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Introduction

Anion recognition continues to receive considerable atten-
tion from the supramolecular chemistry community.[1] Prog-
ress in this area has lead to the design of a variety of selec-
tive receptors with very different purposes, that is, binding
and transport of biologically important compounds,[2,3] appli-
cation in the catalysis of organic reactions,[4] anion-template

reactions,[5,6] analytical chemistry[7] and the synthesis of re-
ceptors for selective anion transport and extraction.[8]

Amide,[9,10] polyamine[11] or polyammonium[12–14] macrocy-
clic and macrobicyclic receptors have been employed for
anion coordination. It is known that the strength and selec-
tivity of complexation between anions and polyammonium
receptors depends both on electrostatic interactions
(charge) and structural effects (topology and/or dimension-
ality),[15,16] so that the modification of size and shape of mac-
rocyclic receptors can be used to control the selectivity se-
quence through topological complementarity by arranging
the binding groups conveniently in a convergent and rigid
manner around the anions.[17] Moreover, the geometry of
the anion is also an important feature to be considered in
receptor design to achieve binding selectivity. No preference
for a specific geometry or a coordination number is ob-
served for the spherical halide anions, which can fit tetrahe-
dral, octahedral or other polyhedral coordinating environ-
ments offered by the polyammonium host.[17, 18] On the other
hand, oxoanions, such as NO3

� (trigonal planar) or HSO4
�

and H2PO4
� (tetrahedral), require geometrically defined co-
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ordination environments, and selectivity can be achieved by
taking account of their geometrical features.[19,20]

Herein, we report an investigation of the anion-binding
affinity of the lateral macrobicycles L1 and L2 (Scheme 1) as

their protonated forms. Lateral macrobicycles are dissym-
metrical molecules structurally based on the combination of
two different binding subunits, a chelating one and a macro-
cyclic one.[21] Considering the peculiar structural features
shown by lateral macrobicycles, one could anticipate that
such macropolycyclic architectures offer a range of interest-
ing and potentially useful molecular recognition properties
for both cations and anions owing to the presence of conver-
gent binding groups that are specially arranged to match the
functionality of the guest molecule. Moreover, they offer the
advantage of being preorganised and therefore capable of
profiting from the thermodynamic macrobicyclic effect. It
has been shown that lateral macrobicycles behave as very
versatile receptors that can be used as platforms to obtain
homo- and heterometallic dinuclear complexes with many
different aims, that is, to induce processes of “push–pull” di-
metallic substrate activation[22] and as receptors for organic
molecules[23] or contact ion pairs.[24,25] However, to date the
recognition of anions by this type of receptor has remained
much less explored than cation recognition.[26] Receptors L1

and L2 (Scheme 1) contain a pyridine head unit and two ter-
tiary amine nitrogen atoms that may be all protonated and
thus used for anion recognition.[18,27] Furthermore, the two
secondary amine groups may act as additional hydrogen-
bond donors, as previously observed for different polyaza
macrocyclic receptors.[28] These NH groups can be hardly
protonated owing to delocalisation of the amine lone pair
into the aryl ring. Indeed, electrostatic interactions between
a negatively charged anion and a positively charged ligand

can influence and enhance binding.[12] Protonation of macro-
bicycles L1 and L2 is expected to provide up to five hydro-
gen-bond donors arranged in a somewhat spherical fashion.
Moreover, the presence of the protonated amine moieties is
expected to play a key role in anion complexation, providing
both hydrogen donor subunits and positively charged bind-
ing sites.

The combination of a pyridine ring with amide groups is
frequently used in anion recognition as a rigid framework in
which amide protons are involved in an intramolecular hy-
drogen bond with the nitrogen atom of the pyridine.[9] This
interaction preorganises and polarises the hydrogen-bond
donor groups to give a planar subunit with a positive partial
charge that shows high affinity for different anions. Howev-
er, in our case, and to achieve a greater receptor–anion af-
finity, we have used a more flexible and positively charged
moiety by introducing a protonated pyridine and secondary
amine groups, instead of amide groups. On the other hand,
the crown moiety has been incorporated into our receptors
because of its ability to increase their solubility in polar sol-
vents.

Results and Discussion

Synthesis and characterisation of the macrobicyclic recep-
tors : Receptors L1 and L2 were easily prepared by reduction
of the corresponding PbII perchlorate complexes of the
Schiff-base macrobicyclic precursors (2a and 2b, Scheme 1)
with sodium borohydride. The IR spectra of L1 and L2 do
not show imine stretches, but contain bands attributed to
the N–H stretching and bending modes at n = �3250 and
1605 cm�1, respectively, in agreement with the formation of
the expected amine macrobicycles. Moreover, the IR spectra
do not show bands corresponding to the nasACHTUNGTRENNUNG(Cl–O) stretching
mode of the perchlorate group,[29] indicating that reductive
demetallation of 2a and 2b has occurred. The FAB mass
spectra and 1H and 13C NMR spectroscopy data, together
with elemental analyses (see the Experimental Section) also
indicated the formation of the desired macrobicyclic recep-
tors.

