
DOI: 10.1002/chem.200600793

A New Macrocyclic Cryptand with Squaramide Moieties: An Overstructured
CuII Complex That Selectively Binds Halides: Synthesis, Acid/Base- and
Ligational Behavior, and Crystal Structures

Gianluca Ambrosi,[a] Mauro Formica,[a] Vieri Fusi,*[a] Luca Giorgi,[a] Annalisa Guerri,[b]

Mauro Micheloni,*[a] Paola Paoli,[b] Roberto Pontellini,[a] and Patrizia Rossi[b]

Introduction

There has been a continuous effort to develop synthetic re-
ceptors able to bind and recognize anions and cations in
aqueous solution.[1–5] In this field, the ditopic receptors are
an important class of molecules that can bind two species si-

multaneously. Many ditopic molecular systems have been
synthesized and characterized for various purposes in the
last decade; one of the most common is the formation of di-
nuclear metal receptors able to bind, recognize, activate,
and/or transport guests with the aim of mimicking biological
functions.[6–10]

In this context, macrocyclic molecules containing two
binding subunits have received much attention as these com-
pounds are known to form stable binuclear complexes and
the metal–metal distance can be modulated. In particular,
several ditopic macrocycles containing two identical binding
moieties were synthesized.[11,12] In contrast, little effort has
been devoted to synthesizing macrocyclic systems containing
two different metal-binding sites, and even less to producing
systems with two different sites for the simultaneous binding
of cations and anions.[13–15] Two means of binding anions can
be explored; the anion guest can be coordinated to a metal-

Abstract: The synthesis and characteri-
zation of the novel 24,29-dimethyl-
6,7,15,16-tetraoxotetracyclo-
[19.5.5.05,8.014,17]-1,4,9,13,18,21,24,29-oc-
taazaenatriaconta-D5,8,D14,17-diene (L)
are reported. Molecule L incorporates
two squaramide functions in a over-
structured chain connecting two oppo-
site nitrogen atoms of the
Me2[12]aneN4 polyaza macrocyclic
base to obtain a cage topology. The ba-
sicity and binding properties of L to-
wards CuII were determined by means
of potentiometric measurements in
aqueous solution (298.1�0.1 K, I=
0.15 moldm�3). Molecule L behaves as
a diprotic base under the experimental
conditions employed and forms only
mononuclear CuII complexes in which

the squaramide moieties are not in-
volved in the stabilization of the metal
ion that is stabilized by the amine func-
tions of the polyaza base inside the
three-dimensional cavity. The [CuL]2+

species was tested as a host for the
series of halide anions. UV-visible spec-
trophotometric experiments permitted
the determination of the addition con-
stants of halides to the CuII-complexed
species. The [CuL]2+ species binds the
anions F�, Cl�, and Br� by forming the
[CuLX]+ species, but does not bind the
biggest I� anion. A trend of selectivity

as a function of the hydrogen-bonding
capability as well as the dimensions of
the anion were established; the maxi-
mum value of selectivity was for addi-
tion of the F� anion (logK=4.8). This
selectivity is due to the presence of the
overstructured chain containing the
squaramide groups up to the
Me2[12]aneN4 macrocyclic base. The
squaramide groups, by providing hy-
drogen-bond contacts, permit the
[CuL]2+ species to selectively bind
these anions through the formation of
a hydrogen-bond network with F� and
Cl�. The crystal structures of the
[CuLF]+ and [CuLCl]+ cations support
the results obtained in aqueous solu-
tion.

Keywords: copper · cryptands ·
halides · squaramides · synthetic
methods

[a] Dr. G. Ambrosi, Dr. M. Formica, Prof. V. Fusi, Dr. L. Giorgi,
Prof. M. Micheloni, Dr. R. Pontellini
Institute of Chemical Sciences, University of Urbino
P.za Rinascimento 6, 61029 Urbino (Italy)
Fax: (+39)0722-350-032
E-mail : vieri@uniurb.it

mauro@uniurb.it

[b] Dr. A. Guerri, Prof. P. Paoli, Dr. P. Rossi
Department of Energy Engineering CSergio SteccoC
University of Florence
Via S. Marta 3, 50139 Florence (Italy)

D 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2007, 13, 702 – 712702



loreceptor to saturate the coordination environment of the
metal center,[16] or it can interact through mainly electrostat-
ic forces, but also hydrogen bonds, with the binding sites of
the host.[17]

The latter interaction, which is fundamental in biological
environments, has given rise to many synthetic receptors
with the aim of selectively recognizing biologically impor-
tant anions and guests with which to detect, quantify, and
regulate the guest or to mimic biological functions. The
studies to date have been performed mainly in lipophilic sol-
vents because of the strong solvation of the interacting
groups in polar media. In fact, these interactions are not
easily achieved in polar solvents, especially in aqueous solu-
tion, due to the strong solvent–guest and solvent–host inter-
actions that compete with the process of selective host–
guest recognition.
For this reason, the design of host molecules that recog-

nize anions in aqueous solution and the relative studies in
this medium are important in view of the biological rele-
vance of many anions.[18]

Due to the central role that they play in both inorganic
and biological processes, inorganic anions are often the sub-
strates targeted for binding by the synthetic host. For in-
stance, a large majority of substrates and cofactors engaged
in biological processes are anions and many of them are in-
organic. Among these, halides are of special interest due to
their ubiquitous presence in biological systems. Their selec-
tive detection in aqueous solution is of great interest and
many efforts have been made to selectively bind them, al-
though this is often achieved in organic and mixed sol-
vents.[19–23] In fact, the main difficulty in discerning them in
aqueous solution is caused by their spherical symmetry,
which does not permit selective spatial recognition; in addi-
tion, the strong solvation power of the solvent in halides, as
well as receptor salvation, prevent the interaction that
occurs better in other solvents.
With these considerations in mind, we planned the synthe-

sis of a novel macrocyclic molecule L (24,29-dimethyl-
6,7,15,16-tetraoxotetracyclo-[19.5.5.05,8.014,17]-
1,4,9,13,18,21,24,29-octaazaenatriaconta-D5,8,D14,17-diene)
that has two separate binding sites (Figure 1) and, thus, is
able to simultaneously host cations and anions. Preorganiza-
tion of the host has been recognized as a key condition for
better host–guest interactions; in addition to electrostatic
charge–charge interactions, hydrogen bonds between host
and guest can further contribute to stabilization of the com-
plex. In this case, we chose to use a macrobicyclic molecular
skeleton to build two distinct binding areas. One is formed
by the tetra-aza macrocyclic base in which the four amine
functions can act as coordination sites for metal cations or
hydrogen-bond-donor or -acceptor sites, depending on the
pH of the medium. The other binding area is formed by two
squaramide moieties present in the long chain that connects
two opposite amine functions of the base to form a cage
topology. The latter are able to behave as hydrogen-bond
donors through the two amide functions and are, thus, able
to interact only with hydrogen-bond-acceptor guests.[24] In

fact, the squaramide group has been demonstrated to be a
good hydrogen-bond donor through the two amide func-
tions, permitting it to interact with many simple anions, such
as chloride, phosphate, carboxylate, and others.[25]

