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The binding tendencies of the pendant-armed crown ethers
L1–L3 [L1 = N,N�-bis(benzimidazol-2-ylmethyl)-1,7-diaza-12-
crown-4, L2 = N,N�-bis(benzimidazol-2-ylmethyl)-1,10-diaza-
15-crown-5) and L3 = N,N�-bis(benzimidazol-2-ylmethyl)-
4,13-diaza-18-crown-6] towards PbII and CdII have been in-
vestigated. The X-ray crystal structure of [Cd(L3)](ClO4)2·
EtOH shows that, in the solid state, the CdII ion is eight-coor-
dinate and fits quite well into the crown hole, favouring an
anti arrangement of the organic receptor. NMR measure-
ments recorded in acetonitrile solution indicate that increas-
ing the crown size induces a conformational change in the
series of CdII complexes. The conformation goes from a syn
arrangement for L1 to an anti arrangement for L3, passing
through a syn p anti equilibrium in the complex derived

Introduction

Rational ligand design for selective complexation of
metal ions is a field of great interest for chemists. Indeed,
selective complexation of metal ions is a condition required
for practical applications in many research areas such as the
design of ligands as therapeutic reagents for the treatment
of metal intoxication, design of antibiotics that owe their
antibiotic action to specific metal complexation, design of
complexes for imaging agents in the body or design of func-
tional groups for chelating ion-exchange materials, selective
metal extractants and metal ion sequestering agents, among
others. Some interesting papers and reviews have been writ-
ten on this subject.[1] Ligand design essentially consists of
selecting appropriate donor atoms for the target metal ion
and connecting them in an architecture that satisfies the
geometric and electronic requirements of the metal ion.
Two important concepts must be taken into account for
ligand design: preorganization[2] and complementarity.[3]
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from L2. On the contrary, no conformational change was ob-
served for the corresponding PbII complexes, which have a
syn conformation in all cases. These results have been con-
firmed by means of density functional theory (DFT) calcula-
tions performed by using the B3LYP model. The binding con-
stants obtained from UV/Vis titration experiments in DMSO
solution demonstrate that a decrease in the crown size pro-
vokes a 102-fold enhancement of the stability for this series
of CdII complexes, whereas for PbII a gradual decrease of the
binding constants is observed. Receptor L1 shows a certain
degree of selectivity for CdII over PbII, with a selectivity fac-
tor � 102.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

The former may be considered as an entropic effect[4] re-
lated to the different conformational states that the ligand
can adopt in the free and bound form. Complementarity
corresponds to the degree of structural correspondence be-
tween the binding sites offered by the ligand structure and
the binding sites required by the metal ion. One of the cri-
teria for optimal complementarity is that the metal ion
should be able to contact all the donor atoms of the ligand
at an optimal metal–donor distance, and therefore the con-
cept of size-match (matching the size of the ligand cavity to
the size of the metal ion) must be taken into account in
ligand design. Commonly, this has been used as the key
concept for the design of complementary ligand architec-
ture; however, many examples have pointed out that when
size-match is the sole criterion for the design, the results
are often undesired.[1e,5] From the examples given in the
literature, it follows that although size-match is a necessary
condition for complementarity, it is not sufficient, and that
there are other structural factors that must be considered
in assessing the degree of metal ion complementarity, in
particular the spatial distribution of donor atoms around
the metal ion and the orientation of the donor groups.[1e]

The application of the complementarity concept is not only
restricted to the interaction between a ligand and a given
metal ion, but it can also be generalized to any kind of
host–guest interaction (i.e. supramolecular assemblies).[6]
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In this paper, we report the binding tendencies of the

pendant-armed crown ethers L1–L3 [L1 = N,N�-bis(benz-
imidazol-2-ylmethyl)-1,7-diaza-12-crown-4, L2 = N,N�-bis-
(benzimidazol-2-ylmethyl)-1,10-diaza-15-crown-5) and L3 =
N,N�-bis(benzimidazol-2-ylmethyl)-4,13-diaza-18-crown-6;
see Scheme 1] towards PbII and CdII. The cyclic framework
of crown ethers affords an interesting platform for the com-
plexation of metal ions, and they have been commonly used
for studying metal ion complementarity. On the other hand,
PbII and CdII have been selected by taking into account
their ionic radius and particular coordination properties.
PbII exhibits the “inert pair effect” and has variable coordi-
nation numbers and geometries.[7] The so-called “inert pair
effect” refers to the resistance of the pair of outer electrons
on PbII to removal or to participation in covalent bond for-
mation, and it has been explained as a relativistic effect
causing the 6s orbital to contract, thereby increasing the
energy required to remove or interact with the 6s lone pair
of electrons. Likewise, CdII is capable of considerable plas-
ticity in the lengths of its bonds, and recently Hancock et
al.[5] have proved that this metal ion shows an unusual abil-
ity to complex almost equally strongly with 12-crown-4, 15-
crown-5 and 18-crown-6, in spite of the very different metal
ion size requirements of these crown ethers. These authors
attribute this behaviour to relativistic effects.

Scheme 1.

Results and Discussion

Synthesis and Characterization of Complexes

The reaction of receptors L1, L2 or L3 (Scheme 1) with
CdII or PbII perchlorates in absolute ethanol or acetonitrile
led to compounds of formula [Cd(L1)](ClO4)2·EtOH (1),
[Pb(L1)](ClO4)2·2H2O (2), [Cd(L2)](ClO4)2·CH3CN·EtOH
(3), [Pb(L2)](ClO4)2 (4), [Cd(L3)](ClO4)2·EtOH (5) and
[Pb(L3)](ClO4)2·EtOH (6) in good yields (66–76%). The IR
spectra (KBr disks) show bands at ca. 1540 and 1120 cm–1

due to the ν(C=C) and ν(C–O) stretching frequencies of the
benzimidazole and ether groups, respectively. These bands
are shifted by 10–15 cm–1 to higher wavenumbers with re-
spect to their position in the spectra of the free receptors.
The spectra also show absorption bands at ca. 1090 and
625 cm–1 attributable to the asymmetric νas(Cl–O) stretch-
ing and δas(O–Cl–O) bending modes of the perchlorate
groups. These bands appear without splitting, as befit unco-
ordinated anions. The FAB mass spectra of each complex
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shows intense peaks corresponding to the fragments
[M(Ln)(ClO4)]+ and [M(Ln–H)]+ (Ln = L1, L2 or L3), which
confirms the formation of the complexes. Conductivity
measurements were carried out in ca. 10–3  acetonitrile
solutions at 20 °C. The molar conductivity values revealed
that all complexes behave as 2:1 electrolytes in this sol-
vent.[8]

