) N.
Sabbatini, M. Guardigli and J.-M. Lehn, Coord. Chem. Rev., 1993,
123, 201; (d ) V. Balzani, A. Credi and M. Venturi, Coord. Chem.
Rev., 1998, 171, 3 and references therein.

25 (a) C. Bazzicalupi, A. Bencini, V. Fusi, C. Giorgi, P. Paoletti and
B. Valtancoli, Inorg. Chem., 1998, 37, 941; (b) C. Bazzicalupi,
A. Bencini, V. Fusi, C. Giorgi, P. Paoletti and B. Valtancoli, J. Chem.
Soc., Dalton Trans., 1999, 393; (c) C. Bazzicalupi, A. Bencini,
A. Bianchi, C. Giorgi, V. Fusi, B. Valtancoli, M. A. Bernardo and
F. Pina, Inorg. Chem., 1999, 38, 3806; (d ) C. Bazzicalupi,
A. Beconcini, A. Bencini, C. Giorgi, V. Fusi, A. Masotti and
B. Valtancoli, J. Chem. Soc., Perkin Trans. 2, 1999, 1675; (e)
A. Bencini, M. A. Bernardo, A. Bianchi, V. Fusi, C. Giorgi, F. Pina
and B. Valtancoli, Eur. J. Inorg. Chem., 1999, 1911.

26 (a) C. Bazzicalupi, A. Bencini, S. Ciattini, C. Giorgi, A. Masotti,
P. Paoletti, B. Valtancoli, N. Navon and D. Meyerstein, J. Chem.
Soc., Dalton Trans., 2000, 2383; (b) C. Bazzicalupi, A. Bencini,
A. Bianchi, C. Giorgi, V. Fusi, A. Masotti, B. Valtancoli, A. Roque
and F. Pina, Chem. Commun., 2000, 561; (c) A. Bencini, A. Bianchi,
C. Lodeiro, A. Masotti, A. J. Parola, J. S. Melo, F. Pina and
B. Valtancoli, Chem. Commun., 2000, 1639; (d ) A. Bencini,
A. Bianchi, V. Fusi, C. Giorgi, A. Masotti and P. Paoletti, J. Org.
Chem., 2000, 65, 7686; (e) C. Bazzicalupi, A. Bencini, E. Berni,
A. Bianchi, C. Giorgi, V. Fusi, B. Valtancoli, C. Lodeiro, A. Roque
and F. Pina, Inorg. Chem., 2001, 40, 6172.

27 (a) C. Lodeiro, A. J. Parola, F. Pina, C. Bazzicalupi, A. Bencini,
A. Bianchi, C. Giorgi, A. Masotti and B. Valtancoli, Inorg. Chem.,
2001, 40, 2968; (b) P. Arranz, C. Bazzicalupi, A. Bencini, A. Bianchi,
S. Ciattini, P. Fornasari, C. Giorgi and B. Valtancoli, Inorg. Chem.,
2001, 40, 6383.

28 (a) A. Bencini, A. Bianchi, M. Castello, P. Dapporto, J. Faus,
E. Garcia-España, M. Micheloni, P. Paoletti and P. Paoli, Inorg.
Chem., 1989, 28, 3175; (b) A. Bencini, A. Bianchi, M. Micheloni,
P. Paoletti, E. Garcia-España and M. A. Niño, J. Chem. Soc., Dalton
Trans., 1991, 1171.

29 (a) P. Sheldon, W. Errington, P. Moore, S. C. Rawle and S. M. Smith,
J. Chem. Soc., Chem. Commun., 1994, 2489; (b) N. W. Alcock,
A. J. Clarke, W. Errington, A. M. Josceanu, P. Moore, S. C. Rawle,
P. Sheldon, S. M. Smith and M. L. Turonek, Supramolecular Chem.,
1996, 6, 281 and references therein; (c) G. U. Priimov, P. Moore,
P. K. Maritim, P. K. Butalanyi and N. W. Alcock, J. Chem. Soc.,
Dalton Trans., 2000, 445 and references therein.

30 (a) A. Andres, M. I. Burguete, E. Garcia-España, S. V. Luis,
J. F. Miravet and C. Soriano, J. Chem. Soc., Perkin Trans. 2, 1993,
255; (b) A. Andres, C. Bazzicalupi, A. Bianchi, E. Garcia-España,
S. V. Luis and J. F. Miravet, J. Chem. Soc., Dalton Trans., 1994,
2995; (c) J. A. Aguilar, P. Diaz, A. Domenech, E. Garcia-España,
J. M. Llinares, S. V. Luis, J. A. Ramirez and C. Soriano, J. Chem.
Soc., Perkin Trans. 2, 1999, 1159.

31 A. Odani, M. Masuda, K. Inukai and K. O. Yamauchi, J. Am.
Chem. Soc., 1992, 114, 6294.

32 A. Odani and O. Yamauchi, Inorg. Chim. Acta, 1984, 93, 13.
33 R. M. Smith and A. E. Martell, NIST Stability Constants Database,

ver. 4.0, National Institute of Standard and Technology:
Washington, DC, 1997.

34 (a) A. Bencini, A. Bianchi, P. Paoli, E. Garcia-España, M. Julve
and V. Marcelino, J. Chem. Soc., Dalton Trans., 1990, 2213;
(b) L. J. Zompa, Inorg. Chem., 1978, 17, 2531.

35 A. P. B. Lever, Inorganic Electronic Spectroscopy, Elsevier,
Amsterdam, 2nd edn., 1984.

36 A. Das, Transition Met. Chem., 1991, 16, 108.
37 F. Basolo and R. Murmann, J. Am. Chem. Soc., 1954, 76, 211.
38 A. Altomare, M. C. Burla, M. Camalli, G. L. Cascarano,

C. Giacovazzo, A. Guagliardi, A. G. Moliterni, G. Polidori and
R. Spagna, J. Appl. Crystallogr., 1999, 32, 115.

39 G. M. Sheldrick, SHELXL-97, Program for refinement of crystal
structures, University of Göttingen, Germany, 1997.

40 Bruker Molecular Analysis Research Tool V 5.625, Bruker AXS,
Madison, WI, USA, 1997–2000.

41 (a) G. Gran, Analyst (London), 1952, 77, 661; (b) F. J. Rossotti and
H. Rossotti, J. Chem. Educ., 1965, 42, 375.

42 P. Gans, A. Sabatini and A. Vacca, Talanta, 1996, 43, 807.

D a l t o n  T r a n s . , 2 0 0 3 ,  1 2 9 9 – 1 3 0 7 1307


