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bstract

The insertion of 2,2′:6′,2′′-terpyridine groups into macrocyclic polyamine structures gives rise to a considerable enhancement of molecular rigidity
hich affects their coordination properties. This review concerns some examples of both very rigid, shape-persistent Schiff-base macrocycles and

ess rigid polyamine-macrocycles in which the rigidity of terpyridine is associated with the flexibility of aliphatic polyamine chains. Structural,

hermodynamic, electrochemical, and spectroscopic properties of transition metal complexes with these ligands are presented and correlated
ith the ligand structures. The ability of some complexes to bind and activate substrate molecules, in particular CO2 uptake and conversion into

arbonate/carbamate, and ATPase mimicking, is also described. The review includes an introductive overview of the relevant terpyridine properties.
2007 Elsevier B.V. All rights reserved.
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. Introduction

2,2′:6′,2′′-Terpyridine (terpyridine, tpy) was isolated for the
rst time in the early 1930s by Morgan and Burstall [1] from

he reaction products obtained by heating at 340 ◦C 8 kg of pyri-
ine and 1.5 kg of FeCl3 in an autoclave at 50 atm for 36 h.
ifty-five grams of terpyridine was isolated from the mixture
ontaining bipyridine, as a principal compound, along with a

uge number of other nitrogen derivatives. Subsequently, ter-
yridine remained a rare tridentate ligand, mostly employed
or coordination studies [2,3] and colorimetric metal determi-

∗ Corresponding author.
E-mail address: antonio.bianchi@unifi.it (A. Bianchi).
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ation [4,5], until in the 1990s it was recognized as a pivotal
omponent for the construction of molecular devices [6,7] and
upramolecular assemblies [8]. From this point on, interest in
erpyridine increased continuously, thanks to the design and the
ynthesis of a variety of sophisticated derivatives tailored for a
ide range of applications. Indeed, terpyridine units have been

ncorporated into supramolecular dendrimers [8–20] and poly-
ers [21–29], they have been used for surface functionalization

30–37], for the assembly of molecular machines perform-
ng controlled linear [38–40] and rotatory [41–44] movements,
or the preparation of wire-type components [45–56], helicates

57–59], nanotubes [60], molecular cycles [61–72], wheels [73]
nd scorpionates [74], for the synthesis of polyamine macro-
yclic receptors showing unusual activity in CO2 fixation [75,76]
nd ATPase mimicking [77], for the preparation of compounds

mailto:antonio.bianchi@unifi.it
dx.doi.org/10.1016/j.ccr.2007.07.024
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central pyridine can form two hydrogen bonds with the nitro-
gen atoms of the lateral pyridines, while the highest energy
structures are H(t,t-tpy)1 and H(t,t-tpy)2 whose conformations
prevent the formation of intramolecular hydrogen bonds, leading
Fig. 1. The three possible

ith antitumoral activity [78–81], for applications in nuclear
edicine [82,83] and magnetic resonance imaging [84,85], in

ddition to many other uses [86].
Nonetheless, the modern chemistry of terpyridine [87] is still

ounded on its coordination of transition metal ions. Indeed,
oordination of two terpyridine units to such metal ions can
fford a firm connecting unit for the assembly of extended
tructures and, in contrast with bidentate ligands (L–L), such
s bipyridine, which form chiral [M(L–L)3] complexes, the
M(L–L–L)2} motif formed by terpyridine and its symmetri-
ally substituted derivatives is achiral. The last characteristic
s particularly important when {M(tpy)2} units are used for
he assembly of multinuclear systems, since a unique species
s formed instead of a mixture of different isomers. Further-

ore, as already shown by early work [6], metal complexes
ith new terpyridine-based ligands display special redox and
hotophysical properties according to the behaviour of the par-
nt unsubstituted precursors. An additional property, which has
romoted the interest in terpyridine, is the size of its complexes.
he dimensions of the {M(tpy)2} motif, measured as the dis-

ance between the furthest atoms of the two terpyridine units,
oth across a single ligand and across the metal centre, exceed
nm, and thus all systems based upon the {M(tpy)2} motif fall
ithin the domain of nano-sciences.
When terpyridine is incorporated into macrocyclic structures,

he resulting ligand molecules acquire conformational rigidity.
uch rigidity may lead to shape-persistent macrocycles charac-

erized by fortified cavities which can be exploited for different
pplications [88].

In the present review we collect information on the coordi-
ation properties of terpyridine-based polyamine-macrocycles
haracterized by different degrees of molecular rigidity, and
ighlight the special chemical and physico-chemical charac-
eristics, including substrate activation properties, shown by
he relevant metal complexes. Shape-persistent polyamine-

acrocycles have been generated by the formation of cyclic
chiff-base derivatives, displaying preformed architectures,
hile less rigid polyamine-macrocycles have been obtained by

ombining the rigidity of the terpyridine group with the flexibil-
ty of aliphatic polyamine chains. To offer a more comprehensive
ssessment of these ligands, also the properties of terpyridine,
s the basic motif of this review, are also briefly described.

. Terpyridine
Assuming that the three rings of terpyridine prefer a planar
eometry to achieve maximum conjugation, three conforma-
ions of the molecule are possible, namely the trans,trans,

F
w

ormations of terpyridine.

rans,cis and cis,cis conformations, as depicted in Fig. 1. Quan-
um mechanics calculations performed on the free molecule
ave shown that the order of energies for these conformations
s trans,trans < trans,cis < cis,cis, this conformational prefer-
nce being caused by steric repulsion between 3,3′ and 3′′,5′′
ydrogen atoms, respectively, and possibly by electron–electron
epulsion between the lone pairs on the nitrogen atoms [89].

This result is consistent with two crystal structures of ter-
yridine, showing the molecule in a nearly coplanar trans,trans
onformation [90,91], and with 1H NMR studies [92–95] and
V spectroscopy [96,97] in solution, although free terpyridine

n the cis,cis conformation was found in the crystal structure
f a stannacarborane complex in the absence of any evi-
ent intermolecular interaction contributing to stabilize this
orm [98]. Calculations showed that the cis,cis conformation
ould be stabilized in polar solvents by the formation of inter-
olecular hydrogen bonds. For instance, the hydrogen-bonded

erpyridine–H2O adduct shown in Fig. 2 is more stable by
1.29 kcal/mol than terpyridine and H2O separated at infinity
89] and, accordingly, this structure was observed in the solid
tate [99–101].

Terpyridine undergoes protonation in moderately acidic
olution giving rise to [Htpy]+ and [H2tpy]2+ species, the suc-
essive protonation constants in water (I = 0.1 M, 298 K) being
og K1 = 4.7 and log K2 = 3.5, respectively [102]. Depending on
he protonation site and the molecular conformation, seven struc-
ures are possible for [Htpy]+ (Fig. 3). Quantum mechanical
alculations showed that the lowest energy structure in the gas
hase is H(c,c-tpy)2 in which the protonated nitrogen of the
ig. 2. The cis,cis conformation of terpyridine stabilized by hydrogen bonds
ith a water molecule.
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Fig. 3. The seven possible

nstead to intramolecular H· · ·H repulsion between cis N–H and
–H groups [89]. In the crystal structure of [Htpy][CF3SO3],
owever, the monoprotonated [Htpy]+ cation shows the H(c,t-
py)1 structure and forms an additional hydrogen bond with the
F3SO3

− anion [103]. Hence, taking into account the ability of
he H(c,t-tpy)1 form to interact with the medium, it was con-
luded that in the presence of solvents and/or anions which can
ccept hydrogen bonds, this structure is more likely to be found
han that of H(c,c-tpy)2 despite this having lower energy in the
as phase [89].