X-ray Crystal Structures

The structure of the uncoordinated receptor L1 was de-
termined by X-ray diffraction analysis. The receptor crys-
tallizes in the P21/n monoclinic space group. The arms of
the lariat ether are arranged on the same side of the crown
moiety, resulting in a syn conformation (Figure 1), with the
lone pairs of both pivotal nitrogen atoms directed into the
receptor cavity in an endo-endo arrangement. The confor-
mation of the receptor is conditioned by two strong intra-
molecular hydrogen-bonding interactions between the NH
groups of the benzimidazole subunits and the oxygen atoms
of the crown moiety [N2···O1 2.936(3) Å, N2···H2
0.88(2) Å, O1···H2 2.07(3) Å, N2–H2–O1 166(2)°; N6···O2
2.911(2) Å, N6···H6 0.91(2) Å, O2···H6 2.02(2) Å, N6–H6–
O2 = 166(2)°]. The syn conformation brings the two benz-
imidazole units close together, so that intramolecular π–π
interactions are possible.[9–11] The distance between the
centres of the two rings is 3.681 Å, while the C5–C19 dis-
tance amounts to 3.371(3) Å, and the angle between the
least-squares planes of the two benzimidazole units is
13.77(7)°.

Figure 1. X-ray crystal structure of receptor L1 with atom labelling;
hydrogen atoms are omitted for simplicity; the ORTEP plot is
drawn at the 50% probability level.

The solid-state structure of compound 5 was also deter-
mined by single-crystal X-ray diffraction analysis. Crystals
contain the cation [Cd(L3)]2+, two perchlorate anions and
one ethanol molecule. The compound crystallizes in the
centrosymmetric P21/c monoclinic space group. One of the
perchlorate anions and the ethanol molecule are quite dis-
ordered: the site occupancy factor is 0.776(5) for the per-
chlorate group [Cl1A, O10A, O11A, O12A and O13A], and
0.641(9) for the ethanol molecule [O100, C100 and C101].
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Table 1 summarizes selected bond lengths of the metal co-
ordination environment, while Figure 2 displays a view of
the structure of the cation. The complex cation [Cd(L3)]2+

contains a CdN4O4 core in which the eight heteroatoms of
L3 are coordinated to the metal ion. The organic receptor
L3 adopts an anti arrangement in which both benzimidazole
pendant arms are disposed on opposite sides of the crown
moiety. The CdII ion is asymmetrically placed inside the
macrocyclic ring, being closer to the donor atoms O2 and
O3 [Cd1–O2: 2.585(2) Å; Cd1–O3: 2.526(2) Å] than to O1
and O4 [Cd1–O1: 2.594(2) Å; Cd1–O4: 2.604(2) Å]. The
distances between CdII and the two pivotal nitrogen atoms
differ by ca. 0.1 Å [Cd1–N3: 2.516(3) Å and Cd1–N4:
2.627(3) Å], whereas the distances between CdII and nitro-
gen atoms of the benzimidazole groups are similar and fall
within the range reported for Cd–N distances in complexes
with ligands containing benzimidazole groups.[12,13] On the
other hand, the distances between the metal ion and nitro-
gen pivotal atoms and oxygen atoms of the crown moiety
are ca. 0.2 Å longer than those observed in a cadmium(II)
cryptate derived from 1,10-diaza-15-crown-5 containing a
pyridinyl Schiff base spacer, where the metal ion is seven-
coordinate.[14] The Cd–O bond lengths are also ca. 0.2 Å
longer than those observed for CdII complexes of 12-crown-
4[15] and 15-crown-5,[16] but similar to those observed for
different CdII complexes of 18-crown-6.[16] These data re-
flect the ability of CdII to change Cd–O bond lengths to
meet the requirements of crown ethers of different size,
which has been attributed to relativistic effects.[5] Relativis-
tic effects lower the energy of the valence shell s orbital next
in energy to a filled d orbital in heavy d10 metal ions, which
leads to a tendency to sp hybridization and the formation
of more covalent M–L bonds.[17] In the case of compound
5, the presence of two axial nitrogen donor atoms of the
benzimidazole groups [N1 and N5] causes a distortion to-
ward linear coordination geometry with long equatorial
Cd–O bonds.

Table 1. Selected bond lengths [Å] and angles [°] of the metal coor-
dination environment in [Cd(L3)]2+.

Cd1–N1 2.287(2) Cd1–O3 2.526(2)
Cd1–N5 2.245(2) Cd1–O4 2.604(2)
Cd1–O1 2.594(2) Cd1–N3 2.516(3)
Cd1–O2 2.585(2) Cd1–N4 2.627(3)
N5–Cd1–N1 158.78(8) O2–Cd1–O1 64.18(7)
N5–Cd1–N3 111.85(9) N5–Cd1–O4 80.91(7)
N1–Cd1–N3 74.01(8) N1–Cd1–O4 119.22(7)
N5–Cd1–O3 121.09(8) N3–Cd1–O4 66.64(8)
N1–Cd1–O3 76.91(7) O3–Cd1–O4 64.10(7)
N3–Cd1–O3 96.35(8) O2–Cd1–O4 157.23(7)
N5–Cd1–O2 78.04(8) O1–Cd1–O4 122.98(7)
N1–Cd1–O2 82.85(8) N5–Cd1–N4 71.32(9)
N3–Cd1–O2 129.99(8) N1–Cd1–N4 109.83(8)
O3–Cd1–O2 120.95(7) N3–Cd1–N4 161.82(8)
N5–Cd1–O1 86.05(8) O3–Cd1–N4 68.16(7)
N1–Cd1–O1 77.30(7) O2–Cd1–N4 68.00(7)
N3–Cd1–O1 67.73(8) O1–Cd1–N4 130.26(7)
O3–Cd1–O1 152.65(7) O4–Cd1–N4 97.07(7)

