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The macrobicycle receptor L4, derived from 1,10-diaza-15-
crown-5 incorporating a phenol Schiff-base spacer, forms
stable complexes with lead(II). In [Pb(L4)(ClO4)](ClO4)·
CH3CN (1), the lead(II) ion is asymmetrically placed at the
one end of the macrobicyclic cavity, because of the intramo-
lecular hydrogen bonding interaction that occurs between an
imine nitrogen atom and the phenol group. This asymmetric
position of the metal ion inside the macrobicyclic cavity in-
duces chirality in this system. Variable temperature 1H NMR
spectroscopic experiments indicate that the asymmetric coor-
dination of the metal ion inside the macrocyclic cavity is
maintained in acetonitrile solution, but a translocation of the
PbII ion from one end of the macrobicyclic cavity to the sec-
ond one occurs. This dynamic behaviour, which corresponds
to the interconversion between the two possible enantio-
meric forms of the complex, is fast on the NMR timescale at
320 K but slow at low temperatures, and we have estimated

Introduction

Lead is regarded as a serious environmental pollutant.[1]

Considered as a cheap and convenient material to convey
water to the consumers’ tap, lead has been widely used for
municipal service pipes, household plumbing, joints and
solders. Other major uses also include electric storage bat-
teries, paint pigments, gasoline additives or ammunition.[2]

The awareness of its environmental and health effects has
led the authorities to ban some of these uses in most of the
developed countries, which has contributed to a decrease in
the lead level in the environment. Even so, this level is still
a high risk for health, and lead continues to be one of the
ten most common pollutants. In fact, the concentration in
drinking water, diets and ambient air is significant in some
areas.[2–5]

The removal of toxic heavy metal contaminants from
aqueous waste streams is currently one of the most impor-
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an activation barrier of ∆G‡ = 68�2 kJmol–1. We have also
studied the effect of the protonation on 1 by NMR and UV/
Vis spectroscopy in CH3CN solutions at room temperature,
finding that diprotonation causes demetallation of the com-
plex without receptor destruction, recovering L4 in its proton-
ated form. On the other hand, the interaction of compound 1
with anions such as NO3

– and SCN– has been evaluated by
using spectrophotometric titrations in acetonitrile solution,
finding logK values of 5.83(1) for NO3

– and 6.27(2) for
SCN–. The [Pb(L4)]2+, [Pb(L4)(NO3)]+, [Pb(L4)(NCS)]+ and
[Pb(L4)(SCN)]+ systems were characterized by means of den-
sity functional theory calculations (DFT) performed by using
the B3LYP model, and the coordination geometry as well as
the role of the PbII lone pair has been investigated and dis-
cussed.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

tant environmental issues under investigation. Precipitation,
activated carbon absorption, bioremediation, reverse osmo-
sis, electrolysis, cementation, irradiation, zeolite absorption,
evaporation, membrane processes or ion flotation are some
of the treatment methods used for heavy metal-containing
waste remediation.[6] Solvent extraction and treatment with
cation exchange resins are also important, especially when
selective extractions are required and/or low concentrations
of the target metal ion are present. Solvent extraction oc-
curs when a metal ion associates with an organic com-
plexant to form a species that is transferred from the aque-
ous to the organic phase in a two-phase system, whereas
cation exchange resins are formed by a polymeric skeleton
functionalized with a complexant agent capable of binding
to the desired metal ion; therefore, these two methods re-
quire the presence of a selective complexant agent. The ef-
ficient use of PbII complexant agents capable of acting as
extracting agents requires that the following conditions are
met: (i) fast binding of the metal ion by the complexant
agent; (ii) selective ion complexation; (iii) sufficiently high
binding strength for the metal ion to be extracted; (iv) high
stability against hydrolysis, and (v) reversible complexation
allowing for the total recovery of the metal without signifi-
cant extracting agent destruction.[7] The search for novel
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highly selective complexant agents for PbII requires a great
knowledge of the chemical behaviour of this cation, which
has caused a resurgence of interest in its chemistry.[8–12] In
recent years many reports concerning coordination chemis-
try of PbII with a great variety of receptors have been pub-
lished. The PbII cation exhibits a rich and interesting coor-
dination chemistry: it binds to a broad range of donor
groups, assumes a wide range of coordination numbers and
geometries and can exhibit the so-called “inert-pair effect”.