As well as investigating the synthesis, acid–base proper-
ties, and preliminary coordination behavior towards a transi-
tion-metal ion, such as CuII, in aqueous solution, we also
studied the use of this molecular topology to form a selec-
tive CuII metalloreceptor towards halides, given the presence
of the overstructured bridging chain containing squaramide
groups able to preorganize an area rich in hydrogen-bond
sites. The X-ray crystal structures of the [CuLF]+ and
[CuLCl]+ species are reported.

Results and Discussion

Synthesis : The synthetic pathway used to obtain ligand L is
depicted in Scheme 1. The first step involved attaching two
pendant arms to the macrocyclic base 1. The new polyamine
4 was obtained by reacting 1 with two equivalents of N-(p-
toluenesulfonyl)aziridine (2) in toluene and the subsequent
removal of the p-toluenesulfonyl groups of 3 in H2SO4.
Compound 4 was reacted with 3,4-diethoxy-3-cyclobutene-
1,2-dione (5); the reaction, carried out in THF, allowed the
replacement of only one of the ethoxyl groups of each mole-
cule of 5 with the amine group of 4.[26] Under these condi-
tions, cyclization and polymerization were avoided, obtain-
ing 6 in high yield. Both compounds 4 and 6 can be used as
building blocks for new molecular ligands of various topolo-
gies. In this case, 6 was reacted in a cyclization scheme with
one equivalent of 1,3-diaminopropane, affording the macro-
cyclic cryptand L (Figure 1) in a high yield. The 13C and
1H NMR spectra of L recorded at pH 3 in D2O (see Experi-
mental Section) showed a higher number of resonances than
for the expected C2v symmetry. The signals were fully as-
signed on the basis of 1H{1H} and 1H ACHTUNGTRENNUNG{13C} two-dimensional
correlation experiments. The 13C NMR spectrum shows
eleven peaks: at d=30.5 (ascribed to the carbon atom of the
propyl chain C(11), at 41.8 (C1), 43.1 (C3), 43.2 (C3’), 48.0

Figure 1. Ligand L with atom labeling used in the NMR assignments.
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(C4), 54.2 (C2, C2’), 55.9 (C5), 168.5 (C9), 169.4 (C6), 182.9,
and 183.1 ppm (C7, C8). The 1H NMR spectrum recorded at
the same temperature and pH shows a quintet at d=2.44
(integrating for two protons and assigned to the hydrogens
of the propyl chain H11), a triplet at d=3.30 (four protons,
H4), a singlet at d=3.41 (six protons, H1), a multiplet at d=
3.43 (eight protons, H2 and H2’), a multiplet at d=3.78
(four protons, H3), a multiplet at d=4.00 (four protons,
H3’), a triplet at d=4.19 (four protons, H10), and a triplet
at d=4.26 ppm (four protons, H5). Analysis of both the 13C
and 1H NMR spectra showed a reduced Cs symmetry in so-
lution at this pH on the NMR timescale with respect to the
expected C2v symmetry. Analysis of the spectra revealed
that the symmetry element lost is the plane passing through
the bridgehead nitrogen atoms of the Me2[12]aneN4 macro-
cyclic base, whereas the other plane containing the nitrogen
atoms bearing both the methyl groups and the central group
of the propyl chain is preserved. This reduced symmetry is
attributed to the presence of the squaramide groups that
stiffen the molecule on the NMR timescale.

Description of structures [(CuLF) ACHTUNGTRENNUNG(ClO4)·ACHTUNGTRENNUNG(C2H5OH)·0.5H2O]
(7) and [(CuLCl)ACHTUNGTRENNUNG(ClO4)·H2O] (8): The asymmetric unit of 7
contains the cation [CuLF]+ , a perchlorate anion, a mole-
cule of ethanol, and half a water molecule, whereas that of 8
contains one complex cation [CuLCl]+ , a water molecule,
and a perchlorate anion. In both complexes the metal ion is
surrounded by the four nitrogen atoms of the tetra-aza mac-
rocyclic base and a halide ion in a distorted square-pyrami-
dal fashion, with the halide ion at the apex of the pyramid
(Table 1, Figure 2). In both metal complexes the four nitro-
gen donor atoms define clearly a plane with the copper ion
slightly shifted towards the fluoride ion (0.5422(4) L) in 7

and the chloride ion
(0.5620(6) L) in 8. The Cu–
donor atom bond lengths
(Table 1) are in the range usu-
ally observed for analogous
CuII complexes, obtained by
searching the Cambridge
Structural Database (CSD),
Version 5.26.[27]

The macrocyclic ring has the
typical [3333]C corners confor-
mation, as described by the se-
quence of its dihedral
angles:[28] C(3), C(5), C(8), and
C(10) being the corner atoms.
The overall shape of the

[CuLF]+ cation appears quite
symmetrical and a pseudosym-
metrical C2 axis, passing
through Cu(1), F(1), and
C(18), can be recognized (Fig-
ures 2a and 3a). In fact, the
ethyl chains connecting the

atom pairs N(4)�N(5) and N(2)�N(8) show the same con-
formation (i.e., trans), whereas the propyl chain connecting
N(6)�N(7) takes a gauche–gauche conformation. The hydro-
gen atoms bound to the nitrogen atoms N(6) and N(7) point
inside the macrocyclic cavity (in), and H(5) and H(8)
(bound to N(5) and N(8), respectively) point outside (out).
In the [CuLCl]+ species the overall disposition of the

ligand around the metal ion is quite asymmetrical (Fig-
ure 2b), at variance with the regular shape observed for the
fluoride complex. This different three-dimensional disposi-
tion could be ascribed to the bulkier chloride ion in 8, as
suggested by the fact that the overstructured squaramide
moiety is rather shifted with respect to the core metal com-

Scheme 1. Synthesis of ligand L.

Table 1. Selected bond lengths [L] and angles [8] of the coordination
sphere for compounds 7 and 8.