Protonation studies : Protonation of L1 and L2 has been fol-
lowed by NMR and UV-visible spectroscopies in acetonitrile
at room temperature. Figure 1 shows a family of UV-visible
spectra recorded during the course of a titration of a 10�4m

solution of the corresponding macrobicyclic receptor with
trifluoroacetic acid in CH3CN. The UV-visible spectrum of
the free receptor L1 (Figure 1) shows two absorption bands
with maxima at l=252 nm (e= (24000�
400) dm3mol�1 cm�1) and 291 nm (e= (8500�
400) dm3mol�1 cm�1), which correspond to E2 and Bp* !

p

bands of the aromatic rings, respectively.[30] The spectrum of
L2 (Figure 1) is similar to that of L1, and displays bands at
l=251 nm (e= (24600�300 )dm3mol�1 cm�1) and 296 nm
(e= (70200�300) dm3mol�1 cm�1), together with a shoulder
at 267 nm. Upon addition of trifluoroacetic acid to solutions

Scheme 1. Syntheses of receptors L1 and L2.
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of the macrobicycles in acetonitrile, the intensity of both ab-
sorption maxima decreases while the band at higher energy
shifts to shorter wavelengths. The titration profiles
(Figure 1) clearly show two inflection points at CF3COOH/L
molar ratios of 1:1 and 2:1, which indicates the occurrence
of two protonation steps. Addition of excess trifluoroacetic
acid causes further changes in the titration profile, which
suggests a third protonation process. The data can be inter-
preted on the basis of Equations (1) to (3):

LþHþ Ð ½HL�þ b11 ð1Þ

Lþ2Hþ Ð ½H2L�2þ b12 ð2Þ

Lþ3Hþ Ð ½H3L�3þ b13 ð3Þ

A non-linear least-squares treatment of the titration pro-
files provides the following logb values: logb11=5.85(4),
logb12=9.7(1) and logb13=12.76(9) (L1) and logb11=6.9(1),
logb12=11.0(1) and logb13=14.2(1) (L2). The logb11 values

indicate that the first protonation step is more favourable in
the case of L2, which suggests that the larger macrocyclic
cavity size of L2, compared with that of L1, allows a stronger
intramolecular hydrogen-bonding interaction in the [HL2]+

species.
Protonation of the receptors was also monitored by

1H NMR spectroscopy. Addition of two equivalents of
CF3COOH to a 5R10�3m solution of L1 in CD3CN causes
drastic changes in the 1H NMR spectrum. The signal attrib-
uted to the benzylic protons, which is observed at d=

3.58 ppm in the spectrum of L1, experiences an important
downfield shift to d=4.25 ppm upon addition of two equiva-
lents of acid (Figure 2a and b). The signals attributed to the

protons of the phenyl units also shift downfield by 0.08–
0.24 ppm upon addition of two equivalents of acid, whereas
the proton signals of the pyridine units are less affected.
These results suggest that the first two protonation steps
correspond to the protonation of the two amine nitrogen
atoms of the crown moiety. A similar situation has been ob-
served for different Schiff-base lateral macrobicycles derived
from crown ethers.[31] Addition of excess CF3COOH
(8 equiv) causes further changes in the 1H NMR spectrum
(Figure 2). In particular, the proton signals of the pyridine
units undergo a downfield shift of 0.12–0.16 ppm, which sug-
gests that the third process involves the protonation of the
pyridine nitrogen atom. According to the protonation con-
stants determined from UV-visible titrations, under these
conditions the major species in solution is the triprotonated
form of the ligand (>97%).

Anion-binding studies : The interaction of the protonated re-
ceptors with different anions has been followed by means of
spectrophotometric titrations on 10�4m solutions of the re-

Figure 1. UV-visible absorption spectra recorded over the course of the
titration of a 10�4m solution of L1 (top) or L2 (bottom) with a standard
solution of CF3COOH in acetonitrile. Insets: titration profiles at selected
wavelengths.

