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Abstract

The synthesis of the open-chain and cyclic polyamines, 1,5,8,12,15,19-hexaazaheptadecane (L1) and 2,6,9,13,16,20-hexaaza[21]-(2,6)-
pyridinophane (L2), are described. The protonation constants and interaction constants with Cu(II) have been determined by potenti-
ometric measurements carried out at 298.1 K in 0.15 mol dm�3 NaClO4. The values obtained are discussed as a function of the
open-chain or cyclic nature of the ligands and compared with analogous polyamines containing different sets of hydrocarbon chains
between the nitrogen donors. Kinetic studies on the acid-promoted dissociation of the Cu(II) complexes indicate that the mono and binu-
clear complexes of L1 decompose with different kinetics, a behavior unprecedented for open-chain polyamines. In contrast, the dissoci-
ation of the first metal ion is accelerated in the binuclear complexes of L2 and so, all the mono and binuclear complexes of L2 decompose
with the same kinetics. The voltammetric response of Cu(II)–L1 and Cu(II)–L2 complexes has been studied in order to correlate elec-
trochemical and structural data.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Polyamines constitute one of the categories of receptors
most widely employed in coordination and supramolecular
chemistry [1]. This broad interest stems from their versatil-
ity. Polyamine receptors can coordinate metal ions if the
number of available amino groups is sufficient. On the other
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hand, they can coordinate anions or dipolar species at pH
values low-enough to allow extensive protonation of the
amino groups. Different books and reviews cover this topic
[2]. Within this field, we have prepared and studied the coor-
dination capabilities of hexaamines of open-chain or cyclic
nature containing different sets of ethylenic and propylenic
chains between the amino groups (see Chart 1) [3–9]. In the
cyclic compounds, the polyamine chains were attached
through methylene groups to benzene or pyridine frag-
ments. One of the main interests in the chemistry of these
compounds stems from the fact that they form co-ordin-
atively unsaturated binuclear and mononuclear complexes.
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In the case of the binuclear complexes, the number of nitro-
gen donors does not saturate the first coordination spheres
of the metal ions leaving free positions that can be either
vacant or occupied by ancillary ligands. Such ligands can
be easily replaced by target molecules. Recently, we have
communicated on the ability of the Cu(II) binuclear com-
plexes of L7 (see Chart 1) to coordinate L-aspartate and
L-glutamate amino acids as bridging ligands between the
Cu(II) centers [6]. Another aspect of interest regards the
mononuclear complexes of the cyclic ligands. In principle,
the stereochemical requirements of the metal ions do not
match exactly with the conformational flexibility of the
ligands, which is imposed by the aromatic fragment and
the sequence of hydrocarbon chains in the polyamine
bridges. This makes the mononuclear complexes to also
have unsaturated coordination sites. The study of the com-
plex decomposition kinetics has shown that the metal ions
can, in some instances, reorganize the nitrogen atoms con-
forming its coordination sphere by breaking and re-making
metal–nitrogen bonds as a function of the protonation
degree and performing, therefore, a sort of hydrogen ion-
driven molecular motion [5,7]. These slippage motions will
be depending also on the basicity of the compound, which
is marked by its open-chain or cyclic nature, and by the
arrangement of hydrocarbon chains along the polyamine.
The analysis of these simple movements can help to under-
standing more complex molecular movements occurring in
living systems associated to pH gradients.

Among the compounds prepared, a polyamine contain-
ing a completely alternated sequence of propylenic and eth-
ylenic chains was still lacking. In order to fill this gap, here
we report on the synthesis of the open-chain polyamine
1,5,8,12,15,19-hexaazaheptadecane (L1) and on its related
pyridinophane 2,6,9,13,16,20-hexaaza[21]-(2,6)-pyridino-
phane (L2). We analyze their acid–base behavior, Cu(II)
coordination chemistry and their acid-promoted decompo-
sition kinetics. In order to have further information about
the slippage movements, we have also performed cyclovol-
tamperometric studies on these systems. We discuss on how
the sequence of hydrocarbon chains affect free-energy
terms and metal ion reorganizations in the compounds.