The coordination polyhedron around the CdII ion can be
described as a distorted square antiprism composed of two
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Figure 2. Top: X-ray crystal structure of the cation [Cd(L3)]2+ in
compound 5 with atom labelling; hydrogen atoms are omitted for
simplicity; the ORTEP plot is drawn at the 30% probability level.
Bottom: Coordination polyhedron around CdII in compound 5.

parallel pseudoplanes (see Figure 2): O1, O4, N3 and N5
define the upper pseudoplane (mean deviation from planar-
ity 0.0889 Å), while O2, O3, N4 and N1 define the lower
pseudoplane (mean deviation from planarity 0.0982 Å).
The angle between the two least-squares planes is 9.14°.
The mean twist angle, ω,[18] between these nearly parallel
squares is 26.0°, showing a deformation of the coordination
polyhedron from a square antiprism (ideal value 45°) to-
ward a square prism (ideal value 0°) by ca. 19°.

Solution Structure

The behaviour of compounds 1 to 6 in [D3]acetonitrile
solution was investigated by 1H and 13C NMR spec-
troscopy. The spectra were assigned on the basis of two-
dimensional COSY, HSQC and HMBC experiments. Sig-
nificant changes in the chemical shifts, the structures of the
signals and even the number of signals are observed in the
1H NMR spectra upon coordination of the ligands to the
metal ions (Tables S1–S3, Supporting Information). The
most complicated region of the spectra is the part where the
ethylene and methylene proton signals are observed. The
coordination to the metal ion increases the rigidity of the
ligand, limiting conformational exchange processes, so that
the geminal CH2 protons are no longer equivalent. Since
assignments to specific axial/equatorial CH2 protons were
not possible on the basis of the 2D NMR spectra, they were
carried out by using the stereochemical dependence of their
shifts on the polarization of the C–H bonds derived from
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the coordination of the metal ion.[19] This polarization re-
sults in a deshielding of the equatorial protons, which point
away from the metal ion. The aromatic region appears to
be usually more clearly resolved for metal ion complexes
than for free ligands. This is due to the presence in the latter
of exchange processes involving the NH and N positions of
the benzimidazole groups that are prevented by coordina-
tion to the metal ion.

The 13C NMR spectra of 1 and 2 display ten resonances
for the 24 proton nuclei present in the ligand backbone, in
agreement with an effective C2v symmetry for both com-
plexes in solution. Upon coordination to the metal ion, the
signals corresponding to the ethylene and methylene pro-
tons shift downfield (Figure 3), confirming the coordina-
tion of the ligand in the complexes. The ethylene protons at
the five-membered chelate rings formed by the coordination
of the ligand to the metal ion give an AA�XX� spectrum,
where the equatorial protons are more deshielded by the
electric field effect of the cation (Figure 3). The methylene
proton signals of the pendant arms in the 1H NMR spectra
of 1 and 2 show satellites attributable to proton coupling to
the naturally abundant 113Cd (I = 1/2) and 207Pb (I = 1/2),
respectively, reflecting kinetic inertness in the complexes as
well as a degree of covalence in the interaction with the
nearby donor atom. So, the signals at δ = 4.28 ppm for 1
and δ = 4.51 ppm for 2 appear as a singlet flanked by the
satellites, with a 3J(H8–113Cd) of 9.96 Hz and 3J(H8–207Pb)
of 10.10 Hz. A 3J(H–113Cd) of 8.00 Hz has been reported
for the methylene protons of a CdII complex with a multi-
dentate nitrogen receptor, for which a Cd–N bond length
of 2.53 Å was found in the solid state,[20] while 3J(H–207Pb)
values of 14.30 and 17.00 Hz have been observed for
[Pb(EDTA–N4)]2+, where the Pb–N bond length in the so-
lid state was found to be 2.61 Å.[21]

Figure 3. 1H NMR spectra of (a) L1, (b) compound 1 and (c) com-
pound 2 as recorded in [D3]acetonitrile solution at 298 K.

The 1H NMR spectrum of 3 shows two different reso-
nances with different intensities for the NH groups of the
benzimidazole subunits, which suggests the presence of two
different isomers of 3 in acetonitrile solution. The spectrum
recorded at 298 K displays broad resonances for the signals
of the aromatic protons, but the signals become better re-
solved upon decreasing the temperature below 233 K. A de-
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tailed analysis of the 1H and 13C NMR spectra at this tem-
perature clearly confirms the presence of two complex spe-
cies in solution that are in equilibrium. The signals corre-
sponding to both species were fully assigned with the aid
of two-dimensional COSY, HSQC and HMBC spectra
(Table S2, Supporting Information). The 1H NMR spec-
trum of 3 recorded at 233 K is shown in Figure 4a. The
spectrum of the major species shows 26 resonances in the
13C NMR spectrum, indicating C1 symmetry in solution,
while the minor species shows 13 resonances, which indi-
cates an effective C2 symmetry of the complex where the
benzimidazole pendant arms are equivalent. In a previous
work, we reported a similar situation for lanthanide com-
plexes with lariat ethers derived from 1,10-diaza-15-crown-
5 containing salicylaldimine groups, which show a syn con-
formation with a C1 symmetry.[11] A striking feature of the
1H NMR spectrum of the species with C1 symmetry is the
unusually large low-frequency shift found for the signal of
the H5� protons (δ =6.18 ppm, Figure 4a). Similar shielding
effects have been observed in lanthanide complexes with
lariat ethers having a syn conformation, which have been
explained by the observation that these protons are directed
toward the aromatic ring current of the neighbouring pen-
dant arm.[22] On this basis, we assign the major species of
[Cd(L2)]2+ in solution, which shows C1 symmetry, to a com-
plex with a syn arrangement of the pendant arms, while the
minor species (with an effective C2 symmetry in solution) is
assigned to an anti isomer. An equilibrium in solution be-
tween the syn and anti conformations has been previously
reported for BaII complexes with pendant-armed crowns
derived from 4,13-diaza-18-crown-6.[23] The smaller CdII

ion fits quite well inside the crown moiety hole of L2, which
makes possible an equilibrium between syn and anti isomers
in acetonitrile solution. To confirm this we have performed
DFT calculations at the B3LYP level on the [Cd(L2)]2+ sys-
tem. Our calculations provide two minimum-energy confor-
mations for [Cd(L2)]2+, which correspond to the syn and
anti isomers (Figure 5). The calculated geometry for the syn