Figure 2. 1H NMR spectra (300 MHz, 298 K, CD3CN) of a) a 5R10�3m

solution of L1, b) the same solution after the addition of 2 equiv
CF3COOH, c) after the addition of 8 equiv CF3COOH and d) after the
addition of 8 equiv CF3COOH and 1 equiv nBu4N

+Cl�.
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ceptors in acetonitrile in the presence of CF3COOH
(15 equiv). Under these conditions, the major species in so-
lution is the triprotonated form of the corresponding macro-
bicycle (�60% for L1 and �70% for L2). Owing to the low
value of the third protonation constant, a very large excess
of acid is required to ensure triprotonation of the receptors
at a concentration of 10�4m. For instance, L1 requires
�200 equivalents of acid to attain a concentration of
[H3L

1]3+ of �95%. Thus, the obtained binding constants are
weighted values of the binding constants with the different
species present in solution, as shown in Equations (4) and
(5):

½HnL�nþþX� Ð ½HnLX�ðn�1Þþ K11 ð4Þ

½HnL�nþþA� Ð ½HnLA�ðn�1Þþ K11 ð5Þ

in which X and A represent a halide anion or an oxoanion,
respectively. Addition of halide anions as their tetrabutylam-
monium salts causes appreciable modifications of the spec-

tral pattern. The tetrabutylammonium cation is highly dif-
fuse and does not bind to crown ethers.[32] Thus, the binding
constants observed with the tetrabutylammonium salts re-
flect the receptor–anion affinity. The family of UV-visible
spectra recorded over the course of the titrations of L1 and
L2 with Cl� are shown in Figure 3. Addition of Cl� increases
the intensity of the absorption maxima at �245 and 293 nm,
and in the case of L2, the intensity of the shoulder at 267 nm
increases as well. The titration profiles (Figure 3) indicate a
1:1 stoichiometry for the receptor–Cl� interaction. Addition
of F�, Br� or I� induces similar spectral changes (Figure 4).
A similar situation occurs for different oxoanions, such as
ClO4

�, NO3
�, HPO4

2� and HSO4
� (Figure 4). All of the titra-

tion data gave best-fit host-to-guest stoichiometries of 1:1, in
agreement with Job plots (see the Supporting Information)
indicating a maximum De at 0.5= [L]/([L]+ [A�]). In con-
trast, no spectral changes were observed when the neutral
hosts were titrated with the anions investigated in this work.
Thus, the neutral forms of macrobicycles L1 and L2 appear
to have a negligible affinity for these anions.

Figure 3. UV-visible absorption spectra recorded over the course of the
titration of a 10�4m solution of L1 (top) or L2 (bottom) in acetonitrile
with a standard solution of nBu4N

+Cl�in the presence of 15 equiv
CF3COOH. Insets: titration profiles at selected wavelengths.

Figure 4. UV-visible absorption spectral changes at 300 nm observed
during the course of the titration of F� (*), Cl� (*), Br� (!), I� (~),
HSO4

� (&), ClO4
� (&) and H2PO4

� (^) with standard 10�4m solutions of
L1 (top) and L2 (bottom) in acetonitrile in the presence of 15 equiv
CF3COOH.
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1H NMR spectroscopy confirms the recognition of halide
anions by these macrobicyclic receptors. Indeed, the addi-
tion of one equivalent of Cl� to a solution of [H3L

1]3+ (Fig-
ure 2c and d) induces significant changes in the position of
the signals attributed to the pyridine protons, which shift
downfield by �0.30 ppm. The signals attributed to the aro-
matic protons of the phenyl groups experience significant
highfield shifts. The spectral region between d=2.5 and
4.7 ppm becomes more complicated upon addition of Cl�,
probably because complexation of the anion increases the ri-
gidity of the receptor. Lowering the temperature to 273 K
results in a more clearly resolved spectrum that is in agree-
ment with an effective Cs symmetry in solution (see the Sup-
porting Information). Moreover, no substantial changes in
the spectrum have been observed upon cooling at 233 K,
which suggests symmetric binding of the guest to the macro-
bicycle.

Non-linear least-squares fits of the UV-visible titration
profiles allowed us to determine the binding constants listed
in Tables 1 and 2. Among the different anions investigated,

the highest affinity of receptors L1 and L2 is observed with
chloride. The association constants for the interaction of
halide anions with the protonated forms of macrobicycles L1

and L2 vary in the following order (Table 1) Cl�>Br�> I�>
F� (L1) and Cl�>F�> I�>Br� (L2), with an increase in the
binding constants by more than two logarithmic units from
F� to Cl� in the case of L1. This implies that the cavity size
of both receptors is suitable for complexation with Cl�. An
especially high affinity for Cl� versus F� has been previously
observed for quaternised-amine macrocycles.[15,33] However,
the binding trend observed for L1 and L2 towards halide
anions differs from that observed for polyamide cryptands
containing pyridine head units, which display the highest af-
finity for F�.[9e] The association constants given in Table 1
also indicate an important degree of selectivity of these
macrobicyclic receptors for Cl� over Br� or I�. A compari-
son of the solid-state structures of [(H3L

1)Cl]2+ and

[(H3L
1)Br]2+ and the DFT calculations described below sug-

gests that this can be, at least in part, attributed to a best
match between the anion guest and the macrobicyclic cavity
for Cl�. The lower stability of the F� complexes compared
with those of Cl� can be ascribed to the small size of the
anion, which does not allow interaction with the five hydro-
gen-bonding donor sites of the protonated macrobicycle
(see the DFT calculations below).