Because of the highly favoured complexation, thanks to
the chelate and macrocyclic effects, chelate and macrocyclic
ligands have been widely used for metal extractions. Par-
ticularly, crown ethers have been recognized as a very effec-
tive class of compounds to achieve selective separation of
heavy metal ions from aqueous solutions. Separation pro-
cesses based on crown ether complexes of PbII have been
reported and are often quite selective.[13] In particular, we
are interested in the design of selective complexant agents
for PbII based on crown frameworks. In a recent work[14]

we have found that the macrobicyclic receptor L5 (see
Scheme 1), derived from 4,13-diaza-18-crown-6, incorporat-
ing a pyridinyl Schiff-base spacer, allows reversible and fast
complexation of PbII. This, together with the inertia of the
receptor towards hydrolysis, opens very interesting perspec-
tives for the use of this receptor as a new lead(II) extracting
agent.[15] As a continuation of this work we discuss the po-
tential of the related receptor L4 as a complexant agent for
this metal ion. Likewise, the effect that the presence of dif-
ferent counterions and the protonation of the receptor has
on the PbII coordination environment have also been inves-
tigated. Receptors L4 and L5 derive structurally from the
bibracchial lariat ethers L1 and L2, respectively, and belong
to the group defined as (Schiff base) lateral macrobicy-
cles.[16] Although both Schiff-base macrocycles and cryp-
tands have been proposed as excellent platforms for the
complexation of a wide variety of metal ions,[17,18] no exam-
ple of a Schiff-base lateral macrobicycle was reported until
1999[19] when we prepared the macrobicycles L3–L6 (see

Scheme 1.
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Scheme 1). Subsequent studies have demonstrated that
these systems possess very promising coordinating proper-
ties.[20–22]

Results and Discussion

Reaction between the barium complex [Ba(L4)](ClO4)2

and Pb(ClO4)2·6H2O yields the PbII compound of formula
Pb(L4)(ClO4)2·0.5H2O (1). The absence of peaks corre-
sponding to species containing the [Ba(L4)]+ fragment in
the FAB-mass spectrum coupled with the presence of an
intense peak from [Pb(L4)(ClO4)]+ confirmed that the
macrobicycle L4 remains intact and that transmetallation
has occurred.

Slow diffusion of diethyl ether into a solution of 1 in
acetonitrile gave X-ray quality crystals of this compound.
Crystals comprise the cation [Pb(L4)(ClO4)]+, a well-sepa-
rated perchlorate group and an acetonitrile molecule. Fig-
ure 1 illustrates the structure of the complex cation, while
selected bond lengths and angles of the coordination sphere
are compiled in Table 1. The PbII ion is set into the macro-
bicyclic cavity, bound to six of the eight heteroatoms of the
receptor L4 and two oxygen atoms of a perchlorate group.
The interaction between the PbII ion and this perchlorate
group is very weak, as indicated by the Pb–Operchlorate dis-
tances, Pb–O(11) 2.838(5) and Pb–O(9) 3.000(7). Very often
these weak interactions have been described as “semicoord-
ination”,[23] and it is usually attributed to crystal packing
forces in the solid state.

Figure 1. X-ray crystal structure of the cation in compound 1 with
atom labelling; hydrogen atoms are omitted for simplicity; the
ORTEP plot is drawn at the 30% probability level.

As shown in Figure 1, in [Pb(L4)(ClO4)]+ the PbII ion is
asymmetrically placed at one end of the macrobicyclic cav-
ity, coordinated to one imine nitrogen atom, N(2), one piv-
otal nitrogen atom, N(4), the phenol oxygen atom, O(4),
and the three oxygen atoms of the crown moiety, O(1), O(2)
and O(3). The PbII ion is clearly closer to O(1) than to O(2)
and O(3), and the considerably long Pb–O(3) and Pb–O(2)
distances [3.117(5) and 2.844(4) Å, respectively] suggest that
the interaction of PbII with these oxygen donor atoms is
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Table 1. Selected bond lengths [Å] and angles [°] for 1.

Pb–O(1) 2.556(4) Pb–O(9) 3.000(7)
Pb–O(2) 2.844(4) Pb–O(11) 2.838(5)
Pb–O(3) 3.117(5) Pb–N(2) 2.537(5)
Pb–O(4) 2.379(4) Pb–N(4) 2.588(5)

O(4)–Pb(1)–N(2) 74.51(15) O(4)–Pb(1)–O(1) 74.82(14)
N(2)–Pb(1)–O(1) 95.29(15) O(4)–Pb(1)–N(4) 131.15(16)
N(2)–Pb(1)–N(4) 79.29(15) O(1)–Pb(1)–N(4) 67.35(15)
O(4)–Pb(1)–O(11) 117.73(14) N(2)–Pb(1)–O(11) 76.25(16)
O(1)–Pb(1)–O(11) 161.21(15) N(4)–Pb(1)–O(11) 94.38(16)
O(4)–Pb(1)–O(2) 156.31(14) N(2)–Pb(1)–O(2) 129.14(14)
O(1)–Pb(1)–O(2) 98.75(14) N(4)–Pb(1)–O(2) 62.23(15)
O(11)–Pb(1)–O(2) 75.03(14) O(4)–Pb(1)–O(9) 72.11(16)
N(2)–Pb(1)–O(9) 72.64(17) O(1)–Pb(1)–O(9) 146.73(17)
N(4)–Pb(1)–O(9) 136.21(17) O(11)–Pb(1)–O(9) 46.96(16)
O(2)–Pb(1)–O(9) 113.02(16) O(4)–Pb(1)–O(3) 99.15(13)
N(2)–Pb(1)–O(3) 173.36(13) O(1)–Pb(1)–O(3) 84.78(13)
N(4)–Pb(1)–O(3) 106.76(14) O(11)–Pb(1)–O(3) 105.58(14)
O(2)–Pb(1)–O(3) 57.26(12) O(9)–Pb(1)–O(3) 103.76(16)