2. Results and discussion

2.1. Protonation behavior

The protonation constant of the ligands L1 and L2 cal-
culated at 298.1 K in 0.15 mol dm�3 NaClO4 along with
those previously reported for L3, L4, L5, L7 and L9 are
presented in Table 1, while the distribution diagrams for
L1 and L2 are collected in Fig. 1A and B.

The stepwise protonation constants obtained for L1
show high values for the first four protonation steps and
intermediate values for the last two steps. The overall basi-
city is intermediate between those displayed by L3 and L4,
which differ from L1 in having one more and one less pro-
pylenic chains, respectively (Chart 1).

Similarly to what happens for L3 and L4, L1 can bind
four protons at nitrogen atoms which are not sharing ethy-
lenic chains. Scheme 1 shows three possibilities for locating
the protons filling this requirement. It is well established
that such distributions of positive charges do not produce
important repulsion yielding a high basicity [11,12]. How-
ever, the entry of the fifth proton necessarily leads to a sit-
uation in which two adjacent protons along an ethylenic
chain should be protonated producing a drop in basicity
(logK5 � logK6 = 2.16).



Table 1
Stepwise protonation constants for the protonation of polyamines L1 and L2 determined at 298.1 K in 0.15 mol dm�3 NaClO4

Reaction L1 L2 L3 L7 L4 L9 L5c

L + H ¡ HLa 10.26(1) 9.82(2)b 10.83(4) 10.67(1) 10.84(1) 10.04(2) 9.86(2)
HL + H ¡ H2L 10.02(1) 9.38(2) 10.15(5) 9.85(1) 9.97(1) 9.43(2) 9.63(1)
H2L + H ¡ H3L 9.17(1) 8.28(2) 9.30(4) 8.60(1) 8.99(1) 8.45(2) 8.65(1)
H3L + H ¡ H4L 8.18(1) 7.35(2) 8.45(5) 7.49(1) 8.07(1) 7.53(2) 6.81(1)
H4L + H ¡ H5L 6.02(1) 5.83(3) 7.30(5) 7.12(1) 5.91(2) 5.89(2) 5.90(1)
H4L + H ¡ H5L 5.10(1) 4.66(4) 4.98(6) 4.99(2) 3.16(2) 2.83(3) 4.92(1)

log b 48.75 45.32 51.00 48.72 46.90 44.18 45.77

Values reported for L3 [3], L4 [4], L5 [10], L7 and L9 [5] are also included.
a Charges omitted for clarity.
b Values in parentheses are standard deviations in the last significant figure.
c Values determined at 298.1 K in 0.1 mol dm�3 NMe4Cl.
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Fig. 1. Distribution diagrams for the systems H+–L1 and H+–L2.
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Scheme 1. Schematic representation of three possible minimum energy
situations for tetraprotonated L1. Arrows represent possible location for
the entry of a fifth proton.
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Sixth protonation leads again to situations in which the
incoming proton would be located between ammonium
groups at distances of ethylenic and propylenic chains
yielding a moderate decrease in basicity (log K5 � logK6 =
0.92). The greater decrease in basicity observed for the last
protonation of L4 (log K5 � logK6 = 2.75) would be due to
the binding of the proton in an amino group separated
from its protonated neighbors only by ethylenic chains. A
similar electrostatic analysis permits to explain the great
difference between the constants for the fifth protonation
steps of L1 and L3. Indeed, in L3 the first five protons
can be added without sharing any ethylenic chains. Similar
considerations account for the higher fourth protonation
step of L1 with respect to L5 which also contains an alter-
nated set of ethylenic and propylenic chains but with
reverse order (Table 1). Fourth protonation in L5 will nec-
essarily imply protons sharing the end of an ethylenic
chain.

NMR spectroscopy can give interesting information
regarding protonation sequences provided that the nitro-
gen atoms bearing the protons present different chemical
environments [13–15]. Upon protonation, the carbon and
proton nuclei experiencing the largest variations in chemi-
cal shift are those placed at two bond distances from the
nitrogen atom being protonated; namely, the carbon nuclei
placed in b-position and the hydrogen atoms attached to
the a-carbon atoms, which shift upfield and downfield,
respectively. Fig. 2 collects the 13C NMR spectra of L1
recorded at the pH values of predominance of the different
protonated species.