For the diprotonated [H2tpy]2+ species different structures are
lso possible. As found for the monoprotonated species, quan-
um mechanics calculations [89] again showed that in the gas

2+
hase also for [H2tpy] the lower energy structures are sta-
ilized by intramolecular hydrogen bonds, while unfavourable
ontributions due to N–H· · ·C–H repulsions are responsible
or the higher energy ones. The lowest energy structure of

[

i
w

Fig. 4. Schematic structures of [H2tpy]2+ (a), [H
ures of the [Htpy]+ cation.

H2tpy]2+ has a cis,cis conformation, with the two acidic pro-
ons on the lateral pyridine groups, leading to the formation
f two intramolecular hydrogen bonds (Fig. 4a). This confor-
ation was also observed in two crystal structures where the

H2tpy]2+ cations are further stabilized by a couple of strong
ydrogen bonds with encapsulated water molecules or nitrate
nions (Fig. 4b and c) [89]. Optimisation of the lowest energy
tructure with an encapsulated water molecule gave an energy
or the adduct lower by 18.72 kcal/mol than that of [H2tpy]2+

nd H2O separated at infinity, thus leading to the conclusion
hat in the case of the diprotonated terpyridine species the gas
hase preference for the cis,cis structure is enhanced in water
here it is likely to be the only diprotonated species present
89].
The ultraviolet spectrum of terpyridine in aqueous solution

s strongly pH dependent (Fig. 5) [96]. In alkaline solution,
here terpyridine is present as a free base in the trans,trans

2tpy(H2O)]2+ (b) and [H2tpy(NO3)]+ (c).



C. Bazzicalupi et al. / Coordination Chemistry Reviews 252 (2008) 1052–1068 1055

c
2
a
s
t
(
a
p
p
c
t
m
w
e
a
3
(

p
t
o
i
[
3
u
p
e
h
t
f
φ

t
s
r
[

m
T
b
p

t
a
i
t
i
s
C
t
p

t
t
t
(
s
w
p
t
f
upon coordination.

Table 1 gives some stability constant values for terpyridine
metal complexes [102]. The stability of the 1:1 complexes fol-
lows the order expected for high spin octahedral complexes,

Table 1
Protonation and metal complexation constants of terpyridine determined in
aqueous solution

Ion log K1 log K2

H+ 4.7 3.5
Mn2+ 4.44
Fe2+ 7.1 13.6
Co2+ 9.5 9.1
Ni2+ 10.7 11.1
Fig. 5. UV spectra of terpyridine at different pH values.

onformation, the spectrum consists of two bands at 285 and
35 nm (ε = 16,000 and 19,500 mol−1 dm3 cm−1, respectively,
t pH 12) and is very similar to those in organic solvents. As the
olution pH is decreased to intermediate values, a new spec-
rum consisting of three bands at ca. 320, 279 and 232 nm
ε = 14,000, 14,500 and 19,000 mol−1 dm3 cm−1, respectively,
t pH 4) appears, corresponding to the formation of the mono-
rotonated cis,trans [Htpy]+ species, occurring at intermediate
H values. Further protonation, leading to the formation of the
is,cis [H2tpy]2+ species in more acidic solution, gives rise
o some modifications of the spectrum observed at an inter-

ediate pH. Although the three bands undergo only modest
avelength shifts to ca. 325, 285 and 230 nm, their molar

xtinction coefficients increase appreciably (ε = 18,000, 20,500
nd 18,000 mol−1 dm3 cm−1, respectively, at pH 1.8) and the
25 and 285 nm bands show poorly resolved fine structure
Fig. 5).

The fluorescence spectrum of terpyridine is also markedly
H dependent [105]. In alkaline solution the emission spec-
ra are characterized by a band resulting from the overlapping
f two peaks at 337 and 350 nm. This band becomes more
ntense and is red-shifted on lowering the solution pH, as the
Htpy]+ and [H2tpy]2+ species are formed. The intensity of the
50 nm band was found to increase with acid concentration
p to 2.35 M H2SO4 possibly due to protonation of the third
yridine group in very acidic media. The shorter wavelength
mission occurring in basic media indicates that the molecule
as enhanced proton affinity in the excited state with respect
o the ground state. The fluorescence quantum yields at 300 K
or three representative conditions are φ = 0.11 in 0.1 M NaOH,
= 0.27 in pure water and φ = 0.61 in 0.05 M H2SO4. A pho-

ophysical study of terpyridine in different solvents at 300 K
howed that while the free base deactivates mostly via non-
adiative routes its protonated forms prefer radiative processes
105].

In general, terpyridine acts as a terdentate ligand forming

etal complexes in which it assumes the cis,cis conformation.
he most typical coordination motif of terpyridine is represented
y the [M(tpy)2]2+ complexes in which two nearly planar ter-
yridine ligands are almost perpendicular to each other around

C
Z
C

I

Fig. 6. Crystal structure of the [Fe(tpy)2]2+ complex cation [106].

he metal ion and define a distorted octahedral coordination of
pproximate D2d symmetry. A characteristic of these structures
s compression along the axis defined by the central rings of
he two-terpyridine groups due to the small bite of terpyridine
n octahedral coordination (Fig. 6). In the case of metal ions
ubjected to Jahn–Teller effects in octahedral coordination, like
u(II), an elongation takes place along one of the two direc-

ions perpendicular to the previous axis leading to a coordination
olyhedron with C2v symmetry [107].

The configuration of the 1:2 metal complexes, in which the
wo-terpyridine molecules are perpendicular to each other, leads
he hydrogen atoms in 6 and 6′′ positions being located above
he plane of the central aromatic ring of the adjacent terpyridine
Fig. 6). As a consequence of this structural feature the 1H NMR
ignal of these unique protons undergoes a large upfield shift,
ith respect to the free ligand, which is characteristic of 1:2 com-
lexes [87,92,93]. Indeed, as shown in Fig. 7 for [Zn(tpy)]2+, in
he case of 1:1 complexes a similar displacement is not observed
or the signal of the 6,6′′-protons which instead moves downfield
u2+ 12.3 6.8
n2+ 6.0
d2+ 5.1

= 0.1 M, T = 298 K [102].
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Fig. 7. 1H NMR spectra of terpyridine (top

ncreasing from Mn(II) to Cu(II) and decreasing from Cu(II)
o Zn(II). In general the equilibrium constant for the binding
f the second terpyridine molecule, to form 1:2 complexes, is
maller than the constant for the formation of 1:1 species. In the
ase of Cu(II) the second binding constant is noticeably smaller
wing to the Jahn–Teller effect leading to longer binding dis-
ances (weaker coordination bonds). In contrast, with Fe(II), the
quilibrium constant for the binding of the second terpyridine
olecule is considerably greater than the constant for the bind-

ng of the first one in agreement with the formation of a very
table d6 low spin [Fe(tpy)2]2+ complex. The d7 [Co(tpy)2]2+

omplex was reported to exhibit room temperature equilibrium
etween low spin (S = 1/2) and high spin (S = 3/2) electronic
tates [108].

The ultraviolet spectra of terpyridine complexes are similar
o that of the metal-free ligand in acidic solutions. All these
ompounds exhibit three bands at about 320–340, 270–285 and

20–235 nm although resolution of the satellite bands depends
n the metal ion [96]. As an example the UV spectrum of
Zn(tpy)]2+ is reported in Fig. 8 along with that of protonated
erpyridine.