weak. The other two heteroatoms of the macrobicyclic re-
ceptor, the imine and pivotal nitrogen atoms N(1) and N(3),
do not belong to the metal ion coordination environment,
as evidenced by the observed Pb–N(1) and Pb–N(3) dis-
tances of 4.4515(4) and 4.0474(3) Å, respectively. Moreover,
the X-ray data suggest that the imine nitrogen atom N(1)
and the phenol donor O(4) are involved in an intramolecu-
lar hydrogen bonding interaction [N(1)···H(1N), 0.84(7) Å;
N(1)···O(4) 2.598(7) Å, O(4)···H(1N) 1.95(8) Å, N(1)–
H(1N)–O(4) 133(7)°]. These distances also indicate that
proton transfer from the phenol group to the imine atom
N(1) has occurred. This proton transfer has also been ob-
served in the related complexes [Ba(L4)(ClO4)(CH3CN)]+[24]

and [Pb(L6)]2+,[21] where the guest metal ion is also asym-
metrically located in the macrobicyclic cavity. A remarkable
characteristic of the complex is the presence of chirality in-
duced by the asymmetric position of the metal ion inside
the macrobicyclic cavity. Inspection of the crystal data re-
veals that in 1 both enantiomers cocrystallize in equal
amounts (racemate).

The fold of L4 around the PbII ion allows the five donors
of the crown moiety, [O(1), O(2), O(3), N(3) and N(4)], to
be essentially coplanar (mean deviation from plane
0.0762 Å), with the metal ion located 1.6955 Å above this
plane. The coordination polyhedron may be described as a
distorted monocapped pentagonal bipyramid (Figure 2).
The torsion angles C(1)–C(6)–C(7)–N(2) [–6.8(10)°] and
C(1)–C(2)–C(32)–N(1) [–5.1(10)°] indicate that both imine
groups are slightly rotated from coplanarity with the phenol
ring. This planarity loss is related to the structure of the
receptor and the coordinative requirements of the metal ion
guest that force the receptor to fold increasing the stress of
its structure. The lateral aromatic rings of L4 in 1 are in
different planes and intersect at 47.08°, a value substantially
different from that found in the analogous barium complex
[Ba(L4)(ClO4)(CH3CN)]+ (57.62°).[24] Likewise, the phenol
ring forms a dihedral angle of 43.48° with the plane con-
taining the benzyl ring attached to the pivotal nitrogen
atom N(4), and an angle of 48.65° with the plane contain-
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ing the other aromatic ring. The former is 23.9° larger than
that found in [Ba(L4)(ClO4)(CH3CN)]+, whereas the latter
is 16.3° smaller.[24] These results highlight the ability of L4

to adapt its conformation to the steric and electronic
requirements of the metal ion.

Figure 2. Coordination polyhedron around the metal ion in
[Pb(L4)(ClO4)]+.

The conductivity measurement for an ca. 10–3  solution
of 1 in acetonitrile at 20 °C (ΛM = 255 cm2 Ω–1 mol–1) re-
veals that this compound behaves as a 2:1 electrolyte in this
solvent,[25] indicating that the perchlorate anions are not
coordinated to the metal ion in the acetonitrile solution.
This is expected when taking into account the weak interac-
tion of a perchlorate anion with the metal ion observed in
the solid state. The 1H NMR spectrum of 1 recorded in
CD3CN solution at 320 K is consistent with the presence
of a single complex species in solution with an effective Cs

symmetry (Figure 3). Upon decreasing the temperature the
signals corresponding to the imine and aromatic protons
gradually broaden and finally split into two different sig-
nals, reflecting intramolecular conformational exchange
processes (Figure 3). The spectrum recorded at 248 K
shows two resonances at δ = 8.79 and 8.75 ppm attributable
to the protons of the imine units, and two signals at δ =
7.90 and 7.78 ppm with a 4J = 2.4 Hz from the aromatic
protons of the phenol group. This is consistent with the
presence of a single species in solution with C1 symmetry, in
agreement with the X-ray crystal structure described above.
Indeed, in the solid state the PbII ion is placed at one end
of the macrobicyclic cavity, which results in a complex with
C1 symmetry. Thus, the dynamic bevaviour of compound 1
in acetonitrile solution can be attributed to a translocation
of the PbII ion from one end of the macrobicyclic cavity to
the other. This dynamic process is fast on the NMR time-
scale at high temperature, thus resulting in a spectrum cor-
responding to a species with an effective Cs symmetry in
solution. From the coalescence temperature of signals cor-
responding to the aromatic protons of the phenol unit,
which occurs at 309 K, we can estimate an activation bar-
rier of ∆G‡ = 68�2 kJmol–1 for this intramolecular dy-
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namic process. As discussed above, the presence of the PbII

ion at one end of the macrocyclic cavity in 1 induces chiral-
ity in the complex. Thus, the dynamic process observed for
this compound in solution corresponds to the interconver-
sion between the two possible enantiomeric forms of the
complex.

