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The synthesis of the macrocyclic ligand 4,4′-(2,5,8,11,14-pentaaza[15])-2,2′-bipyridylophane (L3), which contains
a pentaamine chain linking the 4,4′-positions of a 2,2′-dipyridine moiety, is reported. Protonation and Zn(II)
complexation byL3 and by macrocycleL2, containing the same pentaamine chain connecting the 6,6′-positions
of 2,2′-dipyridine, were studied by means of potentiometric, UV-vis, and fluorescent emission measurements.
While in L2 all the nitrogen donor atoms are convergent inside the macrocyclic cavity, inL3 the heteroaromatic
nitrogen atoms are located outside. Both ligands form mono- and dinuclear Zn(II) complexes in aqueous solution.
In the mononuclear Zn(II) complexes withL2, the metal is coordinated inside the macrocyclic cavity, bound to
the heteroaromatic nitrogen donors and three amine groups of the aliphatic chain. As shown by the crystal structure
of the [ZnL2]2+ complex, the two benzylic nitrogens are not coordinated and facile protonation of the complex
takes place at slightly acidic pH values. Considering the mononuclear [ZnL3]2+ complex, the metal is encapsulated
inside the cavity, not coordinated by the dipyridine unit. Protonation of the complex occurs on the aliphatic
polyamine chain and gives rise to translocation of the metal outside the cavity, bound to the heteroaromatic
nitrogens.

Introduction

Macrocyclic ligands containing various binding functionalities
are the subject of current interest due to their ability to
selectively bind, transform, and transfer a large variety of
substrates from charged species1-22 to neutral molecules.23

Structural factors, such as ligand rigidity, type of donor atoms,

and their disposition, have been shown to play significant roles
in determining the binding features of macrocycles toward metal
cations.1-13 Heteroaromatic subunits, such as 2,2′-dipyridine or
1,10-phenanthroline, are often introduced as integral parts of
the host molecules.24,25 Incorporation of these moieties into
macrocyclic structures allows one to combine within the same
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ligand the special complexation features of macrocycles with
the photophysical and photochemical properties displayed by
the metal complexes of these heterocycles.26,27

Recently, we reported on the synthesis and metal-coordination
characteristics of a new series of polyamine macrocycles, such
asL1 (Scheme 1),28a containing a polyamine chain linking the
2,9-positions of phenanthroline.28,29

A previous investigation on the Zn(II) coordination properties
of these ligands revealed that insertion of a rigid phenanthroline
unit within a macrocyclic framework precludes the simultaneous
participation of the heteroaromatic donors and the benzylic
amine groups in metal binding.29 As a matter of fact, in the
Zn(II) complexes, the metal is coordinated to the phenanthroline
nitrogens and not bound, or weakly bound, to the benzylic
nitrogens. Consequently, the expected fluorescence emission of
the Zn(II) complexes is quenched by an electron-transfer process
involving the unprotonated benzylic amines.

We have now extended this study to polyamine macrocycles
incorporating a dipyridine unit, suchL2 andL3. Both of them
contain two different binding moieties, a pentaamine chain and
a dipyridine moiety. While inL2 the disposition of the
heteroaromatic and aliphatic nitrogen donors is convergent
toward the macrocyclic cavity, inL3 the two aromatic nitrogens

point outside the cavity. This molecular architecture defines two
well-separated binding zones, the macrocyclic cavity and the
external dipyridine unit. Since the process of metal coordination
is competitive with ligand protonation and aliphatic nitrogens
are usually more basic than heteroaromatic ones,30 we hoped
that the metal could change its coordination site, translating from
inside to outside the macrocyclic cavity upon protonation of
the aliphatic amine groups.

Results and Discussion

Ligand Protonation. Crystal Structure of [H 4L3]-
(ClO4)4‚H2O. The molecular structure of [H4L3](ClO4)4‚H2O
consists of protonated cations [H4L3]4+, perchlorate anions, and
water solvent molecules. An ORTEP31 drawing of the [H4L3]4+

cation is shown in Figure 1. The∆F map allows determination
of the positions of the N-H protons. In this tetraprotonated
cation, three acidic protons are localized on the N4, N5, and
N7 aliphatic nitrogen donors and one on the dipyridine nitrogen
atom N1.

Considering the ligand conformation, the aliphatic chain
assumes a rather flat conformation, the five nitrogens N3-N7
being almost coplanar. Such a disposition is probably due to
the electrostatic repulsions between the positive charges of
protonated nitrogens. The two aromatic rings of dipyridine are
also almost coplanar (dihedral angle 2.4(2)°). The mean plane
defined by the five amine groups N3-N7 (max deviation of
0.385(6) Å for N6) forms an angle of 42.4(1)° with the plane
of the heteroaromatic unit, giving rise to an overall bent
conformation of the protonated ligand.

