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Molecular recognition of anions by synthetic receptors has
received increasing attention in the past few years.1 The main
strategy for achieving strong and selective anion binding in
solution is based on the use of positively charged macrocyclic
receptors, mostly of polyammonium type. Another possibility in
the synthesis of anion receptors is the incorporation of metal
centers with which the anion may form coordinative bonds. From
these points of view, polyazacycloalkanes offer the double
challenge of forming highly charged polyammonium cations and
polynuclear metal complexes for the recognition of polyfunctional
anions.1c In particular, in the case of ditopic polyazamacrocycles
there are three possible modes for the recognition of difunctional
anions (Figure 1): (i) binding to two polyammonium sites, (ii)
binding to two metal sites, and (iii) binding to one metal site and
one polyammonium site. To give rise to all three binding modes
a ligand must meet several requisites. A ditopic nature is the first
requisite, but it is not enough. The ligand must form highly
charged polyammonium sites to achieve a tight association with
difunctional anions via binding mode i. This can be accomplished
by inserting many amine groups in the binding moieties of the
ligand, but a high number of donor atoms tends to fulfill the
coordination environments of the metal ions, impeding binding
mode ii. Furthermore the two coordination moieties must behave
as much as possible as independent binding sites in order to allow
the formation of symmetrically protonated species, stable dinuclear
complexes, and highly protonated mononuclear complexes in
which many protons are bound to the opposite site of the metal
ion.

Taking into account these considerations, we have designed
and synthesized the ditopic cyclophane ligandL composed of
two pentaamine moieties, each one containing two piperazine
rings, linked together by benzene spacers.2 Previous studies

demonstrated that such pentaamine moieties produce highly
protonated species in aqueous solution and, due to the presence
of piperazine components, form stable CuII complexes in which
the metal ions are characterized by low coordination numbers.3

Solution studies on ligand protonation and CuII complexation
demonstrate thatL contains two binding subunits actually
behaving as almost independent sites. Furthermore, the crystal

structure of the{[Cu2L (H2O)2]⊃pimelate}(ClO4)2 complex4 con-
firms that the ligand involves only three out of five nitrogen atoms
of each moiety in the binding of the metal ions inducing the
formation of cascade complexes with difunctional anions.

The structural evidence for binding mode ii up to now reported
for difunctional anions involve anion coordination by binuclear
CuII or ZnII complexes, containing two metal centers at a short
distance from each other (<6 Å).7 In the present case, as displayed
by the crystal structure of{[Cu2L (H2O)2]⊃pimelate}(ClO4)2,
recognition of a long difunctional anion is achieved by bridging
coordination to the metal centers held byL at a very long distance
(10.956(4) Å).
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Figure 1. Supramolecular and coordinative binding modes of dicar-
boxylate anions.
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The molecular structure of{[Cu2L (H2O)2]⊃pimelate}(ClO4)2

consists of{[Cu2L (H2O)2]⊃pimelate}2+ complex cations (Figure
2) and perchlorate anions. The complex cation possesses two
crystallographic planes, perpendicular to each other, one contain-
ing the copper atoms, N1, N1′, O1, and all the atoms belonging
to the pimelate anion, the other one bisecting the C10-C10′ bond
and passing through the C15 carbon atom of the pimelate chain.
Each metal ion, Cu-Cu distance 10.959(4) Å, is coordinated by
three nitrogens of the ligand (N1, N2, and N2′′′), a water molecule
(O1), and a carboxylic oxygen (O2). The coordination environ-
ment for the two metal ions is square pyramidal, with the basal
plane defined by N1, N2, N2′′′, and O2 (deviation from the mean
plane ranging from 0.110(9) to 0.32(1) Å) and the apical position
occupied by the water molecule. The copper atom is displaced
from this plane 0.391(2) Å toward the apical position. The ligand
adopts an almost circular conformation (approximate dimensions
10 Å × 11 Å), with the piperazine rings in a chair conformation
and the aromatic rings almost perpendicular to each other (dihedral
angle: 91.3(5)°). The dicarboxylate anion is inserted between the
two copper cations over the macrocyclic plane. A strong H-bond
interaction is likely present between O3 of the pimelate and the
water molecule (O1‚‚‚O3 2.62(2) Å).

As expected, the ditopic cyclophaneL gives rise to strong
association with pimelate and its protonated forms in aqueous
solution, both in the absence and in the presence of CuII, according
to the three binding modes i-iii.