Figure 3. Part of the 300-MHz 1H-NMR spectra of compound 1
recorded in CD3CN at different temperatures.

The [Pb(L4)]2+ system was characterized by means of
DFT calculations at the B3LYP level. On the basis of our
previous experience for these calculations we used the stan-
dard 6-31G(d) basis set for the ligand atoms, while the
LanL2DZ valence and effective core-potential functions
were used for Pb.[26] The calculated structure for this com-
plex (Figure 4) resembles the X-ray crystal structure of 1,
with the calculated bond lengths of the metal coordination
environment in reasonable agreement with those obtained
experimentally (Table 2). The experimental and calculated
bond lengths differ by less than 0.08 Å, except the Pb–O(3)
distance, which differs by ca. 0.18 Å from the experimental
value. However, this is not surprising since the experimental
value of the Pb–O(3) distance [3.117(5) Å] indicates a weak
interaction between the metal ion and O(3). Shimoni-Livny
et al.[27] have investigated a close relation between the role
of a lone pair of PbII and the coordination geometry for a
large number of PbII complexes. They have found two gene-
ral structural categories of PbII compounds: holodirected
and hemidirected, which are distinguished by the disposi-
tion of ligands around the metal ion. In the hemidirected
form there is a void in the liganding attributable to the ste-
reochemical activity of the PbII lone pair that is not found
in holodirected geometry. The calculated Pb–O(1) bond
length [2.479 Å] is clearly shorter than distances between
the metal ion and the remaining oxygen atoms of the crown
moiety. This, together with the presence of an identifiable
void in the disposition of the donor atoms of the ligand
around the metal ion, suggests that the PbII lone pair is
stereochemically active in [Pb(L4)]2+. The analysis of the
natural bond orbitals (NBO) in [Pb(L4)]2+ shows that the
PbII lone pair orbital is predominantly 6s, but polarized by
some 6p contribution: s[98.02%]p[1.98%]. Similar p contri-
butions (�1%) have been calculated for hemidirected PbII

complexes with related ligands, which clearly confirm that
the PbII lone pair is stereochemically active in [Pb(L4)]2+.[26]
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However, we notice that in the X-ray crystal structure the
Pb–O(1) bond length is slightly longer than the calculated
one, which suggests that the presence of a weakly coordinat-
ing perchlorate anion around the PbII ion decreases the ste-
reochemical activity of the PbII lone pair.

Figure 4. Structure of [Pb(L4)]2+ as optimized in vacuo at the
B3LYP/6-31G(d) level.

Table 2. Calculated (B3LYP/6-31G(d)) bond lengths [Å] of the PbII

coordination environment obtained for the [Pb(L4)]2+,
[Pb(L4)(NO3)]+ and [Pb(L4)(NCS)]+ systems (see Figure 1 for num-
bering scheme).

[Pb(L4)]2+ [Pb(L4)(NO3)]+ [Pb(L4)(NCS)]+ [Pb(L4)(SCN)]+

Pb–O(1) 2.479 2.843 2.965 2.916
Pb–O(2) 2.772 2.835 2.757 2.831
Pb–O(3) 2.935 3.191 2.862 2.916
Pb–O(4) 2.316 2.439 2.396 2.329
Pb–N(2) 2.485 2.550 2.565 2.535
Pb–N(4) 2.610 2.725 2.874 2.881
Pb–ONO2 2.429/2.479
Pb–NCS 2.308
Pb–SCN 2.870

Interaction with Anions

Since in solution the PbII ion is coordinatively unsatu-
rated in 1, we have studied the interaction of this compound
with anions such as NO3

– and SCN– by using spectropho-
tometric titrations in acetonitrile solution. The UV/Vis
spectrum of 1 (Figure 5) displays a band centred at 456 nm
typical of the C=N chromophores.[28,29] Upon addition of
NO3

– or SCN– anions this band undergoes a blue shift to
ca. 423 nm as its intensity decreases. Nonlinear least-
squares analyses of the titration profiles (absorbance versus
equivalents of anion added, see insets of Figure 5) clearly
indicated the formation of 1:1 complexes in every case, and
allowed us to estimate the association constants defined as
[Equation (1)].

[Pb(L4)]2+ + X– i [Pb(L4)(X)]+, where X– = NO3
– or SCN– (1)
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Figure 5. UV/Vis spectra taken over the course of the titration of
a 10–5  solution of compound 1 with a standard solution of tetra-
butylammonium nitrate (top) or thiocyanate (bottom). The insets
show titration profiles at selected wavelengths.