All the assignments have been performed taking into
account relevant bibliography and 2-D 1H–1H and
1H–13C correlation experiments (for the labeling, see Chart
1). The spectral variations shown in the 13C NMR spectra
(Fig. 2) and in the 1H NMR spectra do not give clear indi-
cations for a net protonation pattern in L1. The signals of
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carbon atoms C7 and C2 of the central methylene groups
of the propylenic chains, which are, respectively, placed
in b with respect to N1 and N2 and to N3, shift upfield
throughout all the pH range where protonation occurs
and therefore are little informative. The only difference
would be the larger upfield shift experienced by carbon
nuclei C2 (Dd = 5.12 ppm) with respect to carbon nuclei
C7 (Dd = 3.39 ppm) on going from pD = 11.1 (spectrum
F in Fig. 2) to pD = 6.71 (spectrum C in Fig. 2), thus sug-
gesting that the first four protonations mainly affect the
nitrogen atoms N1 and N2 in the external propylenic
chains. The last two protonations will be involving at a lar-
ger extent the central propylenic chain (nitrogen N3) as
suggested by the larger upfield shifts of signal C2 and C7
located in b with respect to the central nitrogen atoms.
Nevertheless, the main indication provided by the NMR
data is that protonation occurs randomly, thus meaning
that the basicity of the different sites is close. However,
as mentioned above, electrostatic arguments indicate that
first protonation steps should not involve nitrogens belong-
ing to the same ethylenic chain.

The overall basicity of cyclophane L2 is lower than that
presented by its related open-chain polyamine L1 and
intermediate between the basicity of the related pyridino-
phanes with one more propylenic chain (L7, 33233 set)
and with one more ethylenic chain (L9, 32223 set). The
reduced basicity of L2 with respect to L1 is due to moder-
ate decreases in the basicity of all the protonation steps.
The larger conformational freedom of the open-chain
ligands permits to attain more easily anti conformations
for all the chains when protonation occurs rendering more
far apart the positive charges.

On the other hand, while the greater basicity of L7 with
respect to L2 can be mainly attributed to the difference in
basicity in the fifth protonation step, the greater basicity
Fig. 2. 13C NMR spectra in D2O of L1 recorded at (A) pD = 5.5; (B) pD
of L2 with respect to L9 is mainly due to the larger sixth
basicity constant of L2. Scheme 2 illustrates a likely pro-
tonation pattern for these stages. Again, it has to be
emphasized that, with the exception of the last step, for
all the others there are different prototopic isomers of close
energy.

2.2. Metal ion coordination

The equilibrium constants determined by potentiometry
in 0.15 mol dm�3 NaClO4 at 298.1 K for the formation of
Cu(II) complexes of L1 and L2 are collected in Table 2,
which also includes the values for the related open-chain
polyamines L3 and L4 and pyridinophanes L7 and L9
for comparison.

Both polyamines, the open-chain hexaamine L1 and the
pyridinophane L2 form mono- and binuclear complexes
whose percentages of formation strongly depend on the
Cu(II)–L molar ratio. Fig. 3 gathers, for instance, the dis-
tribution diagrams calculated for the system Cu(II)–L2 for
mole ratios 2:1 and 1:1.

For the open-chain polyamine, we have detected a neu-
tral mononuclear [CuL1]2+ and two protonated species,
[CuHL1]3+ and [CuH2L1]4+. In the case of the cyclic
ligand, an additional triprotonated species has also been
detected. The values of the protonation constants of the
neutral and monoprotonated species (entries 2 and 3 in
Table 2) are very high for either the open-chain or cyclic
polyamines supporting, therefore, that at least two nitro-
gens of the polyamine chain are not involved in the coordi-
nation to the metal. Moreover, the values of the formation
constants of the [CuL]2+ complexes compare well with
those generally reported for open-chain tetraamines,
suggesting four as a likely coordination number for these
compounds [16].
= 6.7; (C) pD = 8.0; (D) pD = 9.0; (E) pD = 10.1 and (F) pD = 11.1.
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In the case of the binuclear complexes, it is reasonable to
assume that all the donor atoms in the ligands participate
in the coordination. The additional pyridine nitrogen in
the macrocyclic ligand will explain the higher formation
constant for [Cu2L2]4+.