3

g

Fig. 9. Template synth
Fig. 8. UV spectra of [H2tpy]2+ and [Zn(tpy)]2+.
. Schiff-base macrocycles

The first macrocyclic ligands containing a terpyridine
roup 1 was synthesised by template condensation of 6,6′-

esis of [Ni(1)]2+.
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C. Bazzicalupi et al. / Coordination C

is(methylhydrazino)-4′-phenyl-2,2′:6′,2′′-terpyridine 2 with
lyoxal in the presence of Ni(OAc)2·4H2O in refluxing methanol
Fig. 9) and isolated as the [Ni(1)(MeOH)2][BF4]2 complex
pon addition of [n-Bu4N][BF4] to the resulting solution [109].
his condensation, leading to a metal complex, only proceeded
atisfactorily by using Ni(II) or Mn(II) as the template ions,
hile attempts to perform the same reaction in the presence
f Ba(II), Ca(II), Sr(II), Cd(II), Zn(II), Hg(II), Rh(II), Ru(II),
e(II), Co(II), or Cu(II) were unsuccessful. However, excel-

ent yields of the free ligand, isolated as [H2(1)][PF6]2 were
btained when the condensation was performed in the presence
f CrCl3·6H2O [110].
The crystal structures of the complexes [Ni(1)(EtOH)2]
BF4]2 [110], [Co(1)(imidazole)2][PF6]2·(CH3)2CO [111] and
Cu(1)(imidazole)2][PF6]2 [112] were solved by means of X-
ay diffraction. These showed the metal ions to be in pentagonal

t
m
i
t

stry Reviews 252 (2008) 1052–1068 1057

ipyramidal coordination environments defined by five nitrogen
onors of the macrocycle in equatorial positions and two ethanol
olecules, in the case of Ni(II), or two imidazole molecules, in

he case of Co(II) and Cu(II), in the axial sites (Fig. 10). The five
quatorial donors and the metal ion in each structure are copla-
ar; for instance the maximum deviation from the least-squares
lane is 0.01 Å in the Ni(II) complex. The two uncoordinated
itrogen atoms of the macrocycle have a planar geometry; they
re sp2 hybridized and essentially coplanar with the above least-
quares plane.

The metal ions are displaced towards the pyridine-N donors,
specially that of the central pyridine. This feature was attributed
o a �-type interaction between the metal atom and the cen-
ral pyridine ring [110]. The positive charge of the metal
on favours conjugation of the 4′-phenyl substituent with
he ring, thus increasing the multiple-bond character of the

etal-N bond.
The preparation of the metal-free ligand was also suc-

essfully achieved by a transient template reaction involving
imethyltin(IV) [110]. Reaction of 2 with SnMe2Cl2 in
hlorobenzene, 1,2-dichloroethane, or chloroform, gave rise
o the [SnMe2(2)]Cl2 complex. Condensation of this complex
ith glyoxal in methanol in the presence of a trace of acid

fforded the solid [H2(1)][PF6]2 on addition of [NH4][PF6],
fter removal of SnO2 formed upon demetallation of the macro-
ycle. The crystal structure of the diprotonated ligand salt
Fig. 11) showed the macrocyclic ring in a conformation very
imilar to those observed in its metal complexes with the terpyri-
ine group in the cis,cis conformation and having essentially
lanar geometry, the maximum deviation from the least squares
lane through the15 atoms defining the ring being 0.04 Å. Hole-
ize calculations based on the circle described by the five
onor atoms showed no significant differences between this
tructure and the structure of the Ni(II) complex, 2.12 Å for
he free macrocycle and 2.10 Å for the complex [110]. The
tructural parameters (bond distances and angles) of the dipro-
onated ligand indicate that the macrocycle is a delocalised
ystems.

As shown by the molecular structures of 1 in its metal
omplexes and metal-free form, the macrocycle behaves as
shape-persistent donor system imposing a planar pentago-

al coordination environment on metal ions, which achieve a
entagonal-bipyramidal geometry by addition of two further
igands in apical positions. This happens even for metal ions,
uch as Ni(II) and Cu(II), for which hepta-coordination is a rare
vent.

The attainment of the metal-free macrocycle from the
eactions in the presence of Cr(III) and dimethyltin(IV) was
nexpected. The “transient template effect” shown by Cr(III)
as firstly ascribed to the unfavourable planar pentagonal or pen-

agonal bipyramidal coordination geometries imposed by 1 on
his d3 metal ion, which prefers an octahedral environment [110].
omplexes of this metal ion, however, are known to be stable
o demetallation. For this reason, further studies on this Cr(III)-
ediated effect were performed, showing that the true template

n these reactions is the proton. The sole function of Cr(III) is
o provide a source of protons through the hydrolysis of coordi-
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Fig. 10. Structures of (a) [Ni(1)(EtOH)2]2+, (b) [Co(1)(im

ated water molecules [113]. In the case of dimethyltin(IV), the
bserved transient template effect was ascribed to a dimensional
ismatch between the metal and the macrocyclic cavity. This

ole-size mismatch must arise from the particular N5 donor set
f 1. As shown by the crystal structure of the [SnMe2(2)][PF6]Cl
omplex [114], the Sn atom has a pentagonal bipyramidal coor-
ination geometry with five nitrogen donor of 2 in equatorial
osition and two methyl groups in the apical sites. The hole
ize of this open-chain ligand is 2.32 Å, which is considerably
arger than that of the macrocycle. Hence, the reduction in hole
ize occurring on passing from the open-chain ligand 2 to the
acrocycle 1 enhances the lability of the dimethyltin(IV) giv-

ng a local kinetic contribution to this transient template effects
hose ultimate origin, the formation of insoluble tin dioxide,

s thermodynamic in nature. Furthermore, the formation of the
H2(1)]2+ species competes with the metal complexes favouring
emetallation.

Ligand 1, thanks to its �-acceptor properties, stabilizes the
ow oxidation state Ni(I) d9 cation, as shown by the electrochem-
cal study of the bis-acetonitrile adduct [Ni(1)(CH3CN)][BF4]2
109]. Cyclic voltammetry of this compound in acetoni-
rile revealed two reversible one electron reduction waves at
E1/2 = −1.07 V and 2E1/2 = −1.49 V (versus Ag-AgNO3 refer-
nce electrode). The dark green Ni(I) complex is generated at the
rst reduction potential, as confirmed by the EPR spectrum of the
olution obtained by means of controlled potential electrolysis of
he yellow [Ni(1)(CH3CN)][BF4]2 complex in acetonitrile. On
he other hand, reduction of the complex at the second potential

ielded a mauve solution, the EPR spectrum of which showed the
ormation of a Ni(I) ligand radical species with two essentially
iscrete paramagnetic centres, the second electron residing on

Fig. 11. Crystal structure of the [H2(1)]2+ cation.
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ole)2]2+ and (c) [Cu(1)(imidazole)2]2+ complex cations.

he macrocycle [109]. The electrochemical behaviour of a series
f heptacoordinated complexes [Ni(1)X2]2+ (X = 4-substitute
yridines, pyrazine, thiazole, imidazole, 1-methylimidazole,
-methylimidazole, 1,2-dimethylimidazole, triphenylphosphite,
imethylsulfoxide and dabco) was studied by cyclic voltam-
etry in acetonitrile, showing for all complexes a one-electron

eversible reduction wave in the range from −1.08 to −1.46 V
ersus Ag-AgBF4 reference electrode due to ligand-centred
rocesses [115]. Similar studies were also performed for the
nalogous Fe(II) [116], Mn(II) [117], Co(II) [111] and Cu(II)
112] complexes showing that also in the case of Fe(II) and

n(II) species the observed reduction reactions in acetonitrile
ake place on the ligand, while Co(I) and Cu(I) complexes are
enerated upon reduction in DMSO. In the case of the Ag(I)
omplex, a ligand radical species is probably the product of a
ne-electron reversible process occurring at +0.75 V (versus Ag-
gBF4) in acetonitrile, although definitive evidence for this was
ot obtained [118].