The analysis of the experimental data provides logK val-
ues of 5.83(1) (X– = NO3

–) and 6.27(2) (X– = SCN–). These
results clearly confirm that the metal ion is coordinatively
unsaturated in the PbII complex of L4, and indicate that the
SCN– ligand binds more strongly to [Pb(L4)]2+ than NO3

–.
DFT calculations performed on the [Pb(L4)(NO3)]+ sys-

tem (see Supporting Information) indicate that the coordi-
nation of the nitrate anion has an important effect on the
bond lengths of the metal coordination environment, which
increase by ca. 0.06–0.36 Å with respect to those calculated
for [Pb(L4)]2+ (Table 2). The NO3

– ligand coordinates in a
nearly symmetrical bidentate fashion [Pb–O 2.429 and
2.479 Å]. In order to understand if the coordination of the
thiocyanate ligand occurs through the nitrogen atom or
through the sulfur one we have also carried out DFT calcu-
lations on the [Pb(L4)(NCS)]+ and [Pb(L4)(SCN)]+ systems.
PbII is classified as “intermediate” in the Pearson HSAB
classification,[30] and thus it is not particularly surprising
that both N-bonded and S-bonded PbII complexes of thio-
cyanate exist.[31] The optimized geometries for both com-
pounds are given in the Supporting Information. Our calcu-
lations predict that the N-bonded thiocyanate ligand results
in a more stable structure, where the in vacuo relative en-
ergy of the [Pb(L4)(SCN)]+ system with respect to the
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[Pb(L4)(NCS)]+ is 5.47 kcalmol–1. This is in agreement with
the X-ray structure of the PbII thiocyanate complex with
the related macrobicycle L3, which shows that the thiocya-
nate ligand is N-bonded.[22] This is probably because the
steric hindrance around the metal ion, caused by the coor-
dination of the macrobicyclic receptor, favours the coordi-
nation of the SCN– ligands through the N donor atom.[32]

On the other hand, the analysis of the NBOs in
[Pb(L4)(NO3)]+ indicates that the 6p contribution decreases
upon coordination of the nitrate anion: s[98.57%]p[1.43%].
As a consequence the coordination geometry in
[Pb(L4)(NO3)]+ is less hemidirected than in [Pb(L4)]2+, and
the Pb–O(1) bond length increases (Table 3). Replacing the
nitrate anion by a N-bonded thiocyanate ligand results in a
somewhat lower polarization of the Pb 6s lone pair, as fol-
lows from the NBOs analysis: s[98.72%]p[1.28%]. Further-
more, the presence of a S-bonded thiocyanate ligand causes
a further decrease of the polarization of the Pb 6s lone pair:
s[99.28%]p[0.72%]. Thus, the polarization of the Pb lone
pair decreases when hard donor atoms such as O atoms of
the nitrate group are replaced by softer donor atoms such
as the N or S donor atoms of a thiocyanate ligand. These
results are in agreement with previous observations that
indicated that the coordination of soft-donor atoms favours
holodirected ligand geometries in PbII complexes.[26,27]

Table 3. 1H- and 13C-NMR spectroscopic data [ppm] for com-
pound [H2L4]2+ in CD3CN solution at 298 K.[a]

H atom[b] δ values C atom δ values

H1 2.41 (s, 3 H) C1 20.1
H3 7.70 (s, 2 H) C2 130.8
H6 8.66 (s, 2 H) C3 140.8
H8 7.31 (d, 2 H) C4 122.4
H9 7.60 (td, 2 H) C5 158.4
H10 7.40 (t, 2 H) C6 166.6
H11 7.49 (d, 2 H) C7 151.0
H13 4.31 (d, 2 H) C8 120.8
H13� 4.72 (d, 2 H) C9 132.9
H14 3.43 (m, 2 H) C10 128.6
H14� 3.43 (m, 2 H) C11 132.7
H15 3.40 (m, 2 H) C12 124.3
H15� 3.64 (m, 2 H) C13 58.9
H16 2.99 (m, 2 H) C14 55.6
H16� 3.41 (m, 2 H) C15 64.8
H17 3.42 (m, 2 H) C16 69.8
H17� 3.88 (m, 2 H) C17 56.9
H18 3.78 (m, 2 H) C18 65.1
H18� 4.01 (m, 2 H)

[a] See Figure 6 for labelling. [b] 3J8,9 = 7.9 Hz; 3J11,10 = 7.4 Hz;
4J9,11 = 1.3 Hz; 2J13,13� = 13.8 Hz.