Solution Studies. The protonation equilibria ofL2 andL3
have been studied by means of potentiometric measurements
in aqueous solution (0.1 mol dm-3 NMe4Cl, 298.1 K), and the
results are reported in Table 1. AlthoughL2 and L3 contain
the same types of protonable nitrogen atoms, the two ligands
display a different protonation behavior.L2 can bind up to five
protons in the pH range investigated by potentiometry (2.5-
10.5). A sixth protonation step was monitored below pH 2 (log
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Scheme 1

Figure 1. ORTEP drawing of the [H4L3]4+ cation.

Table 1. Protonation Constants (logK) of Ligands L2 and L3 (0.1
M NMe4Cl, 298.1 K)

log K

reaction L2 L3

L + H+ ) [HL ]+ 9.42(1) 9.62(5)
[HL] + + H+ ) [H2L ]2+ 8.76(1) 8.34(5)
[H2L]2+ + H+ ) [H3L ]3+ 7.37(2) 6.40(8)
[H3L]3+ + H+ ) [H4L ]4+ 4.16(2) 4.57(9)
[H4L]4+ + H+ ) [H5L ]5+ 2.23(3) 3.2(1)
[H5L]5+ + H+ ) [H6L ]6+ 1.5(1) 2.9(1)
[H6L]6+ + H+ ) [H7L ]7+ 2.5(1)
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K ca. 1.5) by means of spectrophotometric measurements. This
ligand shows a marked grouping of the protonation constants,
the difference between the third and the fourth protonation
constant being ca. 3.2 log units. This behavior is common in
macrocyclic polyamines, and it has been explained in terms of
minimization of the electrostatic repulsions between the charged
ammonium function.30 On the contrary,L3 can bind up to seven
protons in aqueous solution and does not show any grouping
of the protonation constants. Such a different behavior can be
rationalized by considering that inL3 protonation of dipyridine
nitrogens implies the localization of positive charge outside the
macrocyclic cavity, giving rise to a better minimization of the
electrostatic repulsion between protonated nitrogens. Dipyridine
nitrogens, however, are characterized by far lower basicity than
amine nitrogens, and therefore, it is expected that at least the
first protonation steps take place on the polyamine chain. This
hypothesis is confirmed by the analysis of the absorption spectra
recorded on solutions containingL2 andL3 at various pH values
(Figure 2a,b). The absorption spectra are similar to the dipyridine
chromophore. As observed for 2,2′-bipyridine alone, protonation
of the heteroaromatic nitrogens gives rise to a new red-shifted
absorption band in bothL2 andL3, with λmax ) 313 and 304
nm, respectively. According to Figure 2a, forL2 this occurs
upon protonation of the fifth nitrogen. On the other hand, in
the case ofL3 a small change in the shape of the absorption
spectra is visible after the third protonation step. This suggests
that at least a partial localization of positive charge occurs on
the heteroaromatic nitrogen in the [H3L3]3+ species. The inset
of Figure 2b shows a clear increase of the absorption at 304
nm as the pH decreases, i.e., with the formation of species with
increasing protonation degree. To get further insight into the
stepwise protonation of both ligands, we recorded1H and13C
NMR spectra on aqueous solutions containingL2 or L3 at
different pH values. In the case ofL2, protonation of the ligand
does not markedly affect either the chemical shift or the shape
of the signals of aromatic nitrogens from alkaline pH values
up to pH 3, where the formation of the pentaprotonated species
[H5L2]5+ takes place in solution (see the inset of Figure 2a).
On the other hand, in the same pH range, significant downfield
shifts are observed for the protons of the aliphatic chains. These
data indicate that the first four protonation steps take place on
the amine groups of the aliphatic chain, where the heteroaro-
matic nitrogens are not involved in protonation. Below pH 3 a
remarkable downfield shift (ca 0.3 ppm) is instead observed
for the aromatic protons, suggesting that the fifth protonation
step directly involves the dipyridine unit.

A rather different protonation behavior is found in the case
of L3. Figure 3 reports the1H chemical shifts ofL3 at different
pH values (see Scheme 2 for labeling). The number of the1H
and13C signals is in accord with aC2V time-averaged symmetry
in aqueous solutions throughout all the pH range investigated.
In the pH range 12-8, where two protons bind to the ligand,
the signals of the hydrogen H10, H11, and H9, in theR-position
with respect to N3 and N4, exhibit a marked downfield shift;
minor shifts are observed for the other signals. The formation
of the [H2L3]2+ species is also accomplished by a sensible
upfield shift of the resonances of the carbon atoms C10, and
C11 and C8, in theâ-position with respect to N3 and N4,
respectively, in good agreement with theâ-shift reported for
protonation of polyamines.32 This strongly suggests that in
[H2L3]2+ the acidic protons are shared between the amine
groups N4, N3, and N3′, as drawn in Scheme 2.