Figure 4. (a) Partial 1H NMR spectrum of compound 3 recorded
in [D3]acetonitrile at 233 K. The labels within rectangles corre-
spond to the signals of the anti isomer (effective C2 symmetry),
while the remaining ones denote signals of the syn one (C1 sym-
metry). (b) Partial 1H NMR spectrum of compound 4 recorded in
[D3]acetonitrile at 298 K.
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isomer shows the H5� proton placed above the plane of the
benzimidazole group of the neighbour pendant arm, in
agreement with the high-field shift observed for this proton
in the NMR spectrum.

Figure 5. Structures of the two isomers of [Cd(L2)]+2 obtained from
DFT calculations at the B3LYP level.

The equilibrium between the syn and anti isomers of
[Cd(L2)]2+ is shown in Equation (1).

[Cd(L2)]2+
syn p [Cd(L2)]2+

anti (1)

The equilibrium constant defined by Equation (1), Keq,
was determined at several temperatures between 233 to
294 K from the relative integrations of the 1H NMR signals
due to the NH protons of the benzimidazole groups. The
ratio between the intensity of the peaks corresponding to
the syn and anti species was found to be constant within
experimental error in the range of temperatures studied.
This indicates that ∆S0 ≈ 0 for the interconversion process
described by Equation (1), in agreement with an intramo-
lecular rearrangement. From the 1H NMR in acetonitrile
solution, we obtain Keq = 0.33�0.02, pointing out that the
syn isomer predominates in acetonitrile solution at any tem-
perature.

The 1H NMR spectrum of the PbII derivative 4 (Fig-
ure 4b) is clearly more simple than that of the correspond-
ing CdII analogue. In this case, a single species with an ef-
fective Cs symmetry in solution is observed. This is con-
firmed by the 13C NMR spectrum, which shows 13 signals
for the 26 nuclei of the ligand backbone (Table S2, Support-
ing information). DFT calculations predict a syn conforma-
tion for the receptor in the [Pb(L2)]2+ system, where the
metal ion is placed over the crown moiety interacting with
all the donor atoms present in the receptor (Figure S1, Sup-
porting Information). An identical situation has been ob-
served in complexes with lariat ethers derived from 1,10-
diaza-15-crown-5.[14] It may be surprising to observe an ef-
fective Cs symmetry for [Pb(L2)]2+ while the analogous
[Cd(L2)]2+ syn isomer displays a C1 symmetry in solution.
This can be explained if one considers the smaller size of
CdII compared to PbII, which allows the two benzimidazole
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pendants to adopt a face-to-face conformation (Figure 6).
In [Pb(L2)]2+ the two pendant arms adopt a more open con-
formation (see Figure 5 and Figure S1, Supporting Infor-
mation), which allows an easy interconversion between the
two optical isomers (∆ and Λ) characteristic of the syn con-
formation.[24] When this interconversion is fast enough on
the 1H NMR time scale, an effective Cs symmetry in solu-
tion is observed (Figure 6).

Figure 6. Schematic representation of the different syn conforma-
tions adopted by lariat ethers derived from 1,10-diaza-15-crown-5
depending on the size of the metal ion.

As observed for the complex of L1, the 1H NMR spec-
trum of [Pb(L2)]2+ shows the singlet due to the H8 protons
at δ = 4.52 ppm flanked by satellites with a 3J(H8–207Pb) of
20.40 Hz (Figure 4b), reflecting a strong interaction be-
tween PbII and the coordinated nitrogen pivot atoms of the
receptor. This value is much higher than that observed for
the analogous complex derived from L1 (10.10 Hz, vide su-
pra), suggesting that a greater crown size favours a better
fit between the PbII ions and the macrocyclic cavity.

The 13C NMR spectrum of 5 displays eleven resonances
for the 28 carbon nuclei present in the ligand backbone, in
agreement with an effective C2h symmetry in solution. This
is consistent with an anti arrangement of the pendant arms
in the complex, as observed in the solid-state structure of
this compound described above. In the 1H NMR spectra
(Figure 7), the signals corresponding to the ethylene pro-
tons are again complicated because of the coordination to
the metal ion. The signal of the methylene protons of the
pendant arms appears as a singlet flanked by the satellites
attributable to proton coupling to the naturally abundant
113Cd (I = 1/2) at δ = 4.25 ppm with a 3J(H8–113Cd) of
7.41 Hz. If we compare this value with that found for 1
(9.96 Hz) we can conclude that, for CdII, increasing the
crown size weakens the interaction between the metal ion
and the coordinated pivotal nitrogen atoms.

Unlike the CdII analogue, the 1H NMR and the 13C
NMR spectra of the lead(II) complex 6, (Figure 7b) regis-
tered at 233 K are in agreement with an effective C2 sym-
metry of the complex in solution. The 1H-1H COSY spec-
trum clearly shows a coupling between protons H11 and
H12 (see the labelling scheme in Figure 7), which indicates
that the C2 axis of the complex is perpendicular to the pseu-
doplane formed by the donor atoms of the crown moiety.
This result indicates a syn arrangement of the receptor in
the complex.[24] The H8 protons appear as an AB spin sys-
tem (2J8a,8b = 18.40 Hz) in the spectrum of 6, while a singlet
is observed for the H8 protons in the CdII analogue 5.
These results are in agreement with a syn conformation of
the PbII complex with the pendant arms adopting a face-
to-face conformation, as observed for [Cd(L2)]2+.
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Figure 7. 1H NMR spectra of compounds (a) 5 and (b) 6 recorded
in [D3]acetonitrile at 298 K.