The binding constants reported in Table 2 indicate that
the affinity of these macrobicycles to NO3

� critically de-
pends on the size of the crown moiety. Indeed, receptor L1

shows very weak binding to this anion, whereas L2 shows a
rather strong interaction with NO3

�. This is probably be-
cause a larger size of the crown moiety fragment results in a
longer distance between the protonated pivotal nitrogen
atoms, so that the NO3

� anion can fit comfortably inside the
macrobicyclic cavity. The values shown in Table 2 also indi-
cate that these receptors exhibit a significant selectivity for
sulfate over the other oxoanions studied. The selectivity of
sulfate over phosphate, perchlorate and nitrate is particular-
ly important in the case of L1. 1H NMR spectroscopy con-
firms the binding of [H3L

1]3+ to HSO4
�. The addition of

HSO4
� (1 equiv) to a solution of [H3L

1]3+ (Figure 5) signifi-

cantly changes the position of the signals attributed to the
pyridine protons, which shift downfield by 0.36 ppm. The
signals attributed to the aromatic protons of the phenyl
groups also experience significant shifts. The 1H NMR spec-
tra of the adducts formed by [H3L

1]3+ with Cl� (Figure 2d)
and HSO4

� (Figure 5) are substantially different, which indi-
cates that the 1H signals of the proton nuclei of the macrobi-
cycle are sensitive to the shape of the bound anion. The se-
lectivity of L1 for sulfate over nitrate could arise from the
shape complementarity between the hydrogen-binding sites

Table 1. Binding constants (logK values) of the halide adducts with the
protonated forms of macrobicycles L1 and L2 obtained from
spectrophotometric titrations in CH3CN at 25 8C. LogK refers to
ACHTUNGTRENNUNG[HnL]

n+ +X�Q ACHTUNGTRENNUNG[HnLX](n�1)+ .[a]

F� Cl� Br� I�

L1 3.11(3) 5.15(1) 4.09(1) 3.82(2)
L2 4.22(3) 5.40(5) 3.75(1) 4.09(2)

[a] The errors given correspond to one statistical deviation.

Table 2. Binding constants (logK values) of the oxoanion adducts with
the protonated forms of macrobicycles L1 and L2 obtained from
spectrophotometric titrations in CH3CN at 25 8C. LogK refers to
ACHTUNGTRENNUNG[HnL]

n+ +A�Q ACHTUNGTRENNUNG[HnLA](n�1)+ .[a]

HSO4
� H2PO4

� ClO4
� NO3

�

L1 4.72(1) 3.78(5) 3.13(4) <1
L2 4.02(1) 3.48(3) 3.23(2) 3.36(1)

[a] The errors given correspond to one statistical deviation.

Figure 5. 1H NMR spectra (300 MHz, 298 K, CD3CN) of a 2R10�3m solu-
tion of L1 after the addition of 8 equiv CF3COOH (bottom) and the
same solution after the addition of 1 equiv nBu4N

+HSO4
� (top).
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on HSO4
� and the hydrogen-bond donors of the macrobicy-

cle.
X-ray crystal structure analyses of the chloride and bro-

mide complexes of the polyammonium receptor [H3L
1]3+

confirm the formation of genuine 1:1 supramolecular com-
plexes. Single crystals of formula [(H3L

1)Cl]Cl· ACHTUNGTRENNUNG(ClO4) (1)
and [(H3L

1)Br](Br)2·MeOH (2) suitable for X-ray diffraction
were grown by slow evaporation of a solution of L1 in
MeOH in the presence of excess aqueous HCl or HBr. In
the case of the chloride adduct, perchloric acid was also
added to favour crystallisation. As shown in Figure 6, the or-

ganic receptor crystallises in its triprotonated form, and one
halide anion is included in its cavity. This endocyclic halide
anion is held within the macrobicyclic cavity by four NH···X
hydrogen bonds involving the anion and the two endo-ori-
ented protonated pivotal nitrogen atoms, the protonated
pyridine nitrogen atom and one of the secondary aniline
groups. Selected geometrical parameters for NH···X (X=

Cl� or Br�) interactions are given in Table 3. The fifth NH
group of the macrobicyclic cage N3 points outward and is
involved in a weak hydrogen-bonding interaction with an

exocyclic halide anion (1: N3···Cl2 3.411(2) V, N3�H(3N)
0.82(3) V, H(3N)···Cl2 2.73(3) V, N3�H(3N)···Cl2 142(3)8 ;
2 : N3···Br2 3.460(4) V, N3�H(3N) 0.87(6) V, H(3N)···Br2
2.75(6) V, N3�H(3N)···Br2 140(5)8). The counterions and
solvent molecules are associated with each other through
hydrogen-bonding networks that stabilise the crystal pack-
ing.