One of the most interesting aspects of these complexes is
to analyze how the different sequences of chelate rings
affect the stability of the systems. To this respect, it has
been postulated that the substitution of ethylene bridges
by propylene ones in macrocyclic polyamines to give alter-
nated sequences of 5- and 6-membered chelates favors the
Table 2
Logarithm of the stability constants for the interaction of L1 and L2 with Cu

Entry Reaction L1 L2

1 Cu + L ¡ CuLa 20.92(4)b

2 CuL + H ¡ CuHL 9.55(4)
3 CuHL + H ¡ CuH2L 7.46(3)
4 CuH2L + H ¡ CuH3L
5 CuH3L + H ¡ CuH4L
6 CuL + H2O ¡ CuL(OH) + H �
7 2Cu + L ¡ Cu2L 28.80(2)
8 Cu2L + H ¡ Cu2HL
9 CuL + Cu ¡ Cu2L 7.88

10 2Cu + L + H2O ¡ Cu2L(OH) + H 20.48(4)
11 2Cu + L + 2H2O ¡ Cu2L(OH)2 + H 9.72(5)

The values for the formation of Cu(II) Complexes of L3, L4, L7 and L9 take
a Charges omitted for clarity.
b Values in parentheses are standard deviations in the last significant figure.
coordination of small ions like Cu(II) [17]. Inspection of
the constants for the formation of the [CuL]2+ species
shows for the open-chain polyamines the stability trend
[CuL4]2+ > [CuL1]2+ > [CuL3]2+. The highest constant is
achieved by the polyamine with two propylenic chains at
the ends and a set of three consecutive ethylenic chains in
the middle part of the molecule. The lowest constants are
attained by the polyamine with the larger number of pro-
pylene chains. The situation for the cyclic amines is how-
ever quite different, the highest stability is achieved, in
this case, by the macrocycle with the alternated sequence
(II) determined in 0.15 mol dm�3 NaClO4 at 298.1 K

L3 L4 L7 L9

20.38(2) 19.35(4) 21.74(4) 18.34(3) 19.29(3)
8.24(2) 9.75(4) 10.06(3) 9.53(3) 9.64(3)
7.35(2) 7.70(3) 6.60(1) 7.56(3) 6.71(2)
3.07(2) 4.06(1) 3.48(2) 4.65(2) 3.36(2)

4.69(2)
11.34(4)
30.48(1) 27.17(3) 30.03(1) 30.21(2)
4.08(6) 4.38(3) 4.63(3)

10.10 7.82(4) 11.69(3) 10.92(5)
23.11(2) 19.37(5) 23.73(2) 22.26(2) 20.14(4)
11.94(4) 10.02(10) 10.01

n from Refs. [3–5] are also included.
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of hydrocarbon chains in the bridge, while the lowest sta-
bility is observed for the macrocycle with the largest num-
ber of propylene chains L7. Plots of the logarithms of the
stability constants against the overall basicity confirm the
above sequences. It is interesting to emphasize that in none
of the systems studied there is a macrocyclic effect. The rel-
ative flexibilities and stereochemical arrangements of these
ligands should give rise to the different observed trends.

It is interesting to remark that, however, the binuclear
complexes of the cyclic ligands present much closer values
of stability between them. The implication of all nitrogen
atoms including the pyridine nitrogens appears to balance
the other effects.