7 8

Cu(1)�N(1) 2.043(3) 2.043(4)
Cu(1)�N(2) 2.091(3) 2.094(4)
Cu(1)�N(3) 2.033(3) 2.061(4)
Cu(1)�N(4) 2.118(3) 2.086(4)
Cu(1)�X[a](1) 2.008(2) 2.374(1)

N(1)-Cu(1)-N(2) 86.1(1) 85.3(2)
N(1)-Cu(1)-N(3) 149.8(1) 146.6(2)
N(2)-Cu(1)-N(3) 86.4(1) 86.1(2)
N(1)-Cu(1)-N(4) 86.6(1) 85.5(2)
N(2)-Cu(1)-N(4) 149.5(1) 150.3(2)
N(3)-Cu(1)-N(4) 85.2(1) 86.2(2)
N(1)-Cu(1)-X[a](1) 102.7(1) 107.6(1)
N(2)-Cu(1)-X[a](1) 104.13(9) 101.7(1)
N(3)-Cu(1)-X[a](1) 107.5(1) 105.7(1)
N(4)-Cu(1)-X[a](1) 106.4(1) 108.0(1)

[a] X = F in 7, X = Cl in 8.
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plex (Figure 3b). As a matter of fact, in the crystal lattice of
8 the empty space between the core and the squaramide
units is occupied by a water-of-crystallization molecule held
in place by a hydrogen-bond interaction with the nitrogen
atom N(8) (O(9)···H(8), 2.20(6) L, angle at H(8) is 133(5)8).
In 8, the propyl chain between the two squaramide moiet-

ies has a gauche–trans conformation (gauche–gauche in 7)
and the ethyl chain connecting N(2)�N(8) has a gauche con-
formation (trans in [CuLF]+). The relative disposition of the
hydrogen atoms bound to N(5)�N(8) with respect to the
macrocyclic cavity can be described as out-in-out-in (Fig-
ure 2b, out-in-in-out is the sequence in 7). Notably, in both
complexes the Nsp2�H hydro-
gen atoms, classified as in, con-
tribute through hydrogen
bonds[29] to the recognition and
stabilization of the metal–
halide adduct.[30] In fact, this
latter acts as a bifurcated ac-
ceptor with respect to H(6)
and H(7) in 7, and H(6) and

H(8) in 8 (Table 2). Moreover, in both complexes an auxili-
ary contact between the halide ion and the hydrogen atom
HACHTUNGTRENNUNG(12b) provided by a methylene group can be observed
(Figure 2). In both cases the two atoms are closer than the
sum of their van der Waals radii (2.42(5) vs. 2.67 L[31] in 7
and 2.455(3) vs. 2.95 L in 8) and the angles at the hydrogen
atom are greater than 1508.
Finally, in the crystal lattice of 7, pairs of complex cations

are associated through hydrogen bonds: the out hydrogen
atom H(5) (bound to N(5)) interacts with the squaramide
oxygen atom O(1)’ of an image cation reported by the sym-

Figure 2. ORTEP3 view of the complex cations [(CuLF)]+ (a) and
[(CuLCl)]+ (b), highlighting contacts involving the halide ions. Thermal
ellipsoids are drawn at 30% probability.

Figure 3. ORTEP3 side views of the complex cations [(CuLF)]+ (a) and
[(CuLCl)]+ ·H2O (b). The latter highlights the contact with the oxygen-
water molecule. Thermal ellipsoids are drawn at 30% probability.

Table 2. Bond lengths [L] and angles [8] for the intramolecular hydrogen bonds in compounds 7 and 8.

7 8
H···X N···X N�H···X H···X N···X N�H···X

N(6)�H(6)···X[a] 2.02(5) 2.709(4) 161(5) 2.41(6) 3.345(5) 173(5)
N(7)�H(7)···X[a] 1.85(4) 2.698(3) 166(5)
N(8)�H(8)···X[a] 2.61(5) 3.271(5) 133(5)

[a] X = F in 7, X = Cl in 8.
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metry operation �x+1, �y, �z (2.18(4) L). Naturally, the
opposite holds for O(1), which accepts a hydrogen bond
from N(5)’. Thus, doubly bonded dimers arise in the crystal
lattice. Concerning 8, each complex cation interacts with
three different symmetry-related complexes; through the
out N�H groupings N(5) and N(7), which are hydrogen-
bond donors, and through O(3) and O(4) of a squaramide
unit, which work as acceptors. In particular, H(5) is bound
to O(4)’ of a symmetry-related species (H(5)···O(4)’
1.95(6) L, x+1, �y+1/2, z+1/2) and the opposite holds for
O(4), which accepts a hydrogen bond from H(5)’’ (x�1,
�y+1/2, z�1/2). In contrast, H(7) and O(3) are hydrogen
bonded to the same image complex (�x, �y+1, �z)
through O(3)’’’ and H(7)’’’, respectively (H(7)···O(3)’’’
1.93(3) L).

Solution studies: Basicity : The values of the protonation
constants are reported in Table 3. Although there are many

nitrogen atoms within the molecular framework of L, only
two protonation constants can be measured under the exper-
imental conditions employed in this study. As expected, the
four nitrogen atoms belonging to the two squaramide moiet-
ies did not show any basicity; moreover, they also did not
show any acidic behavior, in that no deprotonation process-
es of squaramides were detected. Only the tertiary nitrogen
atoms forming the tetra-aza macrocyclic moieties are in-
volved in the protonation. The relatively high basicity
(logK=11.02, see Table 3) is comparable with that of
twelve-membered tetra-aza macrocyclic precursors.[32, 33] The
drop in stepwise basicity that occurs as the degree of proto-
nation increases is also usual and is due to the repulsion of
positive charges that occurs as the number of protonated,
close nitrogen atoms increases.