The unsubstituted ligand 3, analogous to 1, was later syn-
hesised in the metal-free form by a transient template reaction
ith dimethyltin(IV) and isolated as [H2(3)][PF6]2 [119]. Metal

omplexes [M(3)(H2O)2][PF6]2 with M = Co(II), Ni(II), Cu(II)
nd Zn(II) were prepared for which pentagonal bipyramidal
oordination geometries with the water molecules in api-
al positions were proposed. The 1H NMR spectrum of the
n(II) complex closely resembles that of [H2(3)][PF6]2 indi-
ating that both species contain the ligand in almost the same
onformation.

The electrochemical behaviour of the Co(II), Ni(II) and
u(II) complexes was analysed in acetonitrile after conver-

ion of [M(3)(H2O)2][PF6]2 into the corresponding acetonitrile
M(3)(CH3CN)2][PF6]2 complexes [119]. Cyclic voltammetry
f [Co(3)(CH3CN)2][PF6]2 in acetonitrile showed a reversible
xidation wave at +1.102 V and a quasi-reversible reduction
t −1.340 V (versus Ag-Ag(I)(acetonitrile) reference elec-
rode). The oxidation process, corresponding to the formation
f the Co(III) complex, is analogous to that found for the
henyl substituted complex [Co(1)(CH3CN)2][PF6]2 occurring
t +1.11 V. The oxidation wave disappeared upon addition of �-

cceptor ligands (CO, P(OMe)3), while two reduction waves
eveloped: one reversible at −1.250 V and one irreversible
t −1.8 V. Similarly, the [Co(1)(CH3CN)2][PF6]2 complex
xhibits a reversible reduction wave at −1.36 V, which moves
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o −1.24 V in the presence of �-acceptor ligands. Reduc-
ion of [Co(3)(CH3CN)2][PF6]2 and [Co(1)(CH3CN)2][PF6]2
n the absence of added �-acceptor ligands at the first reduc-
ion potentials, performed by means of controlled potential
lectrolysis in acetonitrile, led to green solutions whose EPR
pectra revealed the formation of ligand-centred radicals of
he Co(II) complexes, while Co(I) complexes are gener-
ted in the presence of �-acceptor ligands. Reduction of
Co(3)(CH3CN)2][PF6]2 at the second potential in the presence
f �-acceptor ligands resulted in the formation of the Co(I) com-
lex {CoI(CH3CN)2[(3)•−]}0 containing the ligand in reduced
adical form.

The [Ni(3)(CH3CN)2][PF6]2 complex showed rather dif-
erent electrochemical features to those of [Ni(1)(CH3CN)2]
PF6]2, indicating a significant contribution of the 4′-phenyl
ubstituent in stabilizing the Ni(I) metal centre. Indeed,
yclic voltammetry of the Ni(II) complex of 3 in acetonitrile
evealed a quasi-reversible oxidation at +1.09 V, a quasi-
eversible reduction at −1.5 V and an irreversible one at −1.5 V,
n contrast to the two fully reversible reductions exhibited
y [Ni(1)(CH3CN)2][PF6]2. Even in the presence of a �-
cceptor ligand, full reversibility of the reduction processes
f [Ni(3)(CH3CN)2][PF6]2 was not achieved, and all attempts
o electrogenerate a Ni(I) complex under different conditions
ere unsuccessful. A similar effect of the 4′-substituents in

tabilizing the low oxidation state of the metal was previ-
usly observed for the first transition metal complexes with
henyl-substituted terpyridines [120,121]. Delocalization of the
lectron density of the Ni(I) ion on the aromatic groups, with
ncreased multiple-bond character of the Ni–N bond and exten-
ion of the conjugation to the phenyl ring, is most likely one
f the principal contributions to such an effect, along with
he protection that the bulky phenyl substituent gives towards
imerization of the radical species occurring through the 4′
osition.

The cyclic voltammogram of the orange–brown [Cu(3)
CH3CN)2][PF6]2 complex in acetonitrile showed three waves
orresponding to one quasi-reversible oxidation, one quasi-
eversible reduction and one irreversible reduction processes
119]. The quasi-reversible oxidation occurring at +1.20 V
ecomes fully reversible at 77 K and was ascribed to the
ormation of the Cu(III) complex. The quasi-reversible reduc-
ion occurring at −0.31 V gave rise to the corresponding

u(I) complex, in agreement with the formation of a dia-
agnetic solution upon controlled-potential reduction of the
u(II) complex and with the observed changes in the electronic

pectrum.

a
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Template reactions similar to those employed for the syn-
hesis of 1 and 3, performed in the presence of Ni(II) and
,6-pyridinedialdehyde, afforded the hexadentate macrocycles
and 5 either as free ligands or as Ni(II) complexes depending

n the reaction conditions [122].
It was found that the free ligands were only obtained if the

eaction solutions were moderately concentrated and strongly
cidic in HCl, while in diluted or slightly acidic solutions
he products were the Ni(II) complexes. The formation of the
ree ligands in these reactions was rather surprising, but the
dentity of the two products was unambiguously established.
ll experimental evidences were consistent with a template

ction of Ni(II) also for reactions leading to the metal-free
igands, and an acid catalysed demetallation, aided by the spe-
ific action of chloride through the formation of [NiCl4]2−,
as proposed as the key step of these processes. The esti-
ated hole size of these macrocycles was about 2.7 Å, which
eans that the stability of the complex cannot be high due to a
ismatch with the metal ion size, thus favouring the complex

emetallation.
Attempts to prepare 4 and 5 via transient template reactions

n the presence of dimethyltin(IV) did not provide the expected
imethyltin(IV) complexes with these macrocycles. Indeed,
haracterization of the new compounds strongly suggested that
metal ion induced rearrangement led to the formation of the

imethyltin(IV) complexes with the pentadentate macrocycles
and 7 [122]. Although it was not possible to obtain the free
acrocycles from the tin complexes, it was reported that trans-
etallation occurs readily upon treatment with other transition
etal ions [122].
Many other Schiff-base aza-macrocycles, not containing

erpyridine, have been synthesised and used for metal ion com-
lexation. A variety of ligand structures, both macrocyclic
nd macrobicyclic, frequently bearing additional coordinat-
ng functionalities in lateral chains, has been achieved by
hanging the number of imine nitrogen atoms and/or by
ncorporating different coordinating groups such as pyridine,
ipyridine, pyridazine, phenol and thiophenol, among others
123–126].

Among Schiff-base polyamine-macrocycles, those contain-
ng terpyridine, described in this section, are characterized
y a greater molecular rigidity. A consequent distinctive
roperties of these ligands is their ability to impose a preformed
rrangement of donor atoms to coordinated metal ions, which
re forced into uncommon coordination spheres. As shown
bove, uncommon properties of metal complexes are frequently
ith their special structures.
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. Polyamine-macrocycles

The triaza-triacetate macrocycle 8, containing a terpyridine
oiety as part of its ring, was synthesised in order to obtain a

igand forming stable luminescent complexes with lanthanide
ations (Eu(III), Tb(III), Sm(III), Dy(III)) [127,128]. The first

ynthetic strategy intended to obtain 8 through the functional-
zation of the intermediate macrocycle 9, prepared according
o a modified Richman and Atkins method [129] involving
he reaction of 1,4,7-tritosyl-1,4,7-triazaheptane with 6,6′′-bis-

c
i
6
t

romomethyl-[2,2′:6′,2′′]-terpyridine and successive removal of
osyl groups from the cyclization product 10. However, this pro-
edure did not give the desired compound, but mainly the dimeric
6-membered macrocycle 11. The target compound was suc-

essfully obtained by means of a metal template reaction involv-
ng 1,4,7-tritertbutoxicarbonylmethyl-1,4,7-triazaheptane and
,6′′-bis-bromomethyl-[2,2′:6′,2′′]-terpyridine in acetonitrile in
he presence of Na2CO3, affording the cyclic derivative 12
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Table 2
Protonation constants of (14) [76], (15) [130] and (17) [131] in aqueous solution
at 298.1 K

log K

(14)a (15)b (17)b

L + H = HLc 9.21 9.31 10.99
HL + H = H2L 8.17 8.63 8.68
H2L + H = H3L 7.04 7.27 7.36
H3L + H = H4L 5.74 3.92 6.36
H4L + H = H5L 3.82 2.80 1.81
H5L + H = H6L 3.27 2.10
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hich was subsequently converted to 8 by treatment with tri-
uoroacetic acid. When the same reaction was performed using
i2CO3, the macrocycle 12 was also obtained but along with

arger amounts of polymeric materials, while the same reaction
sing K2CO3 yielded the dimeric compound 13.