2.3. Kinetics of decomposition of the Cu(II) complexes

The addition of an excess of acid to a solution of the
Cu(II)–L complexes results in complex decomposition
according to Eq. (1). The kinetics of these decomposition
processes have been widely studied in the literature and
we have recently shown that, in addition to the information
about the decomposition process itself, it can also provide
valuable information about the properties of the complex
[5,7]

½CuHxL�ð2þxÞþ þHþexc ! Cu2þ þ ½H5L�5þ ð1Þ
In particular, the observation of different kinetics of
decomposition for the different [CuHxL](2 + x)+ species indi-
cates that the coordination mode of the ligand changes
from a species to the other, thus revealing the existence
of a pH-driven slippage of the metal ion through the mac-
rocyclic cavity [5]. The existence of such movements was
demonstrated for several macrocyclic ligands containing
the 33233 or the 32223 polyamine units and it was pro-
posed that the changes in the ligand coordination mode
for different [CuHxL](2 + x)+ species arise because the addi-
tion or removal of a proton to an uncoordinated amino
group may introduce important changes in the electrostatic
repulsions with the metal center. As these repulsions are ex-
pected to be very sensitive to the nature of the macrocyclic
ligand, it was considered of interest to carry out a kinetic
study of the decomposition process for the Cu(II) com-
plexes with the ligands L1 and L2.

For the case of the open-chain L1 ligand, the species dis-
tribution curves indicate that the decomposition of the
[CuH2L]4+, [CuHL]3+ and [CuL]2+ can be studied by
changing the pH of a starting solution containing Cu(II)
and L1 in 1:1 molar ratio. However, the stopped-flow stud-
ies indicate that the kinetics of decomposition is the same
for all the three species, the process occurring with a single
kinetic step whose rate constant (kobs) changes with the
acid concentration according to Eq. (2) with
a = 2.1 ± 0.4 s�1, b = 7.4 ± 0.9 s�1 and c = 33 ± 18 M�1

(see Fig. 4)

kobs ¼
aþ bc½Hþ�
1þ c½Hþ� . ð2Þ
The observation of the same kinetics for the three species can
be easily interpreted by considering that upon addition of an
acid excess to a solution containing [CuHL]3+ or [CuL]2+,
they are converted to [CuH2L]4+ within the mixing time of
the stopped-flow instrument (ca. 1.7 ms), and it is the kinetics
of decomposition of this species (or the more proton-rich
[CuH3L]5+) that is actually monitored in all cases. On the
other hand, the rate law in Eq. (2) is usually interpreted
according to the classical mechanism proposed by Marge-
rum (Eqs. (3)–(5)) in which the breaking of the Cu–N bond
occurs through the parallel attacks of H+ and H2O to an acti-
vated (Cu–N)* species that contains a partially broken
Cu(II)–N bond [18]. The rate law derived for this mechanism
(Eq. (6)) coincides with Eq. (2) with the equivalences
a ¼ k1kH2O=ðk�1 þ kH2OÞ, b = k1 and c ¼ kH=ðk�1 þ kH2OÞ,
so that the values of k1 = 7.4 s�1 and kH=kH2O ¼ 33 M�1

can be obtained from the values of a, b, and c

Cu–N¡ðCu–NÞ� k1; k�1 ð3Þ
ðCu–NÞ� þH2O! Cu(II)þHNþ kH2O ð4Þ
ðCu–NÞ þHþ ! Cu(II)þHNþ kH ð5Þ

kobs ¼
k1kH2O þ k1kH½Hþ�

k�1 þ kH2O þ kH½Hþ�
. ð6Þ

When the starting complex solution contains Cu(II) and L1
in 2:1 ratio, the decomposition of the [Cu2L]4+, [Cu2-
L(OH)]3+ and [Cu2L(OH)2]2+ can be studied, although the
same kinetics is also observed for all the binuclear species.
However, the experimental results in Fig. 4 indicate that
the rate of decomposition of the binuclear complexes is
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different from that of the mononuclear species and, although
the data can also be fitted by Eq. (2), the values of a, b and c