In the pH range 7.5-4, where the triprotonated and tetra-
protonated species [H3L3]3+ and [H4L3]4+ are formed, large
downfield shifts affect the resonance of the benzylic protons
H7 and H8, adjacent to N2, and those of the aromatic protons
H3, H5, and H2, while the signals of H9, H10, and H11, adjacent
to N3 and N4, does not appreciably shift. In the same pH range,
the13C spectra show a remarkable upfield shift for the C4 signal,
in the â-position to N2. These spectral features indicate that
the third and fourth protonation steps mainly involve the
benzylic nitrogens N2 and N2′ and the heteroaromatic nitrogens
of the dipyridine unit, as already proposed on the basis of the

(32) Batchelor, J. C.; Prestegard, J. H.; Cushley, R. J.; Lipsy, S. R.J. Am.
Chem. Soc.1973, 95, 6558. (b) Quirt, A. R.; Lyerla, J. R.; Peat, I. R.;
Cohen, J. S.; Reynold, W. R.; Freedman, M. F.J. Am. Chem. Soc.
1974, 96, 570. (c) Batchelor, J. C.J. Am. Chem. Soc.1975, 97, 3410.
(d) Sarnessky, J. E.; Surprenant, H. L.; Molen, F. K.; Reilley, C. N.
Anal. Chem.1975, 47, 2116.

Figure 2. (a) pH dependence of the absorption spectra ofL2 ([L2] )
2.1× 10-5 M, I ) 0.1 M) Inset: absorbance at 313 nm (b) and molar
fractions (ø) of the protonated forms ofL2 (dashed lines) (a) L2, b
) HL2+, c ) H2L22+, d ) H3L23+, e ) H4L24+, f ) H5L25+, g )
H6L26+). (b) pH dependence of the absorption spectra ofL3 ([L3] )
5.4× 10-5 M, I ) 0.1 M) Inset: absorbance at 304 nm (b) and molar
fractions (ø) of the protonated forms ofL3 (dashed lines) (a) L3, b
) HL3+, c ) H2L32+, d ) H3L33+, e ) H4L34+, f ) H5L35+, g )
H6L36+, h ) H7L37+).
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UV spectral data. In [H4L3]4+, therefore, one acidic proton is
localized on the heteroaromatic nitrogens and the other three
on the pentaamine chain, as actually shown by the crystal
structure of [H4L3](ClO4)4. The marked downfield shift of the
signal of H7 below pH 3.5 indicates that the fifth protonation
step mainly involves, once again, the benzylic nitrogens N2 and
N2′ (Scheme 2). Although the NMR spectra do not allow
discernment of the sixth and the seventh protonation sites, it is
obvious that the last two protonation steps take place on the
remaining amine group of the N3-N4-N3′ chain and on the
dipyridine nitrogens. A crystal structure of the [H6L3](NO3)6

salt33 shows that one of the dipyridine nitrogen is not protonated,
suggesting that the sixth protonation step occurs on the N3-
N4-N3′ moiety.

The most interesting finding is the fact that protonation of
L3 takes place on the heteroaromatic moiety from the third
protonation step. Protonation of dipyridine implies localization
of the acidic proton outside the cavity and allows a better
minimization of the repulsion between positive charges.

Zn(II) Complexation by L2 and L3. Crystal Structure of
[ZnL2](ClO 4)2. The molecular structure of [ZnL2](ClO4)2

consists of [ZnL2]2+ complex cations and perchlorate anions.
Figure 4 shows an ORTEP31 drawing of the cation with atom
labeling and Table 2 lists bond lengths and angles for metal
coordination. The zinc atom is pentacoordinated by the het-
eroaromatic nitrogens N1 and N2, and by the N4, N5, and N6
nitrogen donors of the aliphatic chain. The coordination
geometry can be best described as a distorted trigonal bipyramid.
The two dipyridine nitrogens and the central amine group of
the aliphatic chain, N5, define the equatorial plane of the
bipyramid, while N4 and N6 occupy the apical positions. The
two benzylic nitrogen N3 and N7 lie at longer distance (Zn1··
·N7, 2.517(3) Å; Zn1···N3, 2.768(4) Å) and are not involved in
metal coordination. The amine group N3 is involved in a
intramolecular hydrogen bond with N5 (N3···N5, 2.904(7) Å).
Considering the ligand conformation, the macrocycle presents
a noncrystallographicC2 symmetry, with theC2 axis ap-
proximately passing through the N5 and Zn1 atoms and bisecting
the C5-C6 bond. The two aromatic rings are not coplanar,
forming a dihedral angle of 9.9(1)°. The aliphatic polyamine
chains C20-N7-C19-C18-N6 and C11-N3-C12-C13-
N4 point in opposite directions with respect to the mean plane
defined by the dipyridine unit. The amine groups N3, N4, N6,
and N7 are almost coplanar (max. deviation 0.107(4) Å for N4).
This plane is almost perpendicular to the mean plane defined
by the heteroaromatic units, forming a dihedral angle of 77.8-
(1)°. Such a disposition gives rise to an overall screw conforma-
tion of the macrocycle, which allows the ligand to wrap around
the metal cation.