Coordination of metal ions : The coordination properties of
L were studied in two different ionic media, 0.15m
NMe4NO3 and NMe4Cl aqueous solution at 298.1 K. The
stability constants for the equilibrium reactions with CuII in
0.15m NMe4NO3 aqueous solution were potentiometrically
determined and are reported in Table 4; the distribution dia-
gram of the complexed species is reported in Figure 4.
Molecule L forms only mononuclear species with CuII

(see Table 4); the [CuL]2+ species, depending on pH, forms
a protonated species or binds up to two hydroxide anions.
The value of the formation constant of the [CuL]2+ species
(logK=10.28) is lower than that given for the macrocyclic
base alone[32] and is similar to those reported for cryptand li-

gands possessing the Me2[12]aneN4 base, in which the bridg-
ing chain does not participate in the coordination of the
metal, which is nevertheless located inside the three-dimen-
sional cavity.[34] The addition of a proton to the [CuL]2+ is
quite unfavourable (5.0 logarithmic units), denoting that all
four amine functions are involved in the coordination of the
metal in the [CuL]2+ species. Consequently, we can hypothe-
size that the squaramide moieties of the bridging chain of L
are not involved in the coordination of CuII, which is located
inside the macrocyclic three-dimensional cavity and stabi-
lized by the four amine functions of the Me2[12]aneN4 base
only. In contrast, mainly the addition of the first, but also of
the second OH� anion, is favorable (logK=6.5 and 4.5 for
the first and second OH� addition, respectively), suggesting
an easy access of the small guest at least to the fifth coordi-
nation position of the metal.
The same potentiometric experiments were also carried

out in 0.15m NMe4Cl as the ionic medium. The stability con-
stants obtained in the two media were different, although
calculated by using the same model. The main difference is
the addition of CuII to the free L to form the [CuL]2+ spe-
cies; this is about 3.4 logarithmic units higher in NMe4Cl
than in NMe4NO3 (13.63 vs. 10.28 logarithmic units, respec-
tively). The reason for this large difference in logK can be
justified by considering the crystal structure of the metal-
complex species reported in Figures 2b and 3b that was ob-
tained in aqueous solution at pH 6 in the presence of Cl�.
The structure shows the CuII lodged inside the three-dimen-
sional cavity of the cage stabilized by the four amine func-
tions of the macrocyclic base, with a fifth coordination posi-

Table 3. Logarithms of the protonation constants of L determined by po-
tentiometric measurements in 0.15m NMe4NO3 at 298.1 K.

[a]

Reaction logK

L + H+ = [HL]+ 11.02(1)
[HL]+ + H+ = [H2L]

2+ 5.59(1)

[a] Values in parentheses are the standard deviations to the last signifi-
cant figure.

Table 4. Logarithms of the equilibrium constants determined in
0.15 moldm�3 NMe4NO3 at 298.1 K for the complexation reactions of L
with the CuII ion (M = Cu2+).[a]

Reaction logK

M2+ + L = [ML]2+ 10.28(1)
M2+ + L + H+ = [MHL]3+ 15.32(2)
M2+ + L + H2O = [MLOH]+ + H+ 2.98(1)
M2+ + L + 2H2O = ML(OH)2 + 2H+ �6.27(4)
[ML]2+ + H+ = [MHL]3+ 5.04(3)
[ML]2+ + OH� = [MLOH]+ 6.48(2)
ACHTUNGTRENNUNG[MLOH]+ + OH� = ML(OH)2 4.53(5)

[a] Values in parentheses are the standard deviations to the last signifi-
cant figure.

Figure 4. Distribution diagrams of the species for the CuII/L systems as a
function of pH in aqueous solution. I=0.15 moldm�3 NMe4NO3 at
298.1 K, [L]= [Cu2+]=1O10�3 moldm�3.
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tion occupied by a chloride interacting through a hydrogen-
bond network with an amide function of each squaramide
moiety (see above). This stable situation is likely to be
absent in NMe4NO3 medium because NO3

� is not able to
occupy the fifth position of the metal interacting simultane-
ously with the squaramide groups. In other words, the
[CuL]2+ species probably shows a coordinated Cl� guest in-
teracting simultaneously with the copper ion and with the
overstructured chain of the cryptand through a hydrogen
bond in NMe4Cl, whereas it does not show a coordinated
NO3

� in NMe4NO3 because of its poorer coordination prop-
erties and its unfavorable geometry with respect to the
spherical Cl�. In other words, the [CuL]2+ species seems to
form more readily in NMe4Cl than in NMe4NO3, however,
the model used in NMe4Cl is not correct and the speciation
in the presence of Cl� must be related to the formation of
the [CuLCl]+ and not to the [CuL]2+ species. Attempts to
determine potentiometrically the value of the addition of
Cl� to the [CuL]2+ species did not give reliable values; how-
ever, considering the values for the formation of the
[CuL]2+ in the two ionic media, a value of 3.4 logarithmic
units for the reaction [CuL]2+ +Cl�= [CuLCl]+ could be hy-
pothesized. This value is similar to that calculated from
spectrophotometric measurements (Table 5), supporting the
previous hypothesis.

To verify if the squaramide moieties are involved in coor-
dination of the copper ion, UV spectra were recorded in
0.15m NMe4NO3 aqueous solutions containing L and Cu

II at
different pH values. As an example, the spectrum recorded
at pH 6.1, in which the [CuL]2+ species is prevalent in solu-
tion, shows two main bands, one at lmax=283 nm (e=
48000 cm�1mol�1dm3) and a large one at 683 nm (e=
270 cm�1mol�1dm3). The first band is due to the n–p* transi-
tions of the squaramide group, the other to the d–d transi-
tion bands of the metal. The absorption band due to the
squaramide chromophores shows a similar profile for all pH
ranges, in either the presence or absence of CuII ; the data
indicate that the squaramides are not perturbed by the pres-
ence of CuII, supporting the hypothesis that they are not in-
volved in the coordination of the metal.

Halide bonding : To detect and quantify the addition of hal-
ides and to highlight if the chain containing the squaramide
groups affected the binding properties of the [CuL]2+ spe-
cies towards the halides series, the systems X/CuII/L with
CuII/L�1 in a 1:1 molar ratio were studied by conducting

UV-visible experiments in a 0.05m MES (2-(N-morpholi-
no)ethanesulfonic acid) buffer solution at pH 6.1 (X = F�,
Cl�, Br�, I�). A pH value of 6.1 was chosen because at this
pH the [CuL]2+ species is virtually the only species existing
in solution (see Figure 4) and, thus, the addition of X to the
CuII/L system can be interpreted mainly as an addition to
this species. For comparison, the addition of X anions to the
CuII/Me2[12]aneN4 system (that is, the macrocyclic base) was
also performed under the same experimental conditions.
The [CuMe2[12]aneN4]

2+ species was the only species exist-
ing at pH 6.1;[32] therefore, it can be compared to the
[CuL]2+ species. In fact, the two species show the same met-
allohost unit and the main difference between them is
caused by the presence of the overstructured squaramides
chain over the metal in the [CuL]2+ species. Electron para-
magnetic resonance (EPR) spectra of the species present at
pH 6.1 in the various systems of L were recorded.
The UV-visible spectra in the range 450–900 nm, obtained

by adding increasing amounts of a buffer pH 6.1 solution
containing Cl� as sodium salt to a buffer pH 6.1 solution of
the CuII/L system in a 1:1 molar ratio, are reported in Fig-
ure 5b. Within this range, the absorption is due to the CuII-
complexed chromophore. As shown in Figure 5b, the spec-
tral profile of the CuII/L system changes by adding increas-
ing amounts of Cl� up to the addition of two equivalents of

Table 5. Logarithms of the addition constants of the guest X to the
(CuL)tot species [Eq. (1)], determined in 0.05m MES buffer solution at
pH 6.1 and 298.1 K (X = F�, Cl�, Br�, and I�).[a]

logK
Reaction F� Cl� Br� I�

X� + [CuL]2+ = [CuLX]+ 4.8(1) 3.9(1) 2.7(1) –

[a] Values in parentheses are the standard deviations to the last signifi-
cant figure.