In order to obtain structural information on this com-
plex in solution we performed geometry optimizations of
the [Pb(L3)]2+ system. Our DFT calculations predict two
minimum-energy conformations corresponding to a syn and
an anti conformation (Figure S2, Supporting Information).
From the conformational energies of the syn and anti iso-
mers of [Pb(L3)]2+ we have calculated an in vacuo relative
free energy, ∆G°298K = G°anti – G°syn, of 3.54 kcalmol–1.
Likewise, from the results obtained in acetonitrile solution
(COSMORS model) we have obtained a relative free energy,
∆Gsol = Gsol

anti – Gsol
syn, of 4.79 kcalmol–1. Thus, our

quantum mechanical calculations predict that the syn iso-
mer is the most stable one both in vacuo and in solution.
These results confirm that the complex adopts a syn confor-
mation in solution. This situation contrasts that observed
for a related lead(II) complex derived from the same crown
moiety and containing aniline pendants, for which an anti
arrangement of the receptor was found.[25] In that complex,
the aniline pendants form six-membered chelate rings upon
coordination to the metal ion, which probably favour an
anti arrangement of the macrocyclic receptor in the com-
plex.

Stability of the Complexes in Solution

The binding of CdII and PbII by the three receptors was
investigated by means of spectrophotometric titrations in
DMSO solution. The electronic spectra of the free ligands
show two typical absorption bands in the near UV attribut-
able to the benzimidazole groups, which can be assigned as
π*�π singlet–singlet transitions[26] (1La �S0 and 1Lb �S0,
where the two excited states are labelled by 1La and 1Lb

following the suggestion of Platt).[27] Addition of the metal
ion salt causes appreciable modification of the spectral pat-
terns. In particular, metal ion addition induces blue shifts
of the bands centred at 277 and 284 nm as their intensity
increases. These results indicate the coordination of the
benzimidazole groups to the metal ion in this solvent. In
the course of the titration of CdII with L3, the development
of a weak band centred at ca. 330 nm is also observed. The
family of UV/Vis spectra recorded over the course of the
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titrations of L1 and L3 with CdII are shown in Figure 8.
Nonlinear least-squares analysis of the titration profiles
(absorbance against the number of equivalents of CdII, see
insets of Figure 8) clearly indicates the formation of 1:1
complexes in every case; the association constants are sum-
marized in Table 2. In all cases, the three ligands form stable
complexes with both CdII and PbII (logK � 5, Table 2). For
[Cd(L1)]2+ the steep curvature of the profile at the addition
of 1 equiv. prevents a safe determination of the binding
constant, and a lower threshold value of logK � 7.5 can be
estimated (Figure 8).

Figure 8. Spectra recorded over the course of the titration of a
10–4  solution of (a) L1 and (b) L3 with a standard solution of
cadmium(II) perchlorate. Insets: titration profiles at selected wave-
lengths.

Table 2. Binding constants of the CdII and PbII complexes with L1,
L2 and L3 obtained from spectrophotometric titrations in DMSO
solutions at 25 °C. LogK refers to Ln + M2+

p [MLn]2+.[a]

Ligand Ring size logKCd
II log KPb

II

L1 12 �7.5[b] 5.65(5)
L2 15 6.23(3) 6.15(5)
L3 18 5.41(1) 6.63(9)

[a] The errors given correspond to one statistical deviation; the ex-
perimental errors are estimated to be �0.2 logK units. [b] The com-
plex is too stable to allow a safe determination of the binding con-
stant.

The logK values obtained show different trends in the
binding of CdII and PbII on changing the macrocyclic ring
size. For CdII, a gradual decrease of the binding constants
is observed as the macrocyclic ring size increases, while the
PbII complexes show the opposite behaviour. As a result,
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receptor L1 shows a certain degree of selectivity for CdII

over PbII, with a selectivity factor � 102. It is interesting to
note that the stability of CdII complexes with crown ethers
such as 18-crown-6, 15-crown-5 or 12-crown-4 increases as
the macrocyclic cavity is enlarged.[5] Thus, the introduction
of pendant arms into the framework of these crown ethers
appears to reverse this trend, revealing the complementarity
of L1 and CdII.

The binding affinity trend of the above ligand series to-
ward PbII is probably the result of a better size-match of
the ligand for this metal ion as the size of the crown moiety
increases. Moreover, PbII usually prefers higher coordina-
tion numbers than CdII, and therefore one expects an in-
creasing stability of the PbII complexes with this series of
ligands as the number of oxygen atoms of the crown moiety
increases. The introduction of an oxygen atom into the
crown moiety increases the stability of the corresponding
PbII complex by ca. 0.5 logK units. The PbII complex of L3

is more stable than the CdII analogue by ca. 1 logK units.
A similar difference in the logK values has been previously
reported for PbII and CdII complexes of a bibracchial lariat
ether derived from diaza-18-crown-6 containing 5-chloro-8-
methoxyquinoline pendants (logKPb = 7.0 and logKCd =
6.1 in MeOH).[28] The binding tendencies discussed above
for the PbII and CdII complexes described in this work par-
allel the 3J(H8–113Cd) and 3J(H8–207Pb) coupling constants
observed in the 1H NMR spectra recorded in acetonitrile
solution (vide supra), which are related to the strength of
the interaction between the cation and the pivotal nitrogen
atoms of the ligand.