Zn(II) Coordination in Aqueous Solution. Zn(II) coordina-
tion by L2 and L3 was studied by means of potentiometric
measurements, and the stability constants of the complexes
formed in aqueous solutions are listed in Table 3. Both ligands
can form mono- and dinuclear Zn(II) complexes in aqueous
solution.(33) Bazzicalupi, C. Unpublished results.

Figure 3. 1H chemical shifts of theL3 signals as a function of pH.

Scheme 2

Figure 4. ORTEP drawing of the [ZnL2]2+ cation.

Table 2. Selected Bond Lengths (Å) and Angles (deg) for
[ZnL2](ClO4)2

Zn(1)-N(4) 2.125(4) N(6)-Zn(1)-N(5) 80.18(19)
Zn(1)-N(6) 2.141(4) N(4)-Zn(1)-N(1) 99.82(14)
Zn(1)-N(5) 2.176(4) N(6)-Zn(1)-N(1) 94.50(16)
Zn(1)-N(1) 2.239(3) N(5)-Zn(1)-N(1) 154.71(15)
Zn(1)-N(2) 2.275(3) N(4)-Zn(1)-N(2) 102.64(16)
N(4)-Zn(1)-N(6) 159.03(18) N(6)-Zn(1)-N(2) 96.20(13)
N(4)-Zn(1)-N(5) 80.34(19) N(5)-Zn(1)-N(2) 132.32(15)

N(1)-Zn(1)-N(2) 72.63(12)
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Mononuclear Zn(II) Complexes. Considering the data in
Table 3, it is to be noted that the stability constants of the
[ZnL ]2+ complexes (L ) L2 andL3) are rather low considering
the large number of nitrogen atoms which could be involved in
metal coordination. It can be of interest to compare the stability
constant of the present mononuclear complexes with that of the
Zn(II) complexes with the macrocyclic ligand 1,4,7,10,13,16,-
19-heptaazacycloheneicosane (L4),34 which contains seven
secondary amine groups linked by ethylenic chains, and 2,5,8,-
11,14-pentaaaza[15]-16,29-phenanthrolinophane (L1),29b where
a 2,9-phenanthroline unit replaces the bipyridine moiety. The
formation constant of theL2 complex is somewhat lower than
that of L4 (log K ) 12.11 for [ZnL2]2+, Table 3, vs logK )
13.33 for [ZnL4]2+) and almost equal to that ofL1 (log K )
12.38 for [ZnL1]2+). The rather low stability of theL1 andL4
complexes was explained by considering the formation of large
chelate rings due to the presence of some nitrogen donors not
bound to the metal. A similar assumption can be also made in
the case of the present [ZnL2]2+ complex. This is supported
by the high values of the equilibrium constants for successive
addition of H+ to the [ZnL2]2+ complex, which suggest that
protonation takes place on uncoordinated nitrogen atoms.
Furthermore, the crystal structure of the [ZnL2]2+ cation shows
the metal cation coordinated by the dipyridine nitrogens and
three aliphatic amine groups, while the two benzylic amine
groups are not bound. Most likely, as previously found in
phenanthroline-containing macrocycles,29 the rigidity of the
dipyridine unit does not allow the simultaneous involvement
in metal binding of the heteroaromatic nitrogens and the adjacent
benzylic amine groups.

The most significant differences in Zn(II) coordination
between ligandsL2 andL3 are the marked lower stability of
the [ZnL3]2+ complex and its tendency to form highly proto-
nated species in aqueous solution (Table 3). In particular, the
first three protonation constants of the complex are remarkably
higher than that reported for 2,2′-dipyridine alone (logK )
4.39),35 suggesting that at least in the [ZnL3H3]5+ complex the
three acidic protons are located on the polyamine chain. These
data may indicate that in the highly protonated Zn(II) complexes
the metal ion is located outside the cavity, coordinated by the
heteroaromatic nitrogen donors of dipyridine. On the other hand,
the stability constant of the [ZnL3]2+ is by far higher than those
reported for the Zn(II) complex with 2,2′-dipyridine (logK )
8.95 for [ZnL3]2+ vs logK ) 5.0 for [Zn(2,2′-dipyridine)]2+),36

suggesting a different coordination mode of the metal in the
unprotonated complex with respect to its protonated species.

To shed further light on the coordination features of these
ligands, we carried out a UV-vis spectrophotometric and

luminescence emission study on solutions containing Zn(II) and
L2 andL3 in equimolecular ratio.