The related macrobicyclic ditopic amide ligands reported
by Smith et al.[24,25] contain an alkali cation coordinated to
the crown moiety, and the halide anion is only involved in a
hydrogen-bonding interaction to two amide NH groups. In
such cases, the driving force for anion recognition is the for-
mation of a contact ion pair between the anion and the
alkali cation. In our polyammonium receptors [H3L

1]3+ and
[H3L

2]3+ , the electrostatic interaction between the anion and
the protonated sites of the macrobicycle appears to be re-
sponsible for anion binding.

The aromatic rings of the receptor show a stair-like con-
formation in both cases. In 1, the dihedral angle between
the pyridine ring and the plane containing the benzyl ring
attached to N5 is 84.4(1)8, whereas the angle formed with
the plane containing the second aromatic ring is 86.9(1)8.
The corresponding values in the bromide adduct (2) are
78.4(2) and 75.2(1)8, respectively. These values reflect a
somewhat different folding of the receptor owing to the dif-
ferent position of the corresponding halide anion with re-
spect to the centroid of the receptor cavity (Table 3). More-
over, the receptor modifies, to a certain extent, the size of
the cavity to maximise interactions between the NH groups
of the receptor and the different anion guest. This is con-
firmed by a comparison of the distances between the three
charged nitrogen atoms, which gives an idea of the size of
the macrobicyclic cavity: in [(H3L

1)Cl]2+ the N1�N2, N2�
N4 and N1�N4 distances are 4.795(6), 5.059(2) and
5.570(3) V, whereas in [(H3L

1)Br]2+ these distances are
4.835(6), 5.231(6) and 5.732(6) V, respectively.

Figure 6. X-ray crystal structure of [(H3L
1)Cl]2+ in 1 (top) and

[(H3L
1)Br]2+ in 2 (bottom). Most of the hydrogen atoms and disorder

have been omitted for clarity. The ORTEP plot is at the 50% probability
level.

Table 3. Selected hydrogen-bonding data [V and 8] of the X-ray struc-
tures of the adducts [(H3L

1)Cl]2+ and [(H3L
1)Br]2+ .[a]

X Cl Br

N1···X 3.221(3) 3.379(4)
X···H1 2.39(3) 2.55(6)
N1�H1···X 169(3) 162(5)
N2···X 3.283(2) 3.457(4)
X···H2 2.52(3) 2.76(6)
N2�H2···X 155(3) 145(5)
N4···X 3.468(2) 3.691(5)
X···H4 2.65(3) 2.91(6)
N4�H4···X 161(3) 171(6)
N5···X 3.118(2) 3.236(4)
X···H5 2.30(3) 2.57(6)
N5�H5···X 158(3) 162(6)
N1···N2 4.795(3) 4.835(6)
N3···N5 4.961(3) 4.841(6)
X···centroid[b] 1.576 1.845

[a] See Figure 6 for the numbering scheme. [b] The position of the cent-
roid is defined by the five nitrogen atoms of the macrobicyclic cavity.
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DFT calculations : DFT calculations are a powerful tool for
the investigation of different supramolecular entities, which
includes receptor–anion complexes.[34] Moreover, solid-state
structures might be conditioned by crystal-packing forces
and intermolecular hydrogen-bonding interactions, and can
differ significantly from structures in a liquid solution. With
the aim of rationalising the observed stability trends, the dif-
ferent [(H3L

1)X�]2+ systems (X=F, Cl, Br or I) were char-
acterised by means of DFT calculations performed in vacuo
(B3LYP/LanL2DZ model). The calculated geometries for
the [(H3L

1)Cl]2+ and [(H3L
1)Br]2+ systems resemble the

solid-state structures. However, while in the solid state the
anion is held within the macrobicyclic cavity by four NH···X
hydrogen bonds, with one of the secondary amine functions
involved in a hydrogen-bonding interaction with an exocy-
clic halide anion, the calculated structures show that the
halide anion interacts with the macrobicycle through five
NH···X hydrogen bonds involving the two protonated pivo-
tal nitrogen atoms, the protonated pyridine nitrogen atom
and the two secondary amine groups (Table 4). However,

the situation in solution might be different to that observed
in the solid state because the 1H NMR spectra of the Cl�

adduct did not provide any evidence for asymmetric binding
of the anion to the macrobicyclic host. A similar situation is
also observed in the case of the iodide adduct. The N···X
and X···H distances calculated for the Cl�, Br� and I� com-
plexes (Table 4) are in very good agreement with experi-
mental mean distances observed in the solid state for
medium-to-strong hydrogen-bonding interactions.[35,36] Hy-
drogen-bond lengths increase approximately with the ionic
radius of the anion, as previously observed for halide com-
plexes with axial macrobicyclic receptors.[17]