The Eu(III) and Tb(III) complexes with 8, which are nine-
oordinated by ligand donors, showed exceptional luminescence
roperties (high decay time, quantum yield, and excitation wave-
ength) in aqueous solution and appeared to be highly interesting
s luminescent biolabels. In contrast, the Sm(III) and Dy(III)
omplexes displayed very poor luminescence quantum yields
127,128].

Synthetic procedures based on the Richman and Atkins
ethod [129] were successful in affording the polyamine-
acrocycles 14, 15, 16, and 17 [75,130,131]. Ligands 15 and

6 are 1:1 and 2:2 condensation products isolated from the one
yclization reaction [130].

The two octa-aza ligands 14 and 15 differ in that 14 has
wo propylene instead of two ethylene spacers, and in that the
olyamine chain is attached at 5,5′′ for 14 and 6,6′′ for 15. The
onsequences of these differences are not trivial, and 14 and
5 have quite different metal-binding properties, especially in
egard to substrates activation [75–77,130].

The basicity and coordinating strength of 14, 15 and 17 were
tudied by various techniques [75–77,130,131]. Their distinctive
roperties reflect the presence in their structures of the two dif-
erent binding moieties, namely the terpyridine group displaying
ow basicity and good metal binding ability, and the polyamine
hain characterized by high basicity and high affinity for metal
ons. Accordingly, protonation of these macrocycles occurs on
he polyamine chain from alkaline to fairly acidic pH, while
erpyridine undergoes protonation only in very acidic solutions.
able 2 reports the protonation constants of 14, 15 and 17 deter-
ined by means of potentiometric titrations in aqueous solution

76,130,131].
As for free terpyridine, the UV spectra are particularly sensi-

ive to protonation also for this type of ligands. In particular,

odification of the band at about 290 nm is diagnostic for

he protonation of the heteroaromatic nitrogen atoms. Indeed,
plitting of this band with formation of a new one at about
25–335 nm was found to accompany the last protonation steps

c
i
c
5

ig. 12. Absorption and emission (λexc 282 nm) spectra of (15) in aqueous solution
ermission from Ref. [130]. Copyright 2004 American Chemical Society.
a NaClO4 0.15 M.
b NMe4Cl 0.10 M.
c Charges omitted.

f all three ligands indicating that terpyridine protonation takes
lace at those stages [76,130,131]. As an example, the pH depen-
ence of the absorption spectrum of 15 is reported in Fig. 12a.

1H NMR and fluorescence spectroscopic measurements
onfirmed this feature [130,131]. Typically, the fluorescence
mission of the free ligands is enhanced on lowering the solu-
ion pH, as shown for 15 in Fig. 12b, because protonation of
he amine groups prevents the emission quenching occurring
ia electron transfer from the nitrogen lone pairs. In the most
missive species, all the aliphatic amine groups are protonated.
rotonation of terpyridine leads, in this case, to a decrease of

he fluorescence emission due to the mixing of the n–�* excited
tates with the �–�* ones, thus lowering the fluorescence quan-
um yield.

As a consequence of the basicity properties of these ligands,
ighly protonated forms of their complexes and protons bound
o the aliphatic amino sites, are formed in very acidic solutions.

The 5,5′′ attachment of the aliphatic chains to terpyridine in
4, means that metal ions coordinated to the terpyridine site
re not able to interact with the amine groups in benzylic posi-
ions. Hence, the propylenic chains separate two distinct binding
nits where two metal ions can be accommodated at a suffi-

iently long distance to host bridging substrates. This is seen
n the crystal structure of the {Cu2[H2(14)](CO3)(ClO4)2}2+

omplex cation (Fig. 13) in which two Cu(II) ions located
.15 Å apart from each other bind a �,�′-bismonodentate car-

at various pH values. [(15)] = 2.68 × 10−5 M, 298 K. Reprinted in part with
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ig. 13. Crystal structure of the{Cu2[H2(14)](CO3)(ClO4)2}2+ complex cation.

onate anion [75,76]. The Cu(II) ions show distorted square
yramidal coordination environments with perchlorate anion in
pical positions. The two-amine groups in benzylic positions are
rotonated.

Interestingly, this carbonate complex formed spontaneously
rom the dicopper(II) complex of 14 upon absorption of
tmospheric CO2 in slightly alkaline (pH 9) solutions. The
vidity of the Cu(II) complexes with 14 towards CO2 was
lso manifested by the mononuclear complex. Indeed, expo-
ure to the air of a solution containing Cu(ClO4)2 and 14,
n 1:1 molar ratio, at an initial pH of 9 led to a rapid acid-
fication of the solution followed by crystallization of the
Cu[H(14)-carbamate](H2O)}(ClO4)3·2H2O complex formed
y metal-ion-assisted reaction of the central amine group of the
hain with atmospheric CO2 assisted by the metal ion. The crys-
al structure of the {Cu[H(14)-carbamate](H2O)}3+ complex

ation is shown in Fig. 14. Again, the coordination geometry
round Cu(II) can be described as a distorted square pyramid,
ts base being defined by the terpyridine nitrogen atoms and an
xygen atom of carbamate, while a water molecule occupies the

r
a
p
e

Fig. 15. Crystal structures of the [{Zn[H(15)]}2(�-OH)]5+ (a) and [{Cd
ig. 14. Structure of the complex cation present in the crystal of {Cu[H(14)-
arbamate](H2O)}(ClO4)3·2H2O.

pical position. The nitrogen atom involved in the formation of
he carbamate loses one proton to form the N–C bond while two
mine groups of the sides are protonated.

The ligand 14 is able to form mono-and binuclear complexes
ith Cu(II), as well as with Zn(II), also in aqueous solution

76]. The stability constants of [Cu(14)]2+ (log K = 13.1) and
Zn(14)]2+ (log K = 6.9) are very similar to those of the analo-
ous complexes with terpyridine (Table 1), confirming that metal
ons coordinated to the heteroaromatic nitrogen atoms do not
nteract with aliphatic amine groups. The binding of carbonate
nion by the binuclear complexes and the formation of carba-
ate species in solution was studied by various techniques. The

eatures of this CO2 fixation from the atmosphere are similar to
hose of the enzyme rubisco, which participates in the fixation of
O2 by green plants through the formation of a carbamate moi-
ty assisted by Mg(II) or Mn(II) ions [132]. The ability of Cu(II)
nd Zn(II) complexes with 14 to uptake CO2 is remarkable,
ince these complexes in solution rapidly absorb atmospheric
O2 from the air, in contrast to other metal systems [133–136]
equiring CO2 bubbling to be efficient, and are able to do it even
t physiological pH. Such properties can be correlated with the
resence in the ligand of a terpyridine group, whose primary
ffect is to block a metal ion in a fixed position, without fulfill-

[H(15)]}2(�-Br)]5+ (b) complex cations found in the solid state.
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Fig. 16. UV–vis spectra recorded on aqueous solutions containing (15) (L) and
Zn(II) in 1:1 molar ratio (a) in the pH range 3–6.5 [(1) pH 3.54, (2) 3.99, (3) 4.12,
(4) 4.27, (5) 4.45, (6) 4.70, (7) 4.93, (8) 6.40] (0.1 M NMe4Cl, T = 298.1 K) and
(b) in the pH range 6–12: [(9) pH 6.40, (10) 8.57, (11) 9.00, (12) 9.57, (13) 10.12,
(14) 10.53, (15) 11.52] (0.1 mol dm−3 NMe4Cl, T = 298.1 K). (c) pH dependence
of the absorbance at 335 nm of (15) in the presence of Zn(II) in 1:1 molar ratio
(�, right y-axis) ([15] = 5.1 × 10−5 M, 0.1 M NMe4Cl, 298.1 K), superimposed
o
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ng its coordination sphere, leading to more preorganized and
fficient systems.