As previously observed in the case of proton binding by 2,2-
dipyridine, Zn(II) coordination by this heteroaromatic unit leads
to dramatic changes in the absorption spectra of ligandsL2 and
L3, with the appearance of new red-shifted absorption bands
at ca. 313 nm forL2 and 305 nm forL3 (Figure S1, Supporting
Information). These new bands can be used as a diagnostic tool
to prove the effective involvement of dipyridine in metal
binding. Parts a and b of Figure 5 display the variation of the
molar absorbance at 313 and 305 nm for theL2 and L3
complexes, respectively, as a function of pH. Figure 5a clearly
shows a marked decrease of the adsorbance with the formation
of the [H4L2]4+ species at pH ca. 2, as observed in the
spectrophotometric titration of the ligand in the absence of Zn-
(II), followed by an absorption increase at slightly acidic pH
values, where the formation of the Zn(II) complex, in its mono
and diprotonated forms, takes place in solution. Therefore, in
the [ZnL2]2+ complex as well as in its protonated species, the
metal is enclosed within the ligand cavity, coordinated by the

(34) Bencini, A.; Bianchi, A.; Dapporto, P.; Garcia-Espan˜a, E.; Micheloni,
M.; Paoletti, P.Inorg. Chem.1989, 28, 1188.

(35) Odani, A.; Masuda, H.J. Am. Chem. Soc.1992, 114, 6294
(36) Mohan, M.; Bancroft, D.; Abbott, E.Inorg. Chem.1979, 18, 2468.

Table 3. Stability Constants of the Zn(II) Complexes (log K) with
L2 and L3 (0.1 M NMe4Cl, 298.1 K)

log K

reaction L2 L3

L + Zn2+ ) [ZnL ]2+ 12.11(4) 8.95(6)
[ZnL]2+ + H+ ) [ZnLH]3+ 7.10(1) 8.31(6)
[ZnLH]3+ + H+ ) [ZnLH2]4+ 5.22(3) 7.18(5)
[ZnLH2]4+ + H+ ) [ZnLH3]5+ 5.43(4)
[ZnLH3]5+ + H+ ) [ZnLH4]6+ 4.00(6)
[ZnL]2+ + OH- ) [ZnL (OH)]+ 3.05(5) 4.16(3)
[ZnL(OH)]+ + OH- ) [ZnL (OH)2] 2.85(8)
[ZnL]2+ + Zn2+ ) [Zn2L ]4+ 4.61(7) 5.33(6)
[Zn2L]4+ + OH- ) [ZnL (OH)]3+ 5.88(8)
[Zn2L(OH)]3+ + OH- ) [Zn2L (OH)2]2+ 5.19(7)

Figure 5. (a) Absorbance at 313 nm (b) and molar fractions (ø) of
the protonated and complexed ofL2 (dashed lines) in the presence of
Zn(II) (1:1 molar ratio) as a function of pH ([L2] ) [Zn(II)] ) 2.1 ×
10-5 M, I ) 0.1 M). (b) absorbance at 305 nm (b) and molar fractions
(ø) of the protonated and complexed species ofL3 (dashed lines) in
the presence of Zn(II) (1:1 molar ratio) as a function of pH ([L3] )
[Zn(II)] )2.5 × 10-5 M, I ) 0.1 M).
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heteroaromatic moiety, in good accord with the results derived
from the potentiometric study of this system as well as with
the crystal structure of the [ZnL2]2+ cation.

A decrease of the absorbance in the pH range 1-4 is also
observed in the case ofL3 (Figure 5b). In this pH range highly
protonated species of the ligand are prevalent in aqueous
solution, and the decrease in absorbance is mainly due to partial
deprotonation of the dipyridine unit passing from [H5L3]5+ to
[H3L3]3+. Such a decrease, however, is much less marked than
in the case ofL2, due to simultaneous formation of the tetra-
and triprotonated forms of the complex, [ZnL3H4]6+ and
[ZnL3H3]5+. Above pH 4 the formation of the diprotonated
species of the complex, [ZnL3H2]4+, gives rise, once again, to
an increase of the absorbance. These data account for the
involvement of the dipyridine unit in metal coordination in the
protonated forms of this Zn(II) complex. In other words, in the
protonated complexes, the metal is lodged outside the cavity,
coordinated by the heteroaromatic nitrogens, while the acidic
protons are bound by the polyamine chain (Scheme 3).

The most interesting finding, however, is the sharp decrease
of the absorbance at alkaline pHs, occurring upon the formation
of the [ZnL3]2+ complex and its mono- and dihydroxo
complexes. Such a behavior implies that in the nonprotonated
forms of the complex the dipyridine unit is not involved in metal
coordination and Zn(II) is lodged inside the macrocyclic cavity.
The particular molecular topology of this ligand gives rise to a
pH-controlled change of binding site for the metal, which
translocates from inside to outside the cavity upon protonation
of the [ZnL3]2+ complex.