The smaller F� anion is only involved in hydrogen-bond-
ing interactions with four of the five sites of the protonated
macrobicycle. Indeed, the calculated N2···F distance

(3.85 V) is considerably longer than the remaining N···F dis-
tances, which range from 2.59 to 2.86 V (Table 4). The latter
values are again in good agreement with typical experimen-
tal values observed in the solid state.[36] These results agree
with the lower stability of the complex formed with F� com-
pared with that formed with chloride, which is the result of
the “misfit” of the very small F� ion in the cavity. A similar
situation has been previously observed for inclusion com-
plexes of F� into macrobicyclic polyammonium receptors.[37]

On the contrary, the higher affinity of a polyamide cryptand
containing pyridine head units for F� over Cl� appears to be
related to a best fit of F� within the macrobicyclic cavity.[9e]

Halides are spherically shaped anions with a single nega-
tive charge. As a result, no preference for a specific geome-
try or a coordination number is observed for the complexed
halides.[38] For these reasons, the different anion sizes and
propensity to form hydrogen bonds are the principal charac-
teristics that enables selective recognition of these anions
with metal-free receptors. Space-filling models of the calcu-
lated structures for the different [(H3L

1)X]2+ systems (X=

Cl, Br or I) clearly confirm that the protonated macrobicy-
cle [H3L

1]3+ is especially suited to coordination of Cl� as a
consequence of the nice fit between the macrocyclic cavity
and the size of this anion, whereas Br� and I� are clearly
too large to fit within the macrobicyclic cavity (Figure 7).

This is confirmed by the distances between the centroid of
the macrobicyclic cavity and the halide anion, which vary in
the following order Cl�<Br�< I�. These results are again in
agreement with the binding trend observed experimentally
(Cl�>Br�> I�).

To rationalise the sulfate-to-nitrate binding selectivity ob-
served for L1, the [(H3L

1)A]2+ systems (A=HSO4
� or

NO3
�) were also characterised by means of DFT calcula-

tions (B3LYP/LanL2DZ model). The optimised geometries
for both supramolecular complexes are shown in Figure 8.
In these systems, the macrobicyclic host adopts a conforma-
tion similar to that observed for the corresponding halide
complexes. According to our calculations, the HSO4

� and

Table 4. Hydrogen-bonding data [V and 8] obtained from DFT calcula-
tions (B3LYP/LanL2DZ) for the [(H3L

1)X�]2+ systems (X=F, Cl, Br and
I).[a]

X F Cl Br I

N1···X 2.635 3.219 3.410 3.642
X···H1 1.566 2.172 2.368 2.608
N1�H1···X 173.87 175.02 170.48 167.96
N2···X 3.850 3.317 3.618 3.849
X···H2 3.005 2.377 2.846 3.091
N2�H2···X 139.02 148.84 131.06 130.28
N3···X 2.862 3.253 3.535 3.787
X···H3 2.054 2.438 3.040 3.438
N3�H3···X 134.93 136.93 111.20 102.38
N4···X 2.810 3.131 3.290 3.490
X···H4 1.938 2.303 2.389 2.570
N4�H4···X 141.62 138.03 147.25 150.10
N5···X 2.591 3.201 3.536 3.847
X···H5 1.519 2.171 2.511 2.841
N5�H5···X 173.15 167.66 166.91 162.58
X···Centroid[b] 0.488 1.069 1.721 2.164

[a] See Figure 6 for the numbering scheme. [b] The position of the cent-
roid is defined by the five nitrogen atoms of the macrobicyclic cavity. Figure 7. Space-filling representation of the [(H3L

1)X]2+ systems as opti-
mised in vacuo at the B3LYP/LanL2DZ level for X=F (a), Cl (b), Br (c)
and I (d).
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NO3
� anions are held within the macrobicyclic cavity by

four N�H···O hydrogen bonds involving three oxygen atoms
of the anion and the three protonated sites of the macrobi-
cycle and one of the secondary amine groups. The calculated
structure for the [(H3L

1) ACHTUNGTRENNUNG(HSO4)]
2+ system shows H···O-S

angles that are relatively close to the ideal value of 1208 :
105.3, 126.4, 139.8 and 140.58, in agreement with the strong
binding observed in acetonitrile. It is well known that trigo-
nal planar oxyanions, such as NO3

�, present a clear prefer-
ence for a coplanar arrangement of the donor sites of the re-
ceptor, whereas for tetrahedral oxyanions, such as HSO4

�, a
weak preference is observed for particular H···O-S-O
angles.[19,20] The H···O-N-O angles calculated for [H3L

1]3+

·NO3
� are 57.0, 83.2, 108.0 and 168.08. These values signifi-

cantly deviate from the ideal values of 0 and 1808, which is
in agreement with a weak interaction between nitrate and
the protonated macrobicyclic host.