The octa-aza ligand 15 is more flexible than the analogous 14
n the binding of metal ions, using both the nitrogen atoms of the
olyamine chain, including nitrogen atoms in benzylic positions,
s well as the terpyridine donors [130]. Nonetheless, the ligand
s not able to fully satisfy the coordination demands of metal
ons, which are completed by exogenous ligands. In the crys-
al structures of the mononuclear Zn(II) and Cd(II) complexes
Fig. 15), the ligand is folded along the axis linking the benzylic
arbon atoms, leaving an open zone on the metal ions where
he additional ligands are coordinated. In these particular cases,
ntermolecular linkages through the formation of Zn–OH–Zn
nd Cd–Br–Cd bridges were observed. The resulting dimeric
omplexes are stabilized by the formation of face-to-face �-
tacking interactions between the two almost parallel terpyridine
oieties with an interplanar distance of 3.5 Å.
The coordination geometries of the two Zn(II) ions, which

an be best described as distorted octahedrons, are very similar.
ach Zn(II) is coordinated to the three heteroaromatic nitrogen
toms, two secondary nitrogen atoms of the same macrocyclic
nit and the bridging hydroxide anion. The two secondary nitro-
en atoms, one of which is a benzylic nitrogen, are only weakly
ound to the metal ions. The Zn–Zn distance is 3.709 Å. The
oordination geometries of the two Cd(II) ions are very similar
lso. Each Cd(II) ion is coordinated to three terpyridine nitrogen
toms, three secondary nitrogen atoms of the same macrocycle
nd the bridging bromide anion. The coordination geometry can
e described as a distorted pentagonal bipyramid where the ter-
yridine nitrogen atoms and the benzylic amine groups define
he equatorial plane, the bridging bromide anion and a further
econdary nitrogen occupying the apical positions. One of the
enzylic nitrogen atoms in the equatorial plane is bound at a
onger distance than the remaining coordinated nitrogen atoms.
he two Cd(II) ions are located 4.854 Å apart. While in the Zn(II)
omplex the pyridine units of terpyridine are almost coplanar, in
he Cd(II) complex they display a larger deviation from copla-
arity, with dihedral angles of 17.2◦, between the pyridine planes
omprising N3 and N2, and 14.5◦ between the planes comprising
10 and N11 (Fig. 15).
The most interesting feature of these dimeric complexes

s the fact that they are assembled from monoprotonated
M[H(15)]}3+ (M = Zn, Cd) units though the synergistic action
f a bridging anion and the �-stacking interactions between
he facing terpyridine groups. The resulting assemblies are
haracterized by high stability, in spite of the strong elec-
rostatic repulsion between the 3+ charged monomeric units,
s evidenced by the fact that the dimeric species with Zn(II)
nd the analogous ones with Cu(II) are also stable in aque-
us solution [130]. In the case of Cu(II) the tendency to form
imeric complexes is higher than for Zn(II). In fact, while Zn(II)
orms only the two dimeric complexes [Zn2H(15)2]5+ (formu-
ated above as [{Zn[H(15)]}2(�-OH)]5+) and [Zn2OH(15)2]3+,

hich exists in equilibrium with the monomeric {Zn[H(15)]}3+

pecies, in the case of Cu(II) monomeric species are
ot detected. The dimers [Cu2H2(15)2]6+, [Cu2H(15)2]5+,
Cu2(15)2]4+ and [Cu2OH(15)2]3+ are the only detectable

t
c
s
d

n the distribution diagram of the protonated (· · ·) and complexed (—) species
f the ligand. L = [15]. Reprinted with permission from Ref. [130]. Copyright
004 American Chemical Society.

pecies above pH 3. Under more acidic conditions the
imeric species [Cu2H2(15)2]6+ disappears giving rise to the
inuclear [Cu2(15)]4+ complex. The binuclear hydroxylated
Zn2OH(15)]3+ complex is formed by Zn(II).

�-Stacking interactions between terpyridine groups stabiliz-
ng the dimeric complexes in solution were detected by means
f spectrophotometric measurements [130]. Fig. 16 shows the
V–vis spectra recorded on an aqueous solution containing

quimolar amounts of 15 and Zn(II) at different pH values.
n increasing the pH, metal coordination produces important
odifications in the absorption spectrum of the metal-free lig-

nd, with the appearance of a structured red-shifted band at
a. 330 nm. These changes resemble very much those of the

erpyridine Zn(II) complex shown in Fig. 8, indicating that
omplexation of Zn(II) by 15 takes place on the terpyridine
ite from acidic pH. In alkaline solutions the 330 nm band
isplays a marked decrease in absorbance while a new blue-
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hifted band at ca. 310 nm appears (Fig. 16b). The appearance
f this new band, accompanying the formation of [Zn2H(15)2]5+

nd [Zn2OH(15)2]3+ complexes (Fig. 16c), is evidence for
-stacking interactions in these dimeric species. Analogous

pectral features were obtained with Cu(II), in agreement with
he presence of �-stacking interactions in all dimeric complexes
ormed by this metal ion in solution [130].

In contrast to Zn(II) and Cu(II), Cd(II) and Pb(II) do not form
imeric complexes in solution, although the [{Cd[H(15)]}2(�-
r)]5+ species was observed in the solid state. Cd(II) and Pb(II)

orm both mono- and binuclear complexes with 15. With these
etal ions, the terpyridine moiety is again the principal coor-

ination site of the ligand as shown by spectrophotometric
easurements which clearly indicate that even in the mononu-

lear complexes the metal ions are always coordinated to the
eteroaromatic group [130].

Polyammonium macrocycles and metal complexes of macro-
yclic polyamines have proved to be interesting synthetic
imics of a variety of phosphoryl transfer enzymes. The
ononuclear Zn(II) complex of 15 was especially effective in the

ctivation of ATP cleavage in the presence of an uncoordinated
etal ion [77]. As noted above, this ligand forms both mono-

nd binuclear Zn2+ complexes depending on the metal-to-ligand
olar ratio and the solution pH. The first Zn2+ ion interacting
ith the ligand binds to the terpyridine moiety while the sec-
nd one occupies the polyamine chain. The protonated forms of
he ligand as well as both mono- and binuclear complexes form
table adducts with ATP but do not cause any significant catal-
sis of ATP hydrolysis. The Zn(II) complexes with 15 display a
arkedly higher affinity for ATP than the protonated forms of the
etal-free ligand, indicating the crucial role played by Zn(II) in
TP binding. 31P measurements showed that the �-phosphate
roup of ATP is involved in salt-bridges with the ammonium
roups of the complex, while 1H NMR spectra revealed that the
denine group of ATP is involved in �-stacking interactions with
he terpyridine moiety of the ligand.