are different. For the binuclear species, a is negligible,
b = 18 ± 4 s�1 and c = 18 ± 8 M�1. The observation of dif-
ferent kinetics of decomposition has been previously ob-
served for mono and binuclear complexes of a given ligand
[5,19,20], but this is to our knowledge the first case in which
such differences are observed for a non-macrocyclic ligand.
The differences in the kinetics indicate that decomposition
of the binuclear species does not occur through the rapid re-
lease of one Cu(II) ion followed by the rate-determining
decomposition of the resulting mononuclear species because
in that case the kinetic parameters should be the same for all
the species. Stopped-flow experiments carried out using the
diode-array detector confirmed the absence of spectral
changes within the mixing time of the stopped-flow, so that
the experimental kinetic parameters correspond to the
decomposition of the binuclear species. As the process oc-
curs in a single kinetic step, the most plausible interpretation
is to consider that the dissociation of both metal ions occurs
with statistically controlled kinetics [21], a phenomenon pre-
viously observed for the decomposition of other binuclear
Cu(II) complexes [19]. On the other hand, as the k1 value
(=b) for the binuclear complexes is higher than for the mono-
nuclear species, this indicates that the Cu–N bonds are more
labile in the binuclear complexes, which can be considered as
an evidence of a more strained structure [22], probably
caused by the electronic and steric constraints imposed by
the simultaneous coordination of two metal ions.

For the case of the macrocyclic ligand L2, the kinetics of
complex decomposition could be studied starting from
each one of the [CuH2L]4+, [CuL]2+ and [Cu2L]4+ com-
plexes; the other species detected in the potentiometric
studies could not be studied because they always exist in
equilibrium with significant amounts of other species and
so, a separate analysis of their kinetic properties is not pos-
sible. In any case, all the L2 complexes studied decompose
with the same kinetics (Fig. 5) and the values of the
observed rate constant change linearly with the concentra-
tion of acid (Eq. (7) with k = 91 ± 3 M�1 s�1). Thus, the
kinetic results indicate that the Cu(II) complexes of L2
do not show the pH-driven slippage of the metal ion previ-
ously described [5] for the related complexes

kobs ¼ k½Hþ�. ð7Þ
Although Eq. (7) can be considered a simplification of Eq.
(2), the absence of terms different from the product b · c

(=k) precludes the determination of any of the mechanisti-
cally relevant parameters as k1 or the quotient kH=kH2O.
However, the most important observation is that whereas
the spectrum of solutions containing [Cu2L]4+ displays a
band centered at 670 nm, the initial spectrum recorded in
the stopped-flow experiments shows the band at 590 nm
typical of the mononuclear species. These results indicate
that the cyclic nature of the L2 ligand makes the repulsion
between the metal centers in the binuclear species more
important than in the complexes with the related open-
chain L1 ligand, so that dissociation of the first metal ion
now occurs during the mixing time of the instrument and
the kinetic traces only give information about the much
slower release of the second Cu(II) center. It is important
to note that a similar very rapid release of the first metal
ion has been previously observed for the binuclear
complexes of the related pyridinophane with the 32223
polyamine (L9) [5], whereas the complexes of the 33233-
containing pyridinophane (L7) decompose with statistically
controlled kinetics, i.e., the rate of dissociation of the first
metal ion only doubles the rate of the second one. Thus,
the kinetic results in the present work indicate that the dif-
ficulties to accommodate two metal ions in the macrocyclic
cavity are maintained when the size of the polyamine in-
creases from 32223 (L9) to 32323 (L2) and, as a conse-
quence, the binuclear complexes are strained and
dissociation of the first metal ion is accelerated. However,
a new increase in the size of the macrocycle (33233 poly-
amine, L7 ligand) leads to binuclear complexes in which
both metal ions are so well accommodated that they behave
independently of each other and their relative rates of disso-
ciation are only controlled by the statistics. It is interesting
to note that the conclusions derived from the kinetic data
are also in agreement with the equilibrium results. The logK
values for the formation of [Cu2L]4+ from [CuL]2+ and
Cu(II) are 10.92, 10.10 and 11.69 for the pyridinophanes
with the chains 32223 (L9), 32323 (L2) and 33233 (L7),
respectively; i.e., the coordination of a second metal ion is
more favored thermodynamically for the cycle with the
33233 sequence. In addition, the kinetic data indicate that
this higher stability must also be associated with a less



Fig. 6. Cyclic voltammograms of a 1.0 · 10�3 mol dm�3 solution of
Cu(II) plus: (a) 0.5 · 10�3 mol dm�3 L1; (b) 1.0 · 10�3 mol dm�3 L1; (c)
1.0 · 10�3 mol dm�3 L2, all at pH 9.0. Potential scan rate 0.050 V s�1.
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strained structure that makes dissociation of both metal
ions to occur at comparable rates (2:1 ratio). In agreement
with this conclusion, the log K values for the formation of
the Cu2L complexes with the polyamines containing the
chains 32323 and 33233 (7.88 and 7.82, respectively) are sig-
nificantly smaller than for the corresponding pyridino-
phanes and this results in more strained structures that
lead to the very rapid release of one of the Cu(II) ions upon
addition of an excess of acid.