Figure 5. Absorption spectra of the Cu2+/L system in aqueous buffer so-
lution (MES, 0.05m) at pH 6.1 by adding up to five equivalents of X�

halide with respect to CuII. a) Within the range 500–900 nm, X� = Cl�,
[Cu2+]= [L]=2.8O10�3m ; b) within the range 230–350 nm, X� = F�,
[Cu2+]= [L]=2.0O10�5m. Inset: variation in the absorbance at l=

711 nm as a function of the Cl�/L molar ratio.
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the anion; this change denotes the coordination of Cl� to
the metal center. The final spectrum obtained shows that
the lmax of the band shifts towards lower energy, with re-
spect to that recorded in the absence of Cl�, as the absorp-
tivity of the species increases (see above paragraph and Fig-
ure 5b). The band shifts from 683 (e=270 cm�1mol�1dm3) in
the absence of Cl� to 711 nm (e=330 cm�1mol�1 dm3) in the
presence of Cl�. The job plot of the absorption at 711 nm
versus the equivalents of chloride added shows the forma-
tion of a chloride-complexed species of 1:1 stoichiometry, in
agreement with the solid-state structure. Similar spectral
features were also obtained for the addition of F� and Br�

anions, whereas the addition of I� did not affect the spec-
trum at pH 6.1, even after the addition of 20 equivalents of
I�, revealing that I� is not bound by the metal center.
The progress of the spectrophotometric curves for each

X/CuII/L system allowed the relationship of the association
constant of X to the total amount of CuII-complexed species
present in solution at this pH to be evaluated by using
Equation (1):

Xþ ðCuLÞtot ¼ ½ðCuLÞtotX� ð1Þ

in which (CuL)tot is the sum of the several complexed spe-
cies present in solution ((CuL)tot= [CuHL]

3+ + [CuL]2+ +
[CuLOH]+ + [CuL(OH)2]).
Table 5 reports the value (logK) of the addition of X to

(CuL)tot. At pH 6.1 the [CuL]
2+ species is present at over

83% with respect to the other species; thus, it can be safely
assumed that the addition of X to [CuL]2+ occurs by form-
ing the [CuLX]+ species, the same as those reported in the
crystal structures for X = F�, Cl�. In other words, the hal-
ides F�, Cl�, and Br� are bound by the [CuL]2+ species and
not by the other species present at this pH value. The same
experiments carried out in a 3-[tris(hydroxymethyl)methyl-
amino] 1-propanesulfonic acid (TAPS) buffer (0.05m) at
pH 8.4, in which the [CuLOH]+ species is almost the only
existing species (see Figure 4), did not show evidence of
binding halides, supporting the idea that the [CuL]2+ species
is the host species for halides. The addition of the X series
to the CuII/Me2[12]aneN4 system under the same experimen-
tal conditions did not affect the spectral profile of the [Cu-
Me2[12]aneN4]

2+ species (the only species existing at this
pH), suggesting that the overstructured chain containing the
two squaramide moieties plays a key role in the formation
of the [CuLX]+ species. The value of the addition constant
of X to the (CuL)tot shows a trend F

�!Cl�!Br�, with a de-
crease of more than two logarithmic units from F� to Br�.
Usually, the thermodynamic stability of the halide–metal
complexes follows this trend, even if it is not a general rule.
In this case, we must consider two things; the presence of
the overstructured chain in L and the hydrogen-bonding ca-
pability of both the anion and the squaramide moieties. In
fact, the chain can discriminate in terms of the best fitting
between the dimensions of the macrocyclic cavity and that
of the anion, and also by the hydrogen-bonding interactions
between the amide groups of the squaramides and the X

anions. Taking into account that the hydrogen-bonding capa-
bility of the halide series is highest for F� and decreases in
the series, with no hydrogen bonding at all for I�, the forma-
tion of a hydrogen-bond network between the amide groups
of the chain and X seems to play the key role in the halide
addition to the [CuL]2+ species, as also suggested by the two
crystal structures reported here. In the above experiments,
the UV-visible spectra obtained between 230 and 350 nm
(the range in which the squaramide groups absorb) reveal
changes in the spectral profile upon addition of F� and Cl�,
whereas the profile remains largely unchanged by adding
Br� to the CuII/L system. Figure 5a shows the UV-visible
spectra within this range obtained by adding increasing
amounts of F� to a solution of the CuII/L system in a 1:1
molar ratio under the above experimental conditions. As de-
picted, addition of the anion shifts the lmax of the band to-
wards lower energy, with a small increase in the absorptivity
with respect to that recorded in the absence of F� (from
283 nm in absence of F� to 291 nm after addition of F�).
Furthermore, in this case the final spectrum is obtained by
adding two equivalents of F�. The spectral change indicates
that the coordination of F� to the [CuL]2+ species affects
also the squaramide chromophore; this can be explained by
the formation of strong hydrogen-bonding interactions be-
tween the amide groups of the squaramides and the fluoride,
which have an effect on the absorption properties of the
groups. A similar spectral feature was obtained with Cl�,
but not with the Br� anion, indicating formation of hydro-
gen bonds also with Cl�. Thus, the hydrogen-bond contacts
evidenced in the solid-state structures of 7 and 8 are also
maintained in solution.
To obtain further information about the CuII coordination

environment in the [CuLX]+ species, EPR spectra of these
and the [CuL]2+ species were recorded in aqueous solution
at pH 6.1 and 298.1 K. The EPR spectrum of the [CuL]2+

species shows a four-line resolution typical of a distorted
square-planar coordination of CuII complexes with nitrogen
ligands, and a water molecule occupies the apical position.[35]