Protonation Studies

The protonation of Pb(L4)(ClO4)2·0.5H2O (1) has been
followed by NMR and UV/Vis spectroscopy in CH3CN
solutions at room temperature. Upon addition of trifluoro-
acetic acid to a solution of 1 in CD3CN a new set of signals
is observed in the 1H NMR spectra whose chemical shifts
do not vary with the amount of trifluoroacetic acid added,
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thereby confirming the formation of a single protonated
species in acetonitrile solution. Upon addition of two
equivalents of acid the signals of compound 1 nearly disap-
pear, in agreement with the formation of the diprotonated
species [H2L4]2+ (see Figure 6). The two protonations prob-
ably occur on the pivotal nitrogen atoms, as previously ob-
served for [H2L5]2+.[33] The 1H and 13C NMR spectra of
[H2L4]2+ could be fully assigned on the basis of two-dimen-
sional COSY, HSQC and HMBC experiments at 298 K
(Table 3, see Figure 6 for labelling). The 13C NMR spec-
trum shows 18 signals for the 33 carbon nuclei of the li-
gand, indicating an effective Cs symmetry of [H2L4]2+ in
acetonitrile solution. The methylene protons H13/H13�
yield an AB spin pattern (2J13,13� = 13.8 Hz) in the 1H
NMR spectrum, while the protons of the crown moiety give
AA�BB� spin patterns (Figure 6). This is indicative of a rela-
tively rigid structure of [H2L4]2+ in solution, probably be-
cause of the presence of intramolecular hydrogen bonding
interactions between the protonated pivotal nitrogen atoms
and oxygen atoms of the crown moiety.

Figure 7 shows a family of UV/Vis spectra recorded dur-
ing the course of a titration of a 10–4  solution of 1 with
trifluoroacetic acid in CH3CN solution. Upon addition of
trifluoroacetic acid the band at 456 nm experiences a blue
shift to 364 nm. The presence of two sharp isosbestic points
at 394 and 335 nm indicates that only two species co-exist
at the equilibrium, while the profile shown in the inset of
Figure 7 indicates the formation of a diprotonated species
in solution upon addition of trifluoroacetic acid. Data can
be interpreted on the basis of equilibrium (2).

[Pb(L4)]2+ + 2 H+– i [(H2L4)]2+ + Pb2+, β12 (2)

Figure 6. 1H-NMR spectrum of [H2L4]2+ recorded in CD3CN solution at 298 K.
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A nonlinear least-squares treatment of the titration pro-
file provides logβ12 = 9.14(1). These results confirm that
addition of acid to a solution of 1 causes the demetallation
of the complex together with the formation of the diproton-
ated form of the ligand, as previously observed for [Pb-
(L5)]2+.[14] However, in the latter case the demetallation pro-
cess has been shown to occur in two steps, with the forma-
tion of an intermediate monoprotonated complex species
[Pb(HL5)]3+. By contrast, the demetallation of [Pb(L4)]2+

appears to occur in a single step, as described by Equa-
tion (2).

Addition of a large excess of CF3COOH to a solution of
[H2L4]2+ provokes further changes in the UV/Vis spectrum
(Figure 7); the band from the imine group at 364 nm shows
a red shift towards 495 nm. This result suggests that a third
protonation process occurs in the presence of a large excess
of acid. Slow evaporation of a solution of 1 in the presence
of 10 equiv. of CF3COOH allowed us to obtain single crys-
tals of [H3L4](ClO4)3·3CH3CN (2) suitable for single-crystal
X-ray diffraction studies, which confirms the formation of
the triprotonated form of the macrobicycle under these con-
ditions. Crystals of 2 contain the cation [H3L4]3+, three per-
chlorate anions and acetonitrile molecules. Figure 8 shows
the structure of the cation in 2. Bond lengths and angles do
not show significant deviations from the expected values.
The conformation of the macrobicycle in 2 is conditioned
by the presence of intramolecular hydrogen bonding inter-
actions (Table 4) involving each pivotal nitrogen atom with
two oxygen atoms of the crown moiety and both imine ni-
trogen atoms with the oxygen atom of the phenol group.
This type of interaction seems to be responsible for the rela-
tively rigid structure found in solution for the related dipro-
tonated receptor [H2L4]2+ described above.
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Figure 7. Top: family of spectra taken over the course of the ti-
tration of an acetonitrile solution 10–5  in 1 with a standard solu-
tion of CF3COOH at 298 K. The titration profile is reported in
the inset. Bottom: comparison of the UV/Vis spectra of [Pb(L4)]2+,
[H2L4]2+ and [H3L4]3+ as recorded in acetonitrile solution.

Figure 8. ORTEP diagram (30% probability) of [H3L4]3+ in 2,
showing the atomic numbering scheme. For the sake of clarity hy-
drogen atoms are omitted, except those involved in intramolecular
hydrogen bonds.
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Table 4. Distances [Å] and angles [°] of intramolecular hydrogen
bonds in compound 2.[a]

D–H···A H···A D···A D–H···A

N(3)–H(3N)···O(1) 2.33(6) 2.679(4) 102(4)
N(3)–H(3N)···O(3) 2.21(5) 2.714(5) 113(3)
N(4)–H(3N)···O(1) 2.49(5) 2.778(4) 100(3)
N(4)–H(3N)···O(2) 2.43(5) 2.726(6) 100(3)
N(1)–H(3N)···O(4) 1.73(5) 2.533(4) 128(4)
N(2)–H(3N)···O(4) 2.05(4) 2.656(4) 121(3)

[a] For atom labels see Figure 7.