The process of complex formation was also followed by
means of fluorescence emission spectra at different pH values.
Different from the Zn(II) complex of 2,2′-dipyridine, which is
known to exhibit a strong fluorescence emission, no lumines-
cence was observed for the Zn(II) complex withL2. This
behavior can be ascribed, once again, to the fact that the benzylic
amine groups are not involved in metal coordination, leaving
their lone pair available for the quenching of the emission via
a photoinduced electron transfer process. An identical effect
was recently reported for the Zn(II) complexes with phenan-
throline-containing macrocycles, such asL1.29

The Zn(II) complex withL3 shows a different behavior.
Figure 6a displays the fluorescence emission spectra at different
pH values. The most interesting finding is the appearance of a
strong emission at 316 nm at slight acidic pH, with a maximum
at pH ca. 5. As shown in Figure 6b, this emission can be
attributed to the formation of the tetraprotonated and triproto-
nated [ZnL3H4]6+ and [ZnL3H3]5+ species, while the less
protonated species are only weakly emissive. This result points
out that in the [ZnL3H2]4+ and [ZnL3H]3+ complexes at least
one of the benzylic amine groups is not protonated and,

therefore, available to carry out the quenching of the excited
state by electron transfer. A total quenching of emission is
observed at alkaline pH values, due to the formation of the
[ZnL3]2+ complex and its hydroxylated species, where the metal
is lodged inside the macrocyclic cavity (Figure 6b). Therefore,
“jumping” of the metal between the two coordinative sites of
the chemosensorL3 determines an on/off switching of its
fluorescence emission.

Dinuclear Zn(II) Complexes. As previously observed, both
ligands can form dinuclear metal complexes in aqueous solution.
In the case ofL2, the constant for the addition of the second
metal to the [Zn2L2]4+ complex is by far lower than the
formation constant of the [ZnL2]2+ (4.61 vs 12.11 log units,
Table 3), as expected considering that two metal cations are
lodged at short distance inside the macrocyclic cavity. It is worth
noting that the [Zn2L2]4+ complex shows a marked tendency
to form mono- and dihydroxo species in aqueous solution. The
constants for successive addition of OH- anions to the
[Zn2L2]4+ complex are high (5.88 and 5.19 log units) in
comparison with the analogous constants for the addition of
hydroxo groups to the corresponding mononuclear [ZnL2]2+

complex (logK ) 3.05, see Table 3). This indication of a strong

Scheme 3

Figure 6. (a) Fluorescence emission spectra of the Zn(II) complexes
with L3 at different pH values (excitation wavelength of 293 nm). (b)
fluorescence emission (b) and molar fractions (ø) of the protonated
and complexed species ofL3 (dashed lines) in the presence of Zn(II)
(1:1 molar ratio) as a function of pH ([L ] ) 2.5 × 10-5 M; I ) 0.1
M).
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binding of the hydroxide ion leads us to suppose that this group
bridges the two metal centers. Different from the mononuclear
Zn(II) complex, the dinuclearL2 complex displays a fluores-
cence emission. A simple titration carried out by successive
addition of Zn(II) to an aqueous solution of the ligand at pH
7.5 shows the appearance of an emission band at ca. 320 nm
for metal to ligand molar ratios greater than 1, i.e., with the
formation of the [Zn2L2]4+ complex. This feature may indicate
that in the dinuclear complexes all nitrogen donors are involved
in metal coordination and, therefore, are not available for the
process of emission quenching.

The dinuclear Zn(II) complex withL3 displays, once again,
a different behavior. First, the difference between the stability
constants of the [ZnL3]2+ and the [Zn2L3]4+ complexes (8.95
vs 5.33 log unit) is remarkably lower with respect to the Zn(II)
complexes withL2. Furthermore, the constant for the addition
of the second Zn(II) to the [ZnL3]2+ is very similar to that
reported for Zn(II) complexation with 2,2′-dipyridine (4.95 log
units). These data indicate that the second Zn(II) ion coordinates
to the dipyridine unit, giving rise to a dinuclear complex in
which the two metals occupy the two separated binding zones
of L3 (Scheme 3). Interestingly, this dinuclear complex is not
emissive, suggesting that in the [Zn2L3]4+ complex at least one
aliphatic amine group is not coordinated to the metal.

Concluding Remarks.The different molecular architecture
of the two dipyridine-containing macrocyclesL2 and L3
strongly affects their coordination features toward Zn(II) as well
as the photophysical properties of the complexes. The formation
of [ZnL2]2+ is accomplished by the appearance of a typical
red-shifted absorption band at 313 nm, due to Zn(II) coordina-
tion to the dipyridine unit, inside the macrocyclic cavity. At
the same time, this complex does not display fluorescence
emission. As shown by the crystal structure of the [ZnL2]2+

cation, the benzylic amine groups do not bind to the metal and
are available for the quenching emission through an electron-
transfer process. In the case ofL3, in the protonated [ZnL3Hx]2+x

complexes, formed at acidic pHs, the metal is coordinated to
the dipyridine nitrogens outside the cavity. In fact, these
complexes display a new red-shifted band at 305 nm in the
absorption spectra and give fluorescence emission, at least in
the highest protonation degrees. In [ZnL3]2+, [ZnL3(OH)]+, and
[ZnL3(OH)2], formed at alkaline pH values, the dipyridine is
not involved in metal coordination and the Zn(II) ion is
coordinated to the amine groups inside the macrocyclic cavity,
as shown by the decrease of the absorption at 305 nm and by
quenching of the fluorescence emission observed in the alkaline
pH region. Therefore, the particular molecular topology of this
ligand gives rise to a pH-controlled translocation of the metal
from outside to inside the cavity.