In the absence of metal ion, association between protonated
forms of L and pimelate (pim2-), hydrogen pimelate (Hpim-),
and pimelic acid (H2pim) is observed from acidic to alkaline pH,
the association constants being logK ) 3.15(7)-3.91(5) for
HnL n+ + pim2- ) [HnLpim](n-2)+ (n ) 2-6), logK ) 3.85(4)-
6.27(3) forLHn

n+ + Hpim- ) [HnL ‚Hpim](n-1)+ (n ) 6-8), and
log K ) 4.33(6) forLH8

8+ + H2pim ) [H8L ‚H2pim]8+.9 Ligand
protonation occurs in turn on the two separated polyamine

moieties, allowing substrate coordination of the i mode, similarly
to the cases described by Hosseini and Lehn in the historic work11

on the recognition of dicarboxylate anion by ditopic polyammo-
nium receptors. Over 80% of coordinated substrate is present in
the pH range 2-4 for solutions containing equimolar (1× 10-3

mol dm-3) concentrations of substrate and receptor; at higher pH,
the percentage of substrate bound toL decreases (50% at pH 8),
vanishing at pH> 10 (a distribution diagram is reported as
Supporting Information).

In presence of CuII, L forms both mono- and dinuclear
complexes, the second ones being favored by 2:1 metal to ligand
molar ratios. [CuL ]2+ displays a marked tendency to bind H+

ions forming highly protonated species (up to [CuH5L ]7+) devising
the conditions for anion binding mode iii. Both mono- and
dinuclear species form stable cascade complexes with pimelate.
The formation of metal complexes maintains a larger proportion
of substrate in coordinated form with respect to the metal-free
system. Actually the percentage of free substrate keeps almost
constant, at about 20%, up to pH 8 when [L ] ) [pim] ) 0.5-
[CuII] ) 1 × 10-3 mol dm-3.

It is worth noting that recognition of the different substrate
forms (H2pim, Hpim-, pim2-) occurs, in successive pH ranges,
by means of the different receptor species produced by the system.
For instance, for a 1:2:1L :CuII:pim ([L ] ) 1 × 10-3 mol dm-3)
system (the relevant distribution diagram is reported as Supporting
Information), the substrate coordination features a shift from the
supramolecular type of mode i, occurring at pH< 4, where H2-
pim is recognized by the most charged form ofL (log K ) 4.33-
(6) for LH8

8+ + H2pim ) [H8L ‚H2pim]8+), to the coordinative
type of mode ii above pH 6 where pim2- interacts with the
binuclear complexes (logK ) 3.43(6), 4.35(2), 4.43(2) for
[Cu2HnL ](4+n)+ + pim2- ) [Cu2HnLpim](2+n)+, n ) 0-2), through
the formation of supramolecular/coordinative adducts (mode iii)
formed in the intermediate pH range 4-6 where Hpim- is the
main species recognized by the mononuclear complex with the
highest protonation degree (logK ) 4.85(4) for [CuH5L ]7+ +
Hpim- ) [CuH5L ‚Hpim]6+).9

Above pH 8 the substrate is released by the complex due to
the formation of the dihydroxylated dicopper complex
[Cu2L (OH)2]2+ (log K ) 13.52(4) for [Cu2L ]4+ + 2OH- )
[Cu2L (OH)2]2+) which is unable to bind the dicarboxylate anion.

The cyclophaneL and its copper(II) complexes are thereby
successful hosting species for the recognition of long difunctional
substrates such as pimelate, hydrogen pimelate, and pimelic acid.
In particular, strong binding of a dicarboxylic acid by a polyam
monium receptor (logK ) 4.33(6) for LH8

8+ + H2pim )
[H8L ‚H2pim]8+)9 is a striking result, especially in water.
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Figure 2. ORTEP8 drawings of the{[Cu2L(H2O)2]⊃pimelate}2+ complex
(thermal ellipsoids at 30% probability): (a) top view, (b) lateral view.
Selected bond lengths (Å) and angles (deg): Cu-O2 1.940(10), Cu-N1
2.017(14), Cu-N2 2.063(10), Cu-O1 2.189(11), O2-Cu-N1 169.8-
(6), O2-Cu-N2 90.8(3), N1-Cu-N2 86.7(3), O2-Cu-O1 93.0(4),
N1-Cu-O1 97.2(6), N2-Cu-O1 104.3(3).
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