Conclusions

The Schiff-base lateral macrobicycle L4, derived from
1,10-diaza-15-crown-5 incorporating a phenol Schiff-base
spacer, forms stable complexes with PbII. The X-ray crystal
structure of [Pb(L4)(ClO4)](ClO4)·CH3CN (1) shows that
the lead(II) ion is asymmetrically placed at the one end of
the macrobicyclic cavity, because of the intramolecular hy-
drogen bonding interaction that occurs between an imine
nitrogen atom and the phenol group. This asymmetric posi-
tion of the metal ion inside the macrobicyclic cavity induces
chirality in this system. The asymmetric coordination of the
metal ion inside the macrocyclic cavity found in the solid
state is also maintained in acetonitrile solution, but a trans-
location of the PbII ion from one end of the macrobicyclic
cavity to the other occurs. This dynamic behaviour, which
actually corresponds to the interconversion between the two
possible enantiomeric forms of the complex, is fast on the
NMR timescale at 320 K but slow at low temperatures, and
we have estimated an activation barrier of ∆G‡ =
68�2 kJmol–1.

Both the solid state and solution structure of [Pb(L4)]2+

indicate that the complex is coordinatively unsaturated so
that interactions with anions such as NO3

– and SCN– are
possible. Spectrophotometric titrations in acetonitrile solu-
tion indicate that the SCN– ligand binds more strongly to
[Pb(L4)]2+ than NO3

–, which follows from the values of the
binding constants obtained: [logK = 5.83(1) and 6.27(2) for
NO3

– and SCN–, respectively]. The coordination geometry
as well as the role of a lone pair of PbII of the systems
[Pb(L4)]2+, [Pb(L4)(NO3)]+, [Pb(L4)(NCS)]+ and
[Pb(L4)(SCN)]+ have been investigated by means of DFT
calculations. The analysis of the natural bond orbitals
(NBO) in [Pb(L4)]2+ shows that the PbII lone pair is stereo-
chemically active in [Pb(L4)]2+. The 6p contribution de-
creases upon coordination of the nitrate anion, and so the
coordination geometry in [Pb(L4)(NO3)]+ is less hemidi-
rected than in [Pb(L4)]2+. Replacing the nitrate anion by a
N-bonded thiocyanate ligand results in a lower polarization
of the Pb 6s lone pair, which further decreases when the
SCN– ligand is S-bonded. Finally, we have found that pro-
tonation of 1 with trifluoroacetic acid in acetonitrile solu-
tion causes demetallation of the complex without receptor
destruction, with receptor L4 recovered in its protonated
form. This opens interesting perspectives for the use of this
receptor as a potential lead(II) extracting agent.
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Experimental Section
Materials and Synthesis: [Ba(L4)](ClO4)2 was prepared as described
previously by us.[19] All other chemicals were purchased from com-
mercial sources and used without further purification. Solvents
were of reagent grade purified by the usual methods. Caution! Al-
though we have experienced no difficulties with the perchlorate
salts, these should be regarded as potentially explosive and handled
with care.[34]

Pb(L4)(ClO4)2·0.5H2O (1): A solution of Pb(ClO4)2·6H2O
(0.0131 g, 0.025 mmol) in absolute ethanol (5 mL) was added while
stirring to a solution of [Ba(L4)](ClO4)2 (0.0224 g, 0.025 mmol) in
the same solvent (20 mL). The reaction mixture was stirred and
refluxed for 48 h. After the reaction was complete the resultant
yellow solution was allowed to stand for a few days and an orange
precipitate was formed, which was collected by filtration and air
dried (0.016 g, 66%). C33H40Cl2N4O12Pb·0.5H2O (971.2): calcd. C
40.7, H 4.2, N 5.7; found C 40.3, H 4.2, N 5.5. MS (FAB): m/z =
863 [Pb(L4)(ClO4)]+. IR (KBr): ν̃ = (C=N)imine 1633, ν(OH)phenol

3470, νas(Cl–O) 1092, δas(O–Cl–O) 623 cm–1. X-ray quality crystals
of formula [Pb(L4)(ClO4)](ClO4)·CH3CN were grown by slow dif-
fusion of diethyl ether into a solution of 1 in acetonitrile.

Physical Methods: Elemental analyses were carried out with a
Carlo–Erba 1108 elemental analyzer. FAB mass spectra were re-
corded using a FISONS QUATRO mass spectrometer with a Cs
ion-gun and 3-nitrobenzyl alcohol as the matrix. IR spectra were
recorded, as KBr discs or nujol mulls, using a Bruker Vector 22
spectrophotometer. Conductivity measurements were carried out
with a Crison Micro CM 2201 conductivimeter using ca. 10–3 

solutions of the complex in acetonitrile. 1H and 13C NMR spectra
were run at 25 °C with Bruker Avance 300-MHz or Bruker WM-
500 spectrometers. Chemical shifts are reported in δ values. Spectral
assignments were based in part on two-dimensional COSY, HMQC
and HMBC experiments. Electronic spectra in the UV/Vis range
were recorded at 20 °C with a Perkin–Elmer Lambda 900 UV/Vis
spectrophotometer using 1.0 cm quartz cells. Spectrophotometric
titrations were performed at 25 °C on 10–5 or 10–4  solutions of
compound 1 in acetonitrile (polarographic grade). Typically, ali-
quots of a fresh standard solution of the titrant salt (10–3 or 10–2 )
were added and the UV/Vis spectra of the samples were recorded.
All spectrophotometric titration curves were fitted with the HY-
PERQUAD program.[35]