2.4. Electrochemical response

In Fig. 6a, a cyclic voltammetric experiment is presented
for a 1.0 · 10�3 mol dm�3 solution of Cu(II) plus
0.5 · 10�3 mol dm�3 L1 at pH 9.0. In the initial cathodic
scan, reduction peaks at �0.45 and �0.72 V appear fol-
lowed, in the subsequent anodic scan, by a well-defined oxi-
dation peak at �0.66 V and ill-defined overlapping anodic
waves near to +0.15 V. On restricting the applied potential
to the region from 0 to �500 mV, the reduction peak at
�0.45 V is accompanied by a weak anodic counterpart at
�0.38 V, denoting that such peaks correspond to a revers-
ible reduction process. Variation of peak potential and
peak current with the potential scan rate in the range
between 0.01 and 1 V s�1 for that couple permits to
describe it in terms of a reversible one-electron per Cu elec-
tron transfer preceded by a relatively slow reaction [23].

Since peak potentials and currents remain essentially
pH-independent in the pH range between 4.0 and 10.0,
the proposed mechanism does not involve rate-controlling
proton transfer processes. In view of the recognized prefer-
ence of Cu(I) for adopting tetrahedral geometries, it
appears reasonable to assume that the electrochemical
pathway involves a pre-organization reaction in which
the parent Cu(II)–L1 complex, having probably a square-
pyramidal coordination, undergoes a coordinative arrange-
ment in order to adopt a tetrahedral-like coordination.
This pre-organization reaction probably involves the redis-
tribution of protons in the polyamine chain, in agreement
with the kinetic data.

The voltammetric response of 1.0 · 10�3 mol dm�3

Cu(II) plus 1.0 · 10�3 mol dm�3 L1 solutions is depicted in
Fig. 6b. Now, cyclic voltammograms consist of a two-elec-
tron almost-reversible couple with peak potentials of
�0.78 (cathodic) and �0.58 V (anodic), preceded by an ill-
defined cathodic wave at �0.45 V. This voltammetry indi-
cates that there is a fast comproportionation reaction
between the parent Cu(II)L1 complex and the deposit of
Cu metal formed electrochemically on the electrode surface,
so that the second electron-transfer step is enhanced at the
expense of the first.

The cyclic voltammetric response of Cu(II)–L2 complexes
is shown in Fig. 6c, corresponding to a 1.0 · 10�3 mol dm�3

solution of Cu-(II) plus 0.5 · 10�3 mol dm�3 L2 at pH 9.0. In
the initial cathodic scan, two overlapping reduction peaks at
�0.60 and �0.75 V appear whose anodic counterparts are
entirely absent in the subsequent reverse scan. Here, only
one ill-defined oxidation wave near to �0.08 V is recorded.
This voltammetric response suggests that irreversible elec-
tron-transfer processes occur as a result of the inability of
the parent metal complex for experiencing conformational
changes required for a fast redox process.

3. Experimental

3.1. Synthesis

Ligands L3–L9 have been prepared as described in
Refs. [3–5,8,9]. 1,4,8,11-tetraazaundecane was purchased
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from Aldrich (97% purity) and used without further
purification.