Conclusion

This work has shown that macrobicyclic receptors containing
a mixture of ammonium, pyridinium and secondary aniline
hydrogen-bonding donor sites display interesting binding
properties towards anions in solution and in the solid state.
The relatively high stability of the corresponding complexes
results from the presence of a definite spherical cavity, the
rigidity of which ensures size selectivity in favour of spheri-
cal halide ions. On the other hand, oxoanions are selectively
recognised on the basis of their geometrical shape and their
capability to accept hydrogen bonds from the tridimensional

array of N�H donors of the receptor. Further macrobicyclic
receptors of varying geometrical features and designed se-
lectivity can be obtained by following the same convenient
synthetic approach.

Experimental Section

Solvents and starting materials : Compounds 2a·EtOH and 2b
(Scheme 1) were prepared as previously described.[39,40] All other chemi-
cals were purchased from commercial sources and used without further
purification. Solvents were of reagent grade purified by the usual meth-
ods.

CAUTION! Although we have experienced no difficulties with the per-
chlorate salts, these should be regarded as potentially explosive and han-
dled with care.[41]

Physical methods : Elemental analyses were carried out on a Carlo
Erba 1180 elemental analyzer and FAB-MS were recorded on a FISONS
QUATRO mass spectrometer with a Cs ion-gun with a 3-nitrobenzyl al-
cohol matrix. IR spectra were recorded as KBr discs with a Bruker
Vector 22 spectrophotometer. 1H and 13C NMR spectra were recorded on
Bruker Avance 300 or 500 spectrometers. NMR spectroscopy assignments
were based in part on two-dimensional COSY, HMQC and HMBC ex-
periments. Electronic spectra in the UV/Vis range were recorded at 25 8C
on a Perkin–Elmer Lambda 900 UV/Vis spectrophotometer in 1.0 cm
quartz cells. The protonation of L1 and L2 was studied by means of spec-
trophotometric titrations of 10�4m solutions of the ligands (10 mL). Typi-
cally, aliquots of a fresh standard solution of CF3COOH (10�2m) in aceto-
nitrile (polarographic grade) were added and the UV/Vis spectra of the
samples were recorded. Anion-binding studies were performed on 10�4m

solutions of the ligands in acetonitrile in the presence of CF3COOH
(15 equiv, 10 mL). Aliquots of a fresh standard solution (10�2m) of the
envisaged anion (as the tetrabutylammonium salt) in the same solvent
were added and the UV/Vis spectra of the samples were recorded. All
spectrophotometric titration curves were fitted with the HYPERQUAD
program.[42] Binding constants were obtained from a simultaneous fit of
the UV/Vis absorption spectral changes at 6–8 selected wavelengths in
the range 250–325 nm. A minimum of 24 absorbance data points at each
of these wavelengths was used.

Receptor L1: Sodium tetrahydroborate (0.035 g, 0.9 mmol) was added
slowly to a stirred solution of 2a·EtOH (0.206 g, 0.210 mmol) in metha-
nol (100 mL) (Scheme 1). After the addition was complete, the solution
was then refluxed for 15 min and then cooled to room temperature. The
solvent was removed under reduced pressure to leave a solid residue that
was extracted with chloroform (3R30 mL). The solution was concentrat-
ed to dryness giving an oily residue that was dissolved in hot acetonitrile
(10 mL). After cooling to room temperature, L1 was obtained as a pale
yellow precipitate that was filtered and dried under vacuum over CaCl2
(0.079 g, 71%). M.p. 146–148 8C; 1H NMR (CD3CN): d=7.72 (t, 3J=

7.7 Hz, 1H; py), 7.40 (d, 3J=7.7 Hz, 2H; py), 7.21–7.15 (m, 2H; Ar), 6.99
(dd, 3J=7.2 Hz, 4J=1.3 Hz, 2H; Ar), 6.79 (d, 3J=7.9 Hz, 2H; Ar), 6.65–
6.60 (m, 2H; Ar), 4.42 (s, 4H; CH2), 3.60 (br s 4H; CH2), 3.48 (t, 3J=

5.9 Hz, 4H; CH2), 3.37 (s, 4H; CH2), 3.35 (t, 3J=5.1 Hz, 4H; CH2), 2.65
(br s, 2H; NH), 2.58–2.54 ppm (m, 8H; CH2);

13C NMR (CD3CN): d=

50.1, 55.6, 56.2, 61.7, 70.0, 70.9, 71.0, 110.7, 116.8, 122.4, 123.8, 129.4,
131.1, 138.1, 149.5, 160.2 ppm; IR (KBr): ñ=3263 (NH), 1604 (NH),
1592 cm�1 (C=N)py; FAB-MS: (m/z): 532 [L1+H]+ ; elemental analysis
calcd (%) for C31H41N5O3: C 70.0, H 7.7, N 13.1; found: C 69.7, H 7.6, N
12.6.