Only the tetraprotonated {Zn[H4(15)]ATP}2+ species in the

resence of uncoordinated Zn2+ ions gives rise to fast ATP
leavage to produce ADP and phosphate. The analysis of the
H dependence of the hydrolysis rate constant (Fig. 17) clearly
howed that only the tetraprotonated species is able to activate

ig. 17. Experimental pseudo-first order rate constants (�, right axis) for ATP
leavage and distribution diagram for the system Zn(II)/(15)/ATP in 2:1:1 molar
atio (—, left axis); 298.1 K, 0.1 M Me4NCl. L = (15) [77]. Reproduced by
ermission of The Royal Society of Chemistry.
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TP hydrolysis, while both tri- and penta-protonated ones are
ompletely inactive. The hydrolytic process proceeds through
he formation of a phosphoramidate (PN) intermediate which is
hen rapidly hydrolysed to hydrogen-phosphate (Fig. 18). The
seudo first order hydrolysis rate (kOBS = 3.2 × 10−2 min−1 at
H 4, 298.1 K) is among the highest observed for ATP dephos-
horylation promoted by polyammonium receptors.

Nevertheless, the rate of hydrolysis increases with free Zn(II)
oncentration. The fact that ATP cleavage takes place only in
he presence of an unbound Zn(II) ion with second order kinet-
cs suggests that the transition state could be stabilized by this

etal ion, probably through coordination of the metal to unpro-
onated amine groups of the macrocycle and to the �-phosphate
f ATP, leading to a higher activation of the �-phosphorus to the
ucleophilic attack. At the same time, the PN intermediate could
e stabilized via coordination to the metal, accounting for the
bserved relatively high percentage of PN accumulating during
he cleavage process.

The present system, therefore, represents a unique case of
TP dephosphorylation promoted by the simultaneous action of
metal complex, which is used essentially to anchor the anionic

ubstrate, and of a second metal, which acts as cofactor, assist-
ng the phosphoryl transfer from ATP to an amine group of the
eceptor. Other dizinc(II) systems containing polyazamacrocy-
les able to promote the hydrolysis of phosphate esters have been
eported [137–146]. For these systems, however, the hydrolytic
echanism is different from that observed with 15. In these

ases both Zn(II) cations are firmly bound to the ligand and can
ooperate in the binding of the substrate, while the nucleophilic
gents involved in the hydrolytic processes are Zn-OH func-
ions generated upon deprotonation of Zn(II)-coordinated water

olecules.
Also in the case of the hepta-aza macrocycle 17 the

onnection of the polyamine chain with terpyridine in 6,6′′
ositions makes it possible to involve the benzylic nitro-
en atoms in the coordination of metal ions. This is clearly
een in the solid state in the crystal structures of the com-
lexes [{Cd[H(17)]}(H2O)2]3+ and [{Pb[H(17)]}Br]2+ [131].
n [{Cd[H(17)]}(H2O)2]3+ the metal ion is hepta-coordinated
y the three heteroaromatic nitrogen atoms, the two secondary
itrogen atoms in benzylic positions and two water molecules,
efining a distorted pentagonal bipyramid with the five nitro-
en atoms in the equatorial plane (maximum deviation 0.189 Å)
nd the water molecules in apical positions (Fig. 19a). The
etal ion lies in the equatorial plane slightly shifted (0.0458 Å)

owards one of the water molecules. One of the uncoordinated
-donors, not identified, is protonated. The terpyridine group is
ot coplanar, the largest dihedral angle (14.5◦) being formed by
he furthest pyridine rings.

In contrast, the Pb(II) ion in the [{Pb[H(17)]}Br]2+ complex
hows a pentagonal pyramidal coordination geometry in which
he basal plane (maximum deviation 0.19 Å) is defined by the
ame nitrogen atoms defining the equatorial plane of the Cd(II)

omplex and the apical position is occupied by the bromide ion
Fig. 19b). The metal lies above the basal plane, 0.408 Å towards
he bromide anion. This coordination geometry leaves a large
ree zone around the metal ion where a stereochemically active
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ig. 18. Schematic representation of the ATP cleavage mechanism in the pres
ermission of The Royal Society of Chemistry.

one pair is probably localized. This is common feature shown
y Pb(II) complexes which is accompanied by shortening of the
oordination bonds opposite to the lone pair. In this case also
ne of the two nitrogen atoms not involved in the coordination
s protonated. In both structures the ligand assumes a bent con-
ormation along the axis passing through the benzylic nitrogen
toms, the dihedral angle between the two planes defined by the
erpyridine unit and the four aliphatic nitrogen atoms being 38.6◦
nd 13.98◦ for the Cd(II) and Pb(II) complexes, respectively.
A similar folded conformation is also assumed by the pen-
aprotonated [H5(17)]5+ cation found in the crystal structure of
H5(17)]Br5·2H2O. In this case folding of the molecule occurs
long the axis though the benzylic methylene groups, with a

i
r
c

Fig. 19. Crystal structures of the [{Cd[H(17)]}(H2O)2]3
of {Zn[H4(15)]ATP}2+ and of uncoordinated Zn2+ ions [77]. Reproduced by

ihedral angle, defined as above, of 27.8◦ (Fig. 20). Although
he structure resolution did not allow localisation of the acidic
rotons, the four aliphatic amine groups form strong hydrogen
onds with two different bromide anions, strongly suggesting
hat they are protonated. Accordingly, the fifth acidic proton

ust be bound to the heteroaromatic nitrogen atoms. The terpyri-
ine unit exhibiting the cis,cis conformation is almost coplanar,
he largest dihedral angle (5.91◦) being formed by the planes of
he furthest pyridine rings.
The interaction of (17) with Cu(II), Zn(II), Cd(II) and Pb(II)
n aqueous solution was studied by means of potentiomet-
ic titrations [131]. The ligand forms mononuclear [M(17)]2+

omplexes with all metal ions but Cu(II), which forms only pro-

+ (a) and [{Pb[H(17)]}Br]2+ (b) complex cations.
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Fig. 21. UV spectra recorded on aqueous solutions containing (17) (L) and
Zn(II) in equimolar concentrations at various pH values. Inset: pH depen-
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Fig. 20. Crystal structure of the [H5(17)]5+ cation.

onated 1:1 complexes of general formula {M[Hn(17)]}(n+2)+.
hese metal complexes show a marked tendency to produce pro-

onated species, being able to bind up to three H+ ions with the
nly exception of the Cd(II) complex which forms only mono-
nd bi-protonated species. Cu(II) gives also complexes with the
nusual 2:2 stoichiometry. Moreover, 17 is able to bind two
u(II) or Zn(II) cations, forming binuclear complexes.

Considering the 1:1 complexes, the stability of the [M(17)]2+

pecies (log K = 16.1, 11.6, 13.6 for Zn(II), Cd(II) and Pb(II),
espectively) is far higher than that found for either the
etraamine ligand 1,5,9,16-tetraazatridecane [102] and terpyri-
ine (Table 1), suggesting that both binding units are involved
n metal binding, in agreement with the features of the Cd(II)
nd Pb(II) complex structures shown in Fig. 19. The UV spectra
ecorded on solutions containing the mononuclear complexes at
ifferent pH values confirm the involvement of the terpyridine
roup in the binding of these metal ions by the appearance of
he typical structured red-shifted band at ca. 330 nm, as shown
or instance in Fig. 21 for the Zn(II) complex.
In the case of Cu(II) complexes, the UV spectra displayed
lso characteristic features for the formation of the [Cu2(17)2]4+

nd [Cu2(17)2OH]3+ dimeric species, as already observed for
he analogous Cu(II) and Zn(II) complexes with 15 (Fig. 16),
ence of the molar absorbance at 337 nm and species distribution diagram.
L] = [M] = 5.1 × 10−5 M, 0.1 M NMe4Cl, 298.1 K [126]. Reproduced by per-
ission of The Royal Society of Chemistry.

onsisting of a decrease of the structured band at ca. 330 nm
ccompanied by the appearance of a new blue-shifted band
t 320 nm due to �-stacking interactions of terpyridine groups
ithin the dimeric complexes.