The hyperfine coupling constant (for the coupling between
the unpaired electron spin and the copper nuclear spin),
<A> , was evaluated to be 64.5 G for the [CuL]2+ , which is
consistent with four equatorial nitrogen ligands.[35] The addi-
tion of the Cl� ion to this species produces a slight increase
in <A> of up to 67.0 G, due to an increased spin density at
the copper nucleus. This effect can be attributed to the re-
placement of a water molecule at the apical position of the
pentacoordinated copper environment with the chloride ion.
A similar effect was also found for the fluorinated and (to a
lesser degree) for the brominated complexes, with <A>=

66.9 and 65.5 G, respectively. These data once again support
the conclusion that the coordination environment of CuII

observed in both crystal structures is also preserved in solu-
tion.
In conclusion, the [CuL]2+ species in aqueous solution

binds the anions F�, Cl�, and Br� of the halide series by
forming a [CuLX]+-complexed species, but does not bind
the largest I� anion. A trend of selectivity with a maximum
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towards F� can be determined. The properties necessary to
bind these anions and the trend of selectivity are attributed
to the presence of the overstructured chain up to the
Me2[12]aneN4 macrocyclic base, which furnishes further fa-
vorable contacts with the coordinated halide that permit the
[CuL]2+ species to bind these anions although they are not
bound by the [CuMe2[12]aneN4]

2+ complex of the base. In
particular, the trend of selectivity is due to the hydrogen-
bond-donor properties of the amide groups of the squara-
mides, which form the strongest interaction with the best hy-
drogen-bond acceptor F� and the weakest with Br�, in
which only a dipolar interaction between the amide groups
and the anion can be invoked. The analysis of the crystal
structures of the [CuLF]+ and [CuLCl]+ species support this
hypothesis. The best fitting of the dimensions of the macro-
cyclic cavity and the anionic radius of the halide can be also
considered mainly in the case of Br� and could be the
reason for the lack of interaction with I�.

Conclusion

The novel ligand L was synthesized and characterized; it
can be derived from the Me2[12]aneN4 macrocyclic base in
which two opposite nitrogen atoms are bridged by a chain
containing two squaramide moieties in a 1+1 cyclization
scheme forming a macrocyclic ligand with a cage topology.
Ligand L behaves as a diprotic base in aqueous solution and
any deprotonation process of the squaramide groups was
observed under these experimental conditions. The coordi-
nation behavior towards the CuII ion was studied in aqueous
solution by performing potentiometric and UV-visible ex-
periments. The former, carried out in two different ionic
media (NMe4NO3 and NMe4Cl), highlight the formation of
a [CuL]2+ species of differing stability, in that the presence
of Cl� favors the formation of the [CuLCl]+ adduct in
NMe4Cl. The Cu

II ion lodges inside the macrocyclic three-di-
mensional cavity, stabilized by the four amine functions of
the Me2[12]aneN4 base; the squaramide functions do not
participate directly in the coordination of the metal ion and,
thus, in the [CuL]2+ species, the chain containing the squara-
mides forms an overstructure over the metal center rich in
hydrogen-bond-donor groups. This overstructure can inter-
act with hydrogen-bond acceptors, as demonstrated by re-
sults of UV-visible experiments in the case of the spherical
halide series. The [CuL]2+ species can bind one anion of the
series in aqueous solution at pH 6.1, with the exception of
the iodide, and forms a [CuLX]+ species. A trend of selec-
tivity was obtained that depends on the hydrogen-bonding
properties of the anion, giving the highest addition constant
for the fluoride (over 100 times higher than that of the bro-
mide). For comparison, the same experiments with L were
also performed with the Me2[12]aneN4 macrocyclic base.
The results showed that the [CuMe2[12]aneN4]

2+ species
does not bind any halide anion, once more highlighting the
key role played by the overstructured chain in stabilizing
the anion mainly through the formation of a hydrogen-bond

network. The solid-state structures of the [CuLF]+ and
[CuLCl]+ species, showing the CuII ion inside the cavity of
L stabilized by the four amine functions of the macrocyclic
base and by the halide ion that interacts through a hydro-
gen-bond network with the amide functions of each squara-
mide moiety, supports this hypothesis.
In conclusion, L has a molecular structure that can inter-

act with metal cations and anions simultaneously; the cation
is stabilized by the amine functions, and the anion is stabi-
lized by the squaramide moieties rich in hydrogen-bond
donors provided by the amide groups. The anion is also co-
ordinated by the metal cation, as in this case, however, the
interaction of the anion with the overstructured chain deter-
mines the selectivity towards the anionic guest. This suggests
that it might be possible to extend the hosting properties of
the [CuL]2+ species towards other anionic guests of biologi-
cal relevance that are able to bind CuII and simultaneously
form hydrogen-bond contacts with squaramide groups, such
as citrate, phosphate, and carboxylate anions. It would be
also interesting to replace CuII with another metal center to
investigate the role played by the metal and by its coordina-
tion requirement; for example, ZnII, which usually shows a
pentacoordination pattern similar to that of CuII, or NiII,
which preferentially shows a hexacoordination environment.
Moreover, a coordination bond between cation and anion,
even if important, should not be essential to give interaction
between L and the anion. In other words, the presence of
positive charges in the amine groups, together with the
squaramide chain, should contribute to stabilization of an
anion. Following this concept, the presence of the protonat-
ed ammonium group of the macrocyclic base can produce a
positively charged area and, thus, a suitably preorganized
host for anions. In addition, the study of different couples of
cation (not only metal cations) and anion that can interact
simultaneously with each other and with the several donor
groups present in L makes this molecule attractive and suit-
able for further studies in the host–guest field. These aspects
are under investigation and will be the subject of future
publications.

Experimental Section

IR spectra were recorded by using a Shimadzu FTIR-8300 spectrometer.
Melting points were determined by using a BRchi melting point B 540 ap-
paratus and are uncorrected. EI-MS spectra (70 eV) were recorded by
using a Fisons Trio 1000 spectrometer; ESI mass spectra were recorded
by using a ThermoQuest LCQ Duo LC/MS/MS spectrometer. 1H and
13C NMR spectra were recorded by using a Bruker Avance 200 instru-
ment, operating at 200.13 and 50.33 MHz, respectively, and equipped
with a variable-temperature controller. The temperature of the NMR
probe was calibrated by using 1,2-ethanediol as calibration sample. For
the spectra recorded in D2O, the peak positions are reported with respect
to HOD (4.75 ppm) for 1H NMR spectra, and dioxane was used as refer-
ence standard in 13C NMR spectra (d=67.4 ppm). For the spectra record-
ed in CDCl3 the peak positions are reported with respect to TMS. The
EPR spectra were recorded by using an EMX-Bruker spectrometer oper-
ating at the X band (9.5 GHz) and interfaced to a PC computer (Bruker
software) for data acquisition and handling. The temperature was con-
trolled by means of a Bruker ST3000 variable-temperature assembly.