Receptor L2 : The receptor was prepared as described for L1 from 2b
(0.210 g, 0.215 mmol) and sodium tetrahydroborate (0.035 g, 0.925 mmol;
Scheme 1). Yield: 0.080 g (65%); m.p. 164 8C; 1H NMR (CD3CN): d=

7.71 (t, 3J=7.8 Hz, 1H; py), 7.61 (t, 3J=6.4 Hz, 2H; NH), 7.25 (d, 3J=

7.8 Hz, 2H; py), 7.18–7.10 (m, 2H; Ar), 7.03–6.95 (m, 2H; Ar), 6.63–6.55
(m, 4H; Ar), 4.44 (d, 3J=6.4 Hz, 4H; CH2), 3.61 (s, 4H; CH2), 3.48 (m,
8H; CH2), 3.59–3.50 (m, 4H; CH2), 3.35–3.30 (m, 4H; CH2), 2.78–2.65

Figure 8. Structures of the [(H3L
1) ACHTUNGTRENNUNG(HSO4)]

2+ (top) and [(H3L
1)ACHTUNGTRENNUNG(NO3)]

2+

(bottom) systems obtained from DFT calculations at the B3LYP/
LanL2DZ level.
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(m, 4H; CH2), 2.53–2.39 ppm (m, 4H; CH2);
13C NMR (CD3CN): d=

50.5, 54.6, 60.2, 70.6, 71.3, 110.7, 116.8, 120.5, 123.6, 129.3, 130.9, 138.2,
150.2, 160.4 ppm; IR (KBr): ñ=3246 (NH), 1594 (NH), 1594 (C=

N)py cm
�1; FAB-MS: (m/z): 576 [L2+H]+ ; elemental analysis calcd (%)

for C33H45N5O4: C 68.8, H 7.9, N 12.1; found: C 69.0, H 7.5, N 11.9.

X-ray crystal structures : Three-dimensional X-ray data were collected at
100 K on a Bruker X8-APEXII Kappa diffractometer by the W/f scan
method. Reflections were measured from a hemisphere of data collected
with each frame covering 0.38 in w. The solution, refinement and analysis
of the single-crystal X-ray diffraction data was performed with the
WinGX suite for small-molecule single-crystal crystallography.[43] The
structure of 1 was solved by Patterson methods with DIRDIF 99[44] and
the structure of 2 was solved by direct methods with SHELXS-86,[45] and
both were refined by full-matrix least-squares methods on F2 with
SHELXL-97.[46] The hydrogen atoms were included in calculated posi-
tions and refined with a riding mode, except hydrogen atoms bonded to
the nitrogen atoms, which were found in a Fourier difference map and re-
fined freely. In both crystals some atoms of the aza-crown chain and sol-
vent molecules were disordered. Owing to convergence problems associ-
ated with the presence of disordered solvent molecules in special posi-
tions, it was necessary to clean up these areas with the program
SQUEEZE[47] implemented in PLATON.[48] Finally, the remaining disor-
der was solved and refinement converged with allowance for thermal ani-
sotropy for all non-hydrogen atoms after imposing 78 restraints for 1 and
3 restraints for 2. The occupancy factors for the remaining disordered
atoms were 0.62(1) for O(1A), O(2A), C(3A) and C(4A) in 1; and
0.783(4) for atom Br(3A), 0.690 (8) for O(1A), O(2A), C(1A), C(2A),
C(3A), C(4A), C(5A) and C(6A) of the crown chain and 0.69(1) for the
atoms C ACHTUNGTRENNUNG(32A) and O(4A) of the methanol molecule in 2. Crystal data
and details on data collection and refinement are summarised in Table 5.

CCDC-671438 and 671439 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.

Computational methods : The [(H3L
1)X]2+ (X=F, Cl, Br or I) and

[(H3L
1)A]2+ (A=NO3 or HSO4) systems were fully optimised with the

B3LYP density functional model.[49,50] We used the standard LanL2DZ
basis set in these calculations. The LanL2DZ basis set of Hay and Wadt
consists of the D95 basis set for elements of the first row and effective
core potentials (ECP) for the core electrons of the Na–Bi elements.[51,52]

In the case of the [(H3L
1) ACHTUNGTRENNUNG(HSO4)]

2+ system, the S atom was described
with the LanL2DZdp basis set.[53] X-ray structures were used as input ge-
ometries when available. The stationary points found on the potential-
energy surfaces as a result of the geometry optimisations have been
tested to represent energy minima rather than saddle points via frequen-
cy analysis. All DFT calculations were performed with the Gaussian 03
program package.[54]
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