Conclusions
The pendant-armed macrocycles L1, L2 and L3 (L1 =

N,N�-bis(benzimidazol-2-ylmethyl)-1,7-diaza-12-crown-4,
L2 = N,N�-bis(benzimidazol-2-ylmethyl)-1,10-diaza-15-
crown-5) and L3 = N,N�-bis(benzimidazol-2-ylmethyl)-4,13-
diaza-18-crown-6) form mononuclear complexes with both
CdII and PbII. NMR measurements recorded in acetonitrile
solution indicate that increasing the crown size induces a
conformational change in the series of cadmium(II) com-
plexes that goes from a syn arrangement for L1 to an anti
arrangement for L3, passing through a syn p anti equilib-
rium in the complex derived from L2. The X-ray structure
of the [Cd(L3)]2+ complex confirms the anti arrangement
observed in acetonitrile solution. On the contrary, no con-
formational change was observed for the corresponding
lead(II) complexes, which show a syn conformation in all
cases. DFT calculations (B3LYP model) support the results
of the conformational analyses performed on the basis of
the NMR spectroscopic data. The binding constants ob-
tained from UV/Vis titration experiments in DMSO solu-
tion indicate that a diminution of the crown moiety size
provokes a � 102-fold enhancement of the stability for this
series of CdII complexes, whereas for PbII a smooth de-
crease of the binding constants is observed. Receptor L1

shows a certain degree of selectivity for CdII over PbII, with
a selectivity factor � 102.

www.eurjic.org © 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2007, 2198–22072204

Experimental Section
General Considerations: All chemicals were purchased from com-
mercial sources and used without further purification. Solvents
were of reagent grade and were purified by the usual methods.
N,N�-Bis(benzimidazol-2-ylmethyl)-4,13-diaza-18-crown-6 (L3) was
prepared according to the literature method.[29] Caution! Although
we have experienced no difficulties with perchlorate salts, these
should be regarded as potentially explosive and handled with
care.[30]

Elemental analyses were carried out with a Carlo Erba 1108 ele-
mental analyzer. FAB mass spectra were recorded by using a
FISONS QUATRO mass spectrometer with Cs ion gun in a 3-
nitrobenzyl alcohol matrix. 1H and 13C NMR spectra were re-
corded with a Bruker AMX300 or a Bruker WM-500 spectrometer.
IR spectra were recorded, as KBr discs, by using a Bruker Vector
22 spectrometer. Conductivity measurements were carried out at
20 °C with a Crison Micro CM 2201 conductimeter by using
ca.10–3- solutions of the complexes in acetonitrile. UV/Vis spectra
were recorded with a Perkin–Elmer Lambda 900 spectrophotome-
ter, in quartz cells (path length: 1 cm). The cell holder was thermo-
statted at 25.0 °C with circulating water. Spectrophotometric ti-
trations were performed at 25 °C on 10–4- solutions of the ligand
in DMSO (polarographic grade). Typically, aliquots of a fresh stan-
dard solution of the envisaged perchlorate salt (Pb or Cd, 10–2 )
were added and the UV/Vis spectra of the samples were recorded.
All spectrophotometric titration curves were fitted with the
HYPERQUAD program.[31]

Preparation of the Ligands

N,N�-Bis(benzimidazol-2-ylmethyl)-1,7-diaza-12-crown-4 (L1): 1,7-
Diaza-12-crown-4 (1.0 g, 5.7 mmol), N,N-diisopropylethylamine
(4.0 mL, 23.1 mmol) and 2-(chloromethyl)benzimidazole (2.1 g,
12.7 mmol) in acetonitrile (200 mL) were heated under reflux for
12 h and cooled to room temperature. The reaction mixture was
concentrated in a rotary evaporator and after being kept at –4 °C
for 24 h, a brown precipitate was filtered off and the filtrate was
concentrated under vacuum. The resulting yellow oily residue was
extracted with CH2Cl2/water, and the organic phase was dried with
anhydrous MgSO4 and concentrated in vacuo. Addition of cold
diethyl ether to the oily residue led to the deposition of a light
yellow precipitate, which was purified by column chromatography
on Al2O3 with a CH2Cl2/MeOH 2% mixture as eluent to give a
brown solid (1.7229 g, 65%). C24H30N6O2·0.5CH3CN·0.5H2O
(475.08): calcd. C 64.70, H 7.06, N 19.62; found C 65.32, H 7.83,
N 19.36. M.p. 190 °C. 1H NMR (300 MHz, CDCl3, 25 °C): δ =
2.90 (t, 3JH,H = 4.6 Hz, 8 H), 3.66 (t, 3JH,H = 4.6 Hz, 8 H), 4.10 (s,
4 H), 7.14–7.08 (m, 4 H), 7.66 (br., 4 H), 11.56 (br., 2 H) ppm. 13C
NMR (75.5 MHz, CDCl3, 25 °C): δ = 53.8, 55.4, 69.0, 122.6, 153.8
ppm. MS (FAB): m/z (%BPI) = 435 (100) [C24H30N6O2]+. IR
(KBr): ν̃ = 1623 [ν(C=N)], 1531 [ν(C=C)], 1443 [δ(N–H)], 1428
[δ(C–H)ar], 1355, 1274 [δ(C–H)crown], 1104 [ν(C–O)], [ν(C–N) and
ν(C–C)], 744 [π(C–H) and π(N–H)] cm–1. Single crystals of L1 suit-
able for X-ray diffraction were grown by recrystallization from ace-
tonitrile.

N,N�-Bis(benzimidazol-2-ylmethyl)-1,10-diaza-15-crown-5 (L2):
1,10-Diaza-15-crown-5 (1.0 g, 4.7 mmol), N,N-diisopropylethyl
amine (3.2 mL, 18.4 mmol) and 2-(chloromethyl)benzimidazole
(1.7 g, 10.1 mmol) in acetonitrile (200 mL) were heated under re-
flux for 12 h and cooled to room temperature. The reaction mixture
was concentrated in a rotary evaporator and after being kept at
–4 °C overnight, the precipitate formed was filtered and air-dried to
give a brown solid (1.2411 g, 52%). C26H34N6O3·0.5CH3CN·H2O
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(507.81): calcd. C 62.71, H 7.31, N 17.61; found C 63.41, H 7.73,
N 17.63. M.p. 228 °C. 1H NMR (300 MHz, CDCl3, 25 °C): δ =
2.84 (t, 3JH,H = 4.7 Hz, 4 H), 2.96 (t, 3JH,H = 4.7 Hz, 4 H), 3.40 (t,
3JH,H = 4.7 Hz, 4 H), 3.58–3.53 (m, 8 H), 4.03 (s, 4 H), 7.22–7.16
(m, 4 H), 7.55 (br., 4 H) ppm. 13C NMR (75.5 MHz, CDCl3,
25 °C): δ = 54.1, 56.8, 57.0, 68.5, 69.7, 121.9, 154.7 ppm. MS
(FAB): m/z (%BPI) = 479 (100) [C26H34N6O3]+. IR (KBr): ν̃ = 1621
[ν(C=N)], 1520 [ν(C=C)], 1455 [δ(N–H)], 1422 [δ(C–H)ar], 1346,
1273 [δ(C–H)crown], 1106 [ν(C–O)], [ν(C–N) and ν(C–C)], 752 [π(C–
H) and π(N–H)] cm–1.