Chem. Eur. J. 2007, 13, 702 – 712 D 2007 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 709

FULL PAPERMacrocyclic Cryptand with Squaramide Moieties

www.chemeurj.org


Synthesis : Ligand L was obtained according to the synthetic procedure
reported in Scheme 1. 1,7-Dimethyl-1,4,7,10-tetra-azacyclododecane
(1),[32] N-(p-toluenesulfonyl)aziridine (2),[36] and 3,4-diethoxy-3-cyclobu-
tene-1,2-dione (5)[26] were prepared as described previously. All other
chemicals were purchased at the highest quality commercially available.
The solvents were of RP grade unless otherwise indicated.

4,10-Bis[2-(p-toluenesulfonyl)aminoethyl]-1,7-dimethyl-1,4,7,10-tetra-aza-
cyclododecane (3): A solution of N-(p-toluensulfonyl)aziridine (2)
(3.55 g, 0.018 mol) in anhydrous toluene (75 cm3) was added dropwise at
RT in a nitrogen atmosphere to a stirred solution of 1 (3.60 g, 0.018 mol)
in anhydrous toluene (500 cm3) over a period of 7 h. The resulting solu-
tion was kept at RT for approximately 12 h and then 2 (3.55 g, 0.018 mol)
in anhydrous toluene (75 cm3) was added under the same conditions.
After 12 h, the resulting mixture was filtered and evaporated under re-
duced pressure to give crude 3 as a yellow solid, which was purified by
crystallization from a chloroform/ethanol (1:1) mixture (7.4 g, 69%).
1H NMR (CDCl3): d=2.01 (s, 6H), 2.38 (s, 6H), 2.41 (br, 16H), 2.53 (t,
4H), 2.90 (t, 4H), 7.30 (d, 4H), 7.88 (d, 4H), 8.65 ppm (br, 2H);
13C NMR (CDCl3): d=21.4, 41.2, 42.9, 51.0, 54.7, 55.5, 127.4, 129.5, 137.5,
142.4 ppm; elemental analysis calcd (%) for C28H46N6O4S2 (594.8): C
56.54, N 14.13, H 7.79; found: C 56.62, N 14.18, H 7.83.

4,10-Bis(2-aminoethyl)-1,7-dimethyl-1,4,7,10-tetra-azacyclododecane (4):
Compound 3 (6.5 g, 0.011 mol) was dissolved in 98% H2SO4 (13 cm

3) and
the resulting solution was kept at 100 8C for 72 h. The solution was
cooled to RT and added dropwise into diethyl ether (200 cm3) with stir-
ring. The colorless solid that precipitated was filtered off, washed with di-
ethyl ether, and was then dissolved in a minimum amount of water. The
aqueous solution was made alkaline by adding concentrated NaOH and
was then extracted with chloroform (5O50 cm3). The combined extracts
were dried with anhydrous Na2SO4 and evaporated under reduced pres-
sure, affording compound 4 as a colorless oil (3.10 g, 98%). 1H NMR
(CDCl3): d=2.17 (s, 6H), 2.41 (t, 4H), 2.50 (br, 16H), 2.69 ppm (t, 4H);
13C NMR (CDCl3): d=39.5, 43.6, 53.0, 55.9, 57.7 ppm; MS (ESI): m/z :
287.3 [M+H]+ ; elemental analysis calcd (%) for C14H34N6 (286.5): C
58.70, N 29.34, H 11.96; found: C 58.47, N 29.16, H 12.10.

4,10-Bis[2-(2-ethoxyl-3,4-dioxocyclobut-1-en-1-ylamino)ethyl]-1,7-dimeth-
yl-1,4,7,10-tetra-azacyclododecane (6): A solution of 3,4-diethoxy-3-cyclo-
butene-1,2-dione (5) (6.60 g, 38.8 mmol) in anhydrous THF (15 cm3) was
added dropwise at RT to a stirred solution of 4 (5.55 g, 19.4 mmol) in
THF (400 cm3) over a period of 3 h. The reaction mixture was main-
tained at RT with stirring for 48 h, after which it was filtered and the or-
ganic layer was evaporated under reduced pressure to obtain an orange
oil. The crude product was purified by chromatography on alumina elut-
ing with a CHCl3/CH3OH (10:1) mixture and 6 was obtained as a white
solid (6.4 g, 62%). M.p. 124–125 8C; 1H NMR (CDCl3): d=1.42 (t, 6H),
2.26 (s, 6H), 2.39–2.58 (br, 20H), 3.39 (br, 4H), 4.71 (q, 4H), 9.01 ppm
(br, 2H); 13C NMR (CDCl3): d=15.7, 15.9, 43.1, 45.1, 51.6, 53.9, 69.4,
172.4, 177.3, 182.9, 189.0 ppm; FTIR (KBr): ñ=1608.6, 1705.0,
1793.7 cm�1; MS (ESI): m/z : 535 [M+H]+ ; elemental analysis calcd (%)
for C26H42N6O6 (534.7): C 58.41, N 15.72, H 7.92; found: C 58.52, N
15.78, H 8.03.

24,29-Dimethyl-6,7,15,16-tetraoxotetracyclo-[19.5.5.05,8.014,17]-
1,4,9,13,18,21,24,29-octaazaenatriaconta-D5,8,D14,17-diene (L): 1,3-Diami-
nopropane (0.14 g, 1.87 mmol) in dried ethanol (100 cm3) was added
dropwise at RT to a stirred solution of 6 (1.0 g, 1.87 mmol) in anhydrous
ethanol (250 cm3) over a period of 6 h. The solution was kept at RT with
stirring for a further 72 h, then was cooled at 0 8C. The yellow precipitate
that formed was filtered, washed with cold ethanol, and was recrystal-
lized from hot ethanol to obtained L as a white solid (0.81 g, 84%). M.p.
258 8C, dec; 1H NMR (D2O, pH 3): d=2.44 (quin, 2H), 3.30 (t, 4H), 3.41
(s, 6H), 3.43 (m, 8H), 3.78 (m, 4H), 4.00 (m, 4H), 4.19 (t, 4H), 4.26 ppm
(t, 4H); 13C NMR (D2O, pH 3): d=30.5, 41.8, 43.1, 43.2, 48.0, 54.2, 55.9,
168.5, 169.4, 182.9, 183.1 ppm; FTIR (KBr): ñ=1577.7, 1679.9,
1793.7 cm�1; MS (ESI): m/z : 517 [M+H]+ ; elemental analysis calcd (%)
for C25H40N8O4 (516.6): C 58.12, N 21.69, H 7.80; found: C 58.21, N
21.73, H 7.91