. Concluding remarks

Although terpyridine was among the earliest chelating agents
eing explored for metal ion coordination, its use as a component
f macrocyclic ligands is still a developing area prospecting
umerous endeavours in the field of coordination chemistry and,
n particular, in the supramolecular chemistry of coordination
ompounds.

Macrocyclic polyamines containing terpyridine groups are a
epresentative class of such compounds. The main characteristic
ssociated with the presence of terpyridine is the conforma-
ional rigidity acquired by the macrocyclic ligands, which may
ead to shape-persistent molecules or to molecules containing
hape-persistent regions. Terpyridine moieties are preferential
inding sites for metal ions, which are forced to accept the coor-
ination environments constructed around this terdentate group.
ence, terpyridine can be used as an efficient building block for

he assembly of macrocyclic polyamine complexes with pre-
rganized structures. In addition to the well known redox and
hotochemical properties of terpyridine complexes, these pre-
rganized compounds have shown special ability in the binding
nd activation of particular substrates. Spontaneous CO2 uptake
rom the air and conversion to carbonate, carbamination, and
ctivation of ATP cleavage are remarkable examples described
n this review.
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[38] M.C. Jiménez, C.O. Dietrich-Buchecker, J.-P. Sauvage, Angew. Chem.

Int. Ed. 39 (2000) 3284.
[39] J.-P. Collin, C. Dietrich-Buchecker, P. Gaviña, M.C. Jimenez-Molero,
J.-P. Sauvage, Acc. Chem. Res. 34 (2001) 477.
[40] M.C. Jimenez-Molero, C.O. Dietrich-Buchecker, J.-P. Sauvage, Chem.

Eur. J. 8 (2002) 1456.
[41] A. Livoreil, C.O. Dietrich-Buchecker, J.-P. Sauvage, J. Am. Chem. Soc.

116 (1994) 9399.
stry Reviews 252 (2008) 1052–1068 1067

[42] A. Livoreil, J.-P. Sauvage, N. Armaroli, V. Balzani, L. Flamigni, B. Ven-
tura, J. Am. Chem. Soc. 119 (1997) 12114.

[43] F. Baumann, A. Livoreil, J.-P. Sauvage, Chem. Commun. (1997) 35.
[44] D.J. Cárdenas, A. Livoreil, J.-P. Sauvage, J. Am. Chem. Soc. 118 (1996)

11980.
[45] A. Harriman, R. Ziessel, Coord. Chem. Rev. 171 (1998) 331.
[46] F. Barigelletti, L. Flamigni, V. Balzani, J.-P. Collin, J.-P. Sauvage, A.

Sour, E.C. Constable, A.M.W. Cargill Thompson, J. Chem. Soc., Chem.
Commun. (1993) 942.

[47] L. Flamigni, F. Barigelletti, N. Armaroli, J.-P. Collin, J.-P. Sauvage, J.A.G.
Williams, Chem. Eur. J. 4 (1998) 1744.

[48] J.-P. Collin, I.M. Dixon, J.-P. Sauvage, J.A.G. Williams, F. Barigelletti,
L. Flamigni, J. Am. Chem. Soc. 121 (1999) 5009.

[49] I.M. Dixon, J.-P. Collin, J.-P. Sauvage, F. Barigelletti, L. Flamigni, Angew.
Chem. Int. Ed. 39 (2000) 1292.

[50] I.M. Dixon, J.-P. Collin, J.-P. Sauvage, L. Flamigni, Inorg. Chem. 40
(2001) 5507.

[51] L. Flamigni, Pure Appl. Chem. 73 (2001) 421.
[52] E. Baranoff, J.-P. Collin, L. Flamigni, J.-P. Sauvage, Chem. Soc. Rev. 33

(2004) 147.
[53] E. Baranoff, I.M. Dixon, J.-P. Collin, J.-P. Sauvage, B. Ventura, L.

Flamigni, Inorg. Chem. 43 (2004) 3057.
[54] J.-P. Collin, A. Harriman, V. Heitz, F. Odobel, J.-P. Sauvage, J. Am. Chem.

Soc. 116 (1994) 5679.
[55] J.-P. Collin, P. Gaviña, V. Heitz, J.-P. Sauvage, Eur. J. Inorg. Chem. (1998)

1.
[56] E.C. Constable, D. Phillips, Chem. Commun. (1997) 827.
[57] B. Hasenknopf, J.-M. Lehn, Helv. Chim. Acta 79 (1996) 1643.
[58] B. Hasenknopf, J.-M. Lehn, G. Baum, D. Fenske, Proc. Natl. Acad. Sci.

U.S.A. 93 (1996) 1397.
[59] E.C. Constable, T. Kulke, M. Neuburger, M. Zehnder, Chem. Commun.

(1997) 489.
[60] M. Aoyagi, K. Biradha, M. Fujita, J. Am. Chem. Soc. 121 (1999) 7457.
[61] S.-S. Sun, A.J. Lees, Inorg. Chem. 40 (2001) 3154.
[62] S.-S. Sun, A.S. Silva, I.M. Brinn, A.J. Lees, Inorg. Chem. 39 (2000) 1344.
[63] R. Ziesse, Synthesis (1999) 1839.
[64] N.W. Alcock, A.J. Clarke, W. Errington, A.M. Josceanu, P. Moore, S.C.

Rawle, P. Sheldon, S.M. Smith, M.L. Turonek, Supramol. Chem. 6 (1996)
281.

[65] P.M. Gleb, U. Priimov, P.K. Maritim, P.K. Butalanyi, N.W. Alcock, J.
Chem. Soc., Dalton Trans. (2000) 445.

[66] F. Loiseau, C.D. Pietro, S. Serroni, S. Campagna, A. Licciardello, A.
Manfredi, G. Pozzi, S. Quici, Inorg. Chem. 40 (2001) 6901.

[67] G.R. Newkome, T.J. Cho, C.N. Moorefield, R. Cush, P.S. Russo, L.A.
Godı́nez, M.J. Saunders, P. Mohapatra, Chem. Eur. J. 8 (2002) 2946.

[68] C.B. Smith, E.C. Constable, C.E. Housecroft, B.M. Kariuki, Chem. Com-
mun. (2002) 2068.

[69] H.S. Chow, E.C. Constable, C.E. Housecroft, M. Neuburger, Dalton
Trans. (2003) 4568.

[70] E.C. Constable, C.E. Housecroft, C.B. Smith, Inorg. Chem. Commun. 6
(2003) 1011.

[71] J.C. Loren, M. Yoshizawa, R.F. Haldimann, A. Linden, J.S. Siegel,
Angew. Chem. Int. Ed. 42 (2003) 5702.

[72] P.R. Andres, U.S. Schubert, Synthesis (2004) 1229.
[73] Y. Bretonniere, M. Mazzanti, J. Pecaut, M.M. Olmstead, J. Am. Chem.

Soc. 124 (2002) 9012.
[74] E.R. Schofield, J.-P. Collin, N. Gruber, J-.P. Sauvage, Chem. Commun.

(2003) 188.
[75] E. Garcia-España, P. Gaviña, J. Latorre, C. Soriano, B. Verdejo, J. Am.

Chem. Soc. 126 (2004) 5082.
[76] B. Verdejo, J. Aguilar, E. Garcia-España, P. Gaviña, J. Latorre, C. Soriano,
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