Preparation of the Lead(II) and Cadmium(II) Complexes

General Procedure: A stoichiometric amount (1:1) of the corre-
sponding metal salt was added to a stirred solution of ligand
(0.100 g) in absolute ethanol or acetonitrile (50 mL). The mixture
was vigorously stirred and heated for 4 h, and the resulting pale-
yellow solution was filtered while hot. Quantities of reactants, iso-
lation procedures and characterization of the compounds are de-
scribed below for each compound.

[Cd(L1)](ClO4)2·EtOH (1): Solvent: absolute ethanol. Cd(ClO4)2·
3H2O (0.096 g, 0.230 mmol). Slow diffusion of diethyl ether into
the former solution at room temperature produced pale-yellow
crystals that were collected by filtration and air-dried (0.113 g,
62%). C26H36CdCl2N6O11 (791.91): calcd. C 39.43, H 4.58, N
10.61; found C 39.88, H 4.58, N 10.90. ΛM (acetonitrile) =
264 cm2 Ω–1 mol–1 (2:1 electrolyte). MS (FAB): m/z (%BPI) = 647
(70) [Cd(L1)(ClO4)]+, 547 (100) [Cd(L1–H)]+. IR (KBr): ν̃ = 1622
[ν(C=N)], 1542 [ν(C=C)], 1456 [δ(N–H) δ(C–H)ar], 1339, 1277
[δ(C–H)crown], 1113 [ν(C–O)], 758 [π(C–H)], 1090 [νa(Cl–O)], 623
[δa(O–Cl–O)] cm–1.

[Pb(L1)](ClO4)2·2H2O (2): Solvent: absolute ethanol. Pb(ClO4)2·
3H2O (0.106 g, 0.230 mmol). Slow diffusion of diethyl ether into
the former solution at room temperature produced pale-yellow
crystals that were collected by filtration and air-dried (0.132 g,
66%). C24H34Cl2PbN6O12 (876.67): calcd. C 32.88, H 3.91, N 9.59;
found C 32.80, H 4.13, N 9.54. ΛM (acetonitrile): 276 cm2 Ω–1 mol–1

(2:1 electrolyte). MS (FAB): m/z (%BPI) = 741 (100) [Pb(L1)-
(ClO4)]+, 641 (85) [Pb(L1–H)]+. IR (KBr): ν̃ = 1621 [ν(C=N)], 1536
[ν(C=C)], 1481 [δ(N–H)], 1452 [δ(C–H)ar], 1340, 1274 [δ-
(C–H)crown], 1118 [ν(C–O)], 762 [π(C–H)], 1086 [νa(Cl–O)], 625
[δa(O–Cl–O)] cm–1.

[Cd(L2)](ClO4)2·CH3CN·EtOH (3): Solvent: acetonitrile. Cd(ClO4)2·
3H2O (0.109 g, 0.259 mmol). The reaction mixture was concen-
trated in a rotary evaporator and addition of cold diethyl ether to
the residue led to the deposition of a brown precipitate that was
filtered and air-dried (0.155 g, 72%). C30H43CdCl2N7O12 (877.02):
calcd. C 41.08, H 4.94, N 11.18; found C 41.73, H 4.95, N 11.20.
ΛM (acetonitrile) = 251 cm2 Ω–1 mol–1 (2:1 electrolyte). MS (FAB):
m/z (%BPI) = 691 (15) [Cd(L2)(ClO4)]+, 591 (65) [Cd(L2–H)]+. IR
(KBr): ν̃ = 1622 [ν(C=N)], 1539 [ν(C=C)], 1452 [δ(N–H)
δ(C–H)ar], 1333, 1273 [δ(C–H)crown], 1117 [ν(C–O)], 752 [π(C–H)],
1088 [νa(Cl–O)], 626 [δa(O–Cl–O)] cm–1.

[Pb(L2)](ClO4)2 (4): Solvent: absolute ethanol. Pb(ClO4)2·3H2O
(0.108 g, 0.235 mmol). Slow evaporation of the filtrate produced
white crystals that were collected by filtration and air-dried
(0.145 g, 70%). C26H34Cl2PbN6O11 (884.69): calcd. C 35.30, H
3.87, N 9.50; found C 35.16, H 4.10, N 9.52. ΛM (acetonitrile):
300 cm2 Ω–1 mol–1 (2:1 electrolyte). MS (FAB): m/z (%BPI) = 785
(80) [Pb(L2)(ClO4)]+, 685 (100) [Pb(L2–H)]+. IR (KBr): ν̃ = 1621
[ν(C=N)], 1536 [ν(C=C)], 1452 [δ(N–H) δ(C–H)ar], 1337, 1272
[δ(C–H)crown], 1121 [ν(C–O)], 752 [π(C–H)], 1090 [νa(Cl–O)], 621
[δa(O–Cl–O)] cm–1.
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[Cd(L3)](ClO4)2·EtOH (5): Solvent: absolute ethanol. Cd(ClO4)2·
3H2O (0.086 g, 0.191 mmol). Slow evaporation of the filtrate pro-
duced pale-brown crystals that were collected by filtration and air-
dried (0.107 g, 64%). C30H44CdCl2N6O13 (880.02): calcd. C 40.94,
H 5.04, N 9.55; found C 41.09, H 5.27, N 9.76. ΛM (acetonitrile):
282 cm2 Ω–1 mol–1 (2:1 electrolyte). MS (FAB): m/z (%BPI) = 735
(20) [Cd(L3)(ClO4)]+, 635 (100) [Cd(L3–H)]+. IR (KBr): ν̃ = 1624
[ν(C=N)], 1540 [ν(C=C)], 1471 [δ(N–H)], 1453 [δ(C–H)ar], 1345,
1269 [δ(C–H)crown], 752 [π(C–H)], 1090 [νa(Cl–O)], 625 [δa(O–Cl–
O)] cm–1. Single crystals of formula [Cd(L3)](ClO4)2·EtOH suitable
for X-ray diffraction were grown by slow diffusion of diethyl ether
into solutions of the complex in acetonitrile.