The dinuclear Zn(II) complexes withL2 andL3 also show
different structural features. While in [Zn2L2]4+ both metals
are lodged inside the macrocyclic cavity, in [Zn2L3]4+ one of
the metal ions is coordinated by the heteroaromatic nitrogens
outside the macrocyclic cavity.

Experimental Section

Synthesis. LigandL2,37 4,4′-bis(bromomethyl)-2,2′-bipyridine38 (1),
and 1,4,7,10,13-pentakis(p-tolylsulfonyl)-1,4,7,10,13-pentaazatride-
cane39 (2) were synthesized as previously described.

4,4′-(2,5,8,11,14-Pentatosyl-2,5,8,11,14-pentaaza[15])-2,2′-bipy-
ridylophane (3). A solution of1 (6 g, 17.5 mmol) in dry CH3CN (500
cm3) was added over a period of 4 h to a refluxing and vigorously
stirred suspension of2 (16.8 g, 17.5 mmol) and K2CO3 (28 g, 0.20
mol) in CH3CN (1 L). After the addition was completed, the solution
was refluxed for additional 2 h. The resulting suspension was filtered
out and the solution was vacuum evaporated to give a crude solid. The
product was recrystallized from toluene, affording3 as a colorless solid.
Yield: 14 g (70%). Anal. Found: C, 57.7; H, 5.4; N, 8.55. Anal. Calcd
for C55H61N7S5O10: C, 57.93; H, 5.39; N, 8.6.1H NMR (CDCl3) δ
(ppm): 2.35 (s, 3H), 2.40 (s, 6H), 2.42 (s, 6H), 2.88 (m, 4H), 2.90 (m,
4H), 3.15 (m, 4H), 3.31 (m, 4H), 4.42 (s, 4H), 7.38 (m, 14H), 7.67 (d,
4H), 7.74 (d, 2H), 7.81 (d, 4H), 7.99 (d, 2H).13C NMR (CDCl3) δ
(ppm): 22.3, 47.9, 48.9, 49.4, 49.7, 55.4, 121.1, 124.7, 128.1, 128.6,
131.4, 135.4, 136.4, 137.5, 138.8, 145.2, 146.5, 156.0, 157.6.

4,4′-(2,5,8,11,14-Pentaaza[15])-2,2′-bipyridylophane Pentahydro-
bromide (L3 5HBr). Compound3 (2.85 g, 2.46 mmol) and phenol
(33 g, 0.350 mol) were dissolved in 33% HBr/CH3COOH (250 cm3).
The reaction mixture was kept under stirring at 90°C for 22 h until a
precipitate was formed. The solid was filtered out and washed several
times with CH2Cl2. The pentahydrobromide salt was recrystallized from
a EtOH/water 2:1 mixture. Yield: 1.6 g (85%). Anal. Found: C, 30.9;
H, 4.7; N, 12.5. Anal. Calcd for C20H36N7Br5: C, 31.03; H, 4.69; N,
12.67.1H NMR (D2O, pH 4) δ (ppm): 2.24 (m, 4H), 2.37 (m, 4H),
3.36 (t, 4H), 3.61 (t, 4H), 4.76 (s, 4H), 7.88 (d, 2H), 8.06 (s, 2H) 8.59
(d, 2H).13C NMR (D2O, pH 4)δ (ppm): 44.4, 44.6, 46.1, 53.3, 124.5,
128.3, 130.1, 140.2, 145.3, 152.3.

[H4L3](ClO 4)4·H2O. To a solution ofL3 (18.5 mg, 0.05 mmol) in
water (pH 4) was added NaClO4‚H2O (100 mg, 0.7 mmol). Crystals of
[H4L3](ClO4)4‚H2O suitable for X-ray analysis were obtained by slow
evaporation of this solution. Yield: 25 mg (58%). Anal. Found: C,
30.3; H, 4.8; N, 12.3. Anal. Calcd for C20H37Cl4N7O17: C, 30.43; H,
4.72; N, 12.42.

[ZnL2](ClO 4)2. Zn(ClO4)2‚6H2O (18.7 mg, 0.05 mmol) was added
to a solution ofL2 (18.5 mg, 0.05 mmol) in methanol (10 cm3), and
then butanol (10 cm3) was added. Crystals of [ZnL2](ClO4)2 were
obtained by slow evaporation of the solution. Yield: 30 mg (94%).
Anal. Found: C, 38.2; H, 5.0; N, 15.5. Anal. Calcd for C20H31Cl2N7O8-
Zn: C, 37.90; H, 4.93; N, 15.47.