X-ray Crystallography: Crystal data and details on data collection
and refinement are summarized in Table 5. Three dimensional X-
ray data for [Pb(L4)(ClO4)](ClO4)·CH3CN (1) and [H3L4](ClO4)3·
3CH3CN (2) were collected with a Bruker Smart 1000 CCD dif-
fractometer. Data were corrected for Lorentz and polarization ef-
fects and for absorption by semi-empirical methods. Complex scat-
tering factors were taken from the program package SHELXTL[36]

for 1, and SHELX97[37] for 2. Both structures were solved by direct
methods and refined by full-matrix least-squares on F2. Refinement
converged with anisotropic displacement parameters for all non-
hydrogen atoms. The hydrogen atoms were included in calculated
positions and refined by using a riding model, except for the hydro-
gen atom H(1N) in 1, and H(1N), H(2N), H(3N) and H(4N) in 2,
which were first located in a difference electron-density map and
then left to freely refine. The crystal of 1 presents a disorder on the
ionic perchlorate and 162 restraints had to be imposed. This disor-
der has been solved and two atomic sites for each oxygen atom
have been observed. The site occupancy factor was 0.491 for the
four oxygen atoms, O(5A), O(6A), O(7A) and O(8A). The crystal
of 2 also presents disorder on one of the acetonitrile solvent mole-
cules [site occupancy factor: 0.526 for N(7A), C(38A) and C(31A)].
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CCDC-624582 and -624583 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.

Table 5. Crystal data and refinement details for compounds 1 and
2.

1 2

Formula C35H43Cl2N5O12Pb C39H52Cl3N7O16

Mol. mass [g mol–1] 1003.83 981.23
Crystal system triclinic monoclinic
Space group P1̄ C2/c
Temperature [K] 293(2) 100(2)
a [Å] 9.5083(9) 36.377(5)
b [Å] 13.1472(12) 13.3500(19)
c [Å] 16.2475(15) 23.350(3)
α [°] 96.506(2) 90
β [°] 101.7200 125.674(2)
γ [°] 97.083(2) 90
V [Å3] 1953.4(3) 9212(2)
F(000) 1000.0 4112
Z 2 8
ρcalcd. [g cm–3] 1.707 1.415
µ [mm–1] 4.523 0.275
2θ range [°] 1.29–28.29 1.76–29.29
Rint 0.0432 0.1473
Measured reflections 13860 53909
Unique reflections 9472 11624
Observed reflections [I � 2σ(I)] 6929 4919
Goodness-of-fit on F2 0.981 0.935
R1 [I � 2σ(I)][a] 0.0440 0.0683
wR2 (all data)[b] 0.1078 0.2023

[a] R1 = Σ||Fo| – |Fc||/Σ|Fo|. [b] wR2 = {Σ[w(||Fo|2 – |Fc|2|)2]|/
Σ[w(Fo

4)]}1/2.

Computational Methods: The [Pb(L4)]2+, [Pb(L4)(NO3)]+,
[Pb(L4)(NCS)]+ and [Pb(L4)(SCN)]+ systems were fully optimized
by using the B3LYP density functional model.[38,39] In these calcu-
lations we have used the standard 6-31G(d) basis set for the ligand
atoms, while the LanL2DZ valence and effective core potential
functions were used for Pb.[40] The stationary points found on the
potential energy surfaces as a result of the geometry optimizations
have been tested to represent energy minima rather than saddle
points via frequency analysis. The relative free energy of the
[Pb(L4)(NCS)]+ and [Pb(L4)(SCN)]+ complexes was calculated in
vacuo at the same computational level, and it includes nonpotential
energy (NPE) contributions (that is, zero point energy and thermal
terms) obtained by frequency analysis. The wave functions of some
of the lead complexes were analyzed by natural bond orbital analy-
ses, involving natural atomic orbital (NAO) populations and natu-
ral bond orbitals (NBO).[41,42] All DFT calculations were per-
formed by using the Gaussian 03 program package (Revision
C.01).[43]

Supporting Information (see also the footnote on the first page of
this article): Figure S1 showing B3LYP-optimized structures of the
[Pb(L4)(NO3)]+, [Pb(L4)(NCS)]+ and [Pb(L4)(SCN)]+ systems, and
in-vacuo-optimized Cartesian coordinates [Å] for the [Pb(L4)]2+,
[Pb(L4)(NO3)]+, [Pb(L4)(NCS)]+ and [Pb(L4)(SCN)]+ systems.
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