[Pb(L3)](ClO4)2·EtOH (6): Solvent: absolute ethanol. Pb(ClO4)2·
3H2O (0.088 g, 0.191 mmol). Slow evaporation of the filtrate pro-
duced pale-brown crystals that were collected by filtration and air-
dried (0.112 g, 60%). C30H44Cl2PbN6O13 (974.81): calcd. C 36.96,
H 4.55, N 8.62; found C 36.83, H 4.65, N 8.72. ΛM (acetonitrile):
304 cm2 Ω–1 mol–1 (2:1 electrolyte). MS (FAB) = m/z (%BPI): 829
(50) [Pb(L3)(ClO4)]+, 729 (100) [Pb(L3–H)]+. IR (KBr): ν̃ = 1621
[ν(C=N)], 1535 [ν(C=C)], 1464 [δ(N–H)], 1448 [δ(C–H)ar], 1343,
1270 [δ(C–H)crown], 1116 [ν(C–O)], 754 [π(C–H)], 1091 [νa(Cl–O)],
626 [δa(O–Cl–O)] cm–1.

Crystal Structure Determination

Crystal data and details of data collection and refinement are sum-
marized in Table 3. Three-dimensional X-ray data were collected
with a Bruker SMART 1000 CCD diffractometer by the &πηι;-ω
scan method. Reflections were measured from a hemisphere of data
collected of frames each covering 0.3° in ω. Of the 26720 reflections
measured for L1 and the 33146 measured for compound 5, all were
corrected for Lorentz and polarization effects and for absorption
by semiempirical methods[32] on the basis of symmetry-equivalent
and repeated reflections. Of the 4825 independent reflections mea-
sured for the receptor L1 and 8645 for compound 5, 2734 and 7598
reflections, respectively, exceeded the significance level I � 2σI.
Complex scattering factors were taken from the program
SHELX97[33] included in the WinGX program system[34] as im-
plemented on a Pentium® computer. The structure of L1 was solved
by direct methods (SHELX97), whereas the structure of 5 was
solved by Patterson methods (DIRDIF99).[35] Both structures were
refined by full-matrix least-squares methods on F2. The hydrogen

Table 3. Crystal data and structure refinement for L1 and 5.

L1 5

Empirical formula C24H30N6O2 C30H44CdCl2N6O13

Formula mass 434.54 880.01
Space group P121/n1 P21/c
Crystal system monoclinic monoclinic
a [Å] 15.0205(12) 10.760(2)
b [Å] 10.7111(8) 24.614(5)
c [Å] 15.1438(12) 13.688(3)
β [°] 115.412(2) 97.166(4)
V [Å3] 2200.7(3) 3596.9(13)
Z 4 4
T [K] 100.0(2) 293(2)
λ [Å] (Mo-Kα) 0.71073 0.71073
Dcalcd. [g cm–3] 1.312 1.625
µ [mm–1] 0.087 0.828
Rint 0.1263 0.0265
Reflections measured 26720 33146
Reflections observed 4825 8645
R1

[a] 0.0583 0.0392
wR2 (all data)[b] 0.1252 0.0992

[a] R1 = ∑||F0| – |Fc||/∑|F0|. [b] wR2 = {∑[w(||F0|2-|Fc|2)2]/∑[w(F0
4)]}1/2.
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atoms were included in calculated positions and refined by using a
riding mode, except for the hydrogen atoms H2 and H6 of L1,
which were freely refined. Refinement converged with allowance for
thermal anisotropy of all non-hydrogen atoms.

CCDC 623182 and 623183 contain the supplementary crystallo-
graphic data for the structures included in this paper. These data
can be obtained free of charge from The Cambridge Crystallo-
graphic Data Centre via http://www.ccdc.cam.ac.uk/datarequest/
cif.

Computational Methods: The [M(Ln)]2+ (M = Cd or Pb, n = 2 or 3)
systems were fully optimized in vacuo by using the B3LYP density
functional model[36,37] and the Gaussian 03 package (Revision
C.01).[38] In these calculations, we used the 6-31G(d) basis set for
ligand atoms, while for Cd and Pb the LanL2DZ valence and effec-
tive core potential functions were used.[39,40] The stationary points
found on the potential energy surfaces as a result of the geometry
optimizations have been tested by frequency analysis to represent
energy minima rather than saddle points. The relative free energies
of the two isomers of [Pb(L3)]2+ were calculated in vacuo at the
same computational level, and they include nonpotential energy
contributions (that is, zero-point energy and thermal terms) ob-
tained by frequency analysis. Relative free energies of the two iso-
mers of [Pb(L3)]2+ were also calculated in acetonitrile solution
(COSMO-RS model).[41] Final free energies include both electro-
static and nonelectrostatic contributions.

Supporting Information (see footnote on the first page of this arti-
cle): Figures S1 and S2 showing the B3LYP optimized structures
of the [Pb(L2)]2+ and [Pb(L3)]2+ systems, Tables S1–S3 reporting
1H and 13C NMR spectroscopic data of the ligands and CdII and
PbII complexes and in vacuo optimized Cartesian coordinates [Å]
for the [M(L2)]2+ and [M(L3)]2+ systems (M = Cd or Pb).
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