X-ray Structure Analyses. Analyses on prismatic colorless single
crystals of [H4L3](ClO4)4‚H2O (a) and [ZnL2](ClO4)2 (b) were carried
out with an Enraf-Nonius CAD4 and SIEMENS P4 X-ray diffracto-
meters, respectively. Details for data collections and structure refine-
ments are summarized in Table 4. Intensity data were empirically
corrected for absorption (PSI-SCAN method). Both structures were

(37) Bencini, A.; Bianchi, A.; Fusi, V.; Giorgi, C.; Masotti, A.; Paoletti,
P. J. Org. Chem.2000, 65, 7686.

(38) Kaes, C.; Hosseini, M. W.;. De Cian A.; Fischer, J.Tetrahedron Lett.
1997, 38, 4389.

(39) Bencini, A.; Bianchi, A.; Garcia-Espan˜a, E.; Giusti, M.; Micheloni
M.; Paoletti, P.Inorg. Chem.1987, 26, 681.

Table 4. Crystal Data and Structure Refinement for
[H4L3](ClO4)4·H2O (a) and [ZnL2](ClO4)2 (b)

a b

empirical formula C20H37Cl4N7O17 C20H31Cl2N7O8Zn
formula weight 789.37 633.79
temperature, K 298 298
wavelength, Å 0.71069 1.54180
space group P1h P21/c
a, Å 8.758(9) 11.848(1)
b, Å 9.662(3) 11.276(1)
c, Å 19.190(7) 19.688(3)
R , deg 91.17(3) 90
â, deg 97.12(5) 94.01(1)
γ, deg 94.23(5) 90
volume, Å3 1606.2(18) 2623.8(5)
Z 2 4
calcd density, Mg/m3 1.632 1.604
absorption coeff, mm-1 0.455 3.694
crystal size, mm 0.35× 0.3× 0.1 0.4× 0.4× 0.3
final R indices [I > 2σ(I)]a R1 ) 0.0672 R1) 0.0574

wR2 ) 0.1795 wR2) 0.1707
R indices (all data)a R1 ) 0.1056 R1) 0.0635

wR2 ) 0.1957 wR2) 0.1772

a R1 ) ∑||Fo| - |Fc||/∑|Fo|; wR2 ) [∑w(Fo
2 - Fc

2)2/∑wFo
4]1/2.
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solved by direct methods with the SIR97 program.40 Refinements were
performed by means of the full-matrix least-squares method with the
SHELXL-97 program.41

X-ray Structure Determination of [H 4L3](ClO 4)4·H2O (a). Aniso-
tropic displacement parameters were used for all non-hydrogen atoms.
All hydrogen atoms bound to carbon atoms were introduced in
calculated positions with an overall isotropic thermal parameter refined
to the final values ofU ) 0.048(3) Å2. The hydrogen atoms bound to
the nitrogens were localized in the Fourier difference map, introduced
in the calculation, and isotropically refined.

X-ray Structure Determination of [ZnL2](ClO 4)2 (b). Anisotropic
displacement parameters were used for all non-hydrogen atoms.
Hydrogen atoms linked to N6 and to the carbon atoms were introduced
in calculated position and their coordinates and isotropic thermal factors
were refined in agreement with the linked atoms. Disorder was
recognized for the C13-N4-C14-C15 chain, and double positions
were used for all these atoms with population parameters 0.4 and 0.6.
The hydrogen atoms bound to N4 and to the disordered carbon atom
were not introduced in the calculation. Rotational disorder affects also
a perchlorate ion. Two models, coincident in Cl3 and O33, were used
to rationalize the disorder: the double positions for O31 and O34 (O31′
and O34′) were localized and introduced with the population parameter
0.5, while it was not possible to split the elongated ellipsoid of O32.

Potentiometric Measurements.Equilibrium constants for proto-
nation and complexation reactions withL2 andL3 were determined
by pH-metric measurements at 298.1( 0.1 K, by using equipment
and procedures26 which have been already described. (1-2) × 10-3

mol dm-3 ligands and metal ions concentrations were employed in the
potentiometric measurements, varying the metal to ligand molar ratio

from 0.5:1 to 2:1. Three titration experiments (about 100 data points
for each one) were performed in the pH ranges 2.5-10.5. The computer
program HYPERQUAD42 was used to calculate equilibrium constants
from emf data.

Spectrophotometric and Spectrofluorimetric Measurements.
Absorption spectra were recorded on a Perkin-Elmer Lambda 6
spectrophotometer and fluorescence emission on a SPEX F111 Fluo-
rolog spectrofluorimeter. HCl and NaOH were used to adjust the pH
values, which were measured on a Metrohm 713 pH meter.

NMR and Electronic Spectroscopy.1H (300.07 MHz) and13C
(75.46 MHz) spectra in D2O solutions at different pH values were
recorded at 298 K in a Varian Unity 300 MHz spectrometer. To adjust
the pD, small amounts of 0.01 mol dm-3 NaOD or DCl solutions were
added to solutions containingL2 or L3. The pH was calculated from
the measured pD values by using the following relationship pH) pD
- 0.40.43
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