ACHTUNGTRENNUNG[(CuLF) ACHTUNGTRENNUNG(ClO4)· ACHTUNGTRENNUNG(C2H5OH)·0.5H2O] (7): A sample of CuACHTUNGTRENNUNG(ClO4)2 ·6H2O
(37 mg, 0.1 mmol) in water (10 mL) was added to an aqueous solution

(20 mL) containing L (52 mg, 0.1 mmol) and NaF (6.3 mg, 0.15 mmol).
The pH of the resulting solution was adjusted to 6 with NMe4OH (0.1m).
After a few minutes, 7 precipitated as a microcrystalline blue solid
(60 mg, 79%). Crystals suitable for X-ray analysis were obtained by slow
diffusion of ethanol in a pH 6 aqueous solution containing 7. Elemental
analysis calcd (%) for C27H47ClFCuN8O9.5 (753.7): C 43.03, H 6.28, N
14.87; found: C 42.86, H 6.43, N 14.75.

ACHTUNGTRENNUNG[(CuLCl) ACHTUNGTRENNUNG(ClO4)·H2O] (8): This compound was synthesized from L
(52 mg, 0.1 mmol), CuACHTUNGTRENNUNG(ClO4)2·6H2O (37 mg, 0.1 mmol) and NaCl (9 mg,
0.15 mmol) by following the same procedure reported for 7, giving 8 as
blue microcrystals (56 mg, 77%). Crystals suitable for X-ray analysis
were obtained by slow diffusion of ethanol in a pH 6 aqueous solution
containing 8. Elemental analysis calcd (%) for C25H42Cl2CuN8O9
(733.11): C 40.96, H 5.77, N 15.28; found: C 41.06, H 5.63, N 15.34. Crys-
tals suitable for X-ray analysis were obtained by slow diffusion of an
aqueous solution containing 8.

Caution : Perchlorate salts of organic compounds are potentially explo-
sive; these compounds must be prepared and handled with great care!

X-ray crystallography : Intensity data for compounds 7 and 8 were col-
lected by using an Oxford Diffraction Excalibur diffractometer using
MoKa radiation (l=0.71070 L) for 7 and CuKa radiation (l=1.5418 L)
for 8. For both compounds the diffractometer was equipped with a cryo-
cooling device used to set the temperatures at 150 and 100 K for 7 and 8,
respectively. Data collection was performed by using the program CrysA-
lis CCD.[37] For 7, 594 frames of data were collected by using six settings
of w scan. For 8, several sets of w scan were used and data “frames”
were collected for 18 increments in w. A total of 725 frames of data were
collected, providing a sphere of data. Data reduction for both structures
was carried out by using the program CrysAlis RED.[38] Absorption cor-
rection was applied by using the ABSPACK[39] program for both 7 and 8.

The structures were solved by using the SIR-97 package[40] and were sub-
sequently refined on the F2 values by the full-matrix least-squares pro-
gram SHELXL-97.[41]

Concerning compound 7, all the non-hydrogen atoms were refined aniso-
tropically, but the hydrogen atoms of ligand L, which were found in the
Fourier syntheses and whose positions were refined, were treated isotrop-
ically. The perchlorate ion, the ethanol, and the water-of-crystallization
molecules in the asymmetric unit are affected by disorder. Two models
for the perchlorate anion and for the ethanol molecule were proposed. A
population factor of 0.5 was assigned to the water molecule. All the non-
hydrogen atoms in 8 were refined anisotropically. The hydrogen atoms
belonging to N(5), N(6), N(7), and N(8) were found in the Fourier map
and were refined isotropically. All the other hydrogen atoms of the
ligand were set in calculated positions and were refined with an isotropic
thermal parameter depending on the atom to which they are bound.

Geometrical calculations were performed by using PARST97[42] and mo-
lecular plots were produced by using the ORTEP3 program.[43]

Crystallographic data and refinement parameters are reported in Table 6.

CCDC 297159 and 297160 contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge from the
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Electromotive force (EMF) measurements : Equilibrium constants for
protonation and complexation reactions with L were determined by
taking pH-metric measurements (pH=�log [H+]) in 0.15m NMe4NO3 or
0.15m NMe4Cl at 298.1�0.1 K by using the fully automatic equipment
described previously.[44] The EMF data were acquired by using the
PASAT computer program.[45] The combined glass electrode was calibrat-
ed as a hydrogen-concentration probe by titrating known amounts of
HNO3 with CO2-free NMe4OH solutions and determining the equivalent
point by GranCs method,[46] which gives the standard potential EA and the
ionic product of water (pKw=13.78(1) and 13.73(1) at 298.1 K in 0.15m
NMe4NO3 and NMe4Cl, respectively, Kw= [H

+] ACHTUNGTRENNUNG[OH�]). At least three po-
tentiometric titrations were performed for each system within the pH
range 2–11 by using different molar ratios of CuII/L ranging from 1:1 to
2:1. All titrations were treated either as single sets or as separate entities
for each system; no significant variations were found in the values of the
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constants determined. The HYPERQUAD computer program was used
to process the potentiometric data.[47]

UV/Vis experiments : UV absorption spectra were recorded at 298 K by
using a Varian Cary-100 spectrophotometer equipped with a tempera-
ture-control unit. The interaction of halides with the [CuL]2+ species was
studied in aqueous 0.05m MES (2-(N-morpholino)ethanesulfonic acid)
buffer solution at pH 6.1. Buffered MES solution containing up to five
equivalents of inorganic ions (F�, Cl�, Br�, or I�), relative to the amount
of CuII complex, was added to the buffer solution containing the [CuL]2+

species. ([Cu2+]= [L]=2.8O10�3 or 2.0O10�5m.). At least three sets of
spectrophotometric titration curves for each X�/Cu2+/L system were per-
formed. All sets of curves were treated either as single sets or as separate
entities for each system; no significant variations were found in the
values of the constants determined. The HYPERQUAD computer pro-
gram was used to process the spectrophotometric data.[47]
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