3.1.1. 1,4,8,11-Tetrakis(p-tolylsulfonyl)-1,4,8,11-

tetraazaundecane (1)

1,4,8,11-Tetraazaundecane (1.5 g, 9.4 mmol) dissolved in
250 cm3 of THF and K2CO3 (6.34 g, 45.9 mmol) dissolved
in 100 cm3 of water were placed in a three-necked round-
bottomed flask provided with mechanical stirring. Then, a
solution of p-tolylsulfonyl chloride (7.5 g, 40 mmol) in
THF was dropwise added over 1 h. The solution was kept
under stirring for one day, the organic phase was separated
and vacuum evaporated to dryness. The residue was sus-
pended in ethanol and refluxed for two more hours. Then,
it was filtered and washed exhaustively with ethanol (Yield
82%); m.p. 61–63 �C. NMR: dH (CDCl3): 1.94–2.03 (m,
2H), 2.40 (s, 6H), 2.42 (s, 6H), 3.11 (t, J = 7 Hz, 4H), 3.17
(b.s, 8H), 5.75 ( t, J = 6 Hz, 2H), 7.28 (d, J = 7 Hz, 2H),
7.31 (d, J = 7 Hz, 2H), 7.65 (d, J = 8 Hz, 4H), 7.76 (d,
J = 8 Hz, 4H). dC (CDCl3): 21.5, 28.5, 43.4, 48.4, 50.3,
127.0, 127.3, 129.7, 129.9, 134.7, 136.8, 143.4, 143.8. MS
m/z (FAB) 777 (M)+.

3.1.2. 1,18-Phthalimido-4,7,11,14-tetrakis(p-tolylsulfonyl)-

4,7,11,14-tetraazaheptadecane (2)

The tosylated amine 1 (7.36 g, 9.5 mmol), K2CO3

(29.7 g, 214.7 mmol) and N-(3-bromopropyl) phthalimide
(5.1 g, 18.9 mmol) were suspended in refluxing CH3CN
(300 cm3). After refluxing for 48 h, the suspension was fil-
tered off. The solution was vacuum evaporated to dryness
and the residue suspended in refluxing ethanol. Then, it
was filtered to give 2 as a white solid (Yield 95%); m.p.
179–181 �C. NMR (CDCl3): dH (ppm) 1.86–1.99 (m, 6H),
2.38 (s, 6H), 2.43 (s, 6H), 3.13–3.21 (m, 8H), 3.30–3.38
(m, 8H), 3.73 (t, J = 7 Hz, 4H), 7.29–7.33 (m, 8H), 7.67–
7.74 (m, 8H), 7.80–7.83 (m, 8H). dC (ppm) 21.5, 27.7,
28.5, 35.5, 48.1, 49.6, 50.2, 123.2, 127.3, 127.4, 129.9,
132.1, 133.9, 135.1, 135.2, 143.6, 168.2. MS m/z (FAB)
1150 (M)+.

3.1.3. 4,7,11,14-Tetrakis(p-tolylsulfonyl)-1,4,7,11,14,16-

tetraazahexaazanonadecane (3)

A mixture of compound 2 (5.1 g, 4.5 mmol) and hydra-
zine monohydrate 85% (2 cm3, 39.8 mmol) in THF
(300 cm3) was refluxed for 24 h, then cooled and the result-
ing solid filtered off. After adding 50 cm3 of water to form,
the solution was vacuum evaporated to dryness to give a
solid residue. The solid was dissolved in 100 cm3 of CH2Cl2
and the solution was dried with anhydrous Na2SO4. Then,
it was vacuum evaporated to dryness to obtain 3 (Yield
86%). NMR (CDCl3): dH (ppm) 1.65–1.72 (m, 2H), 1.90–
2.00 (m, 4H), 2.38 (s, 6H), 2.42 (s, 6H), 3.10 (t, J = 7 Hz,
4H), 3.14 (t, J = 7 Hz, 4H), 3.16 (t, J = 7 Hz, 4H), 3.23–
3.33 (m, 8H), 7.30 (d, J = 8 Hz, 4H), 7.31 (d, J = 8 Hz,
4H), 7.67 (d, J = 8 Hz, 4H), 7.69 (d, J = 8 Hz, 4H); dC

(ppm) 21.9, 28.9, 32.4, 39.1, 47.9, 48.0, 48.5, 49.3, 49.9,
127.6, 130.3, 130.2, 130.3. MS m/z (FAB) 891 (M)+.
3.1.4. 1,5,8,12,15,19-Hexakis(p-tolylsulfonyl)-

1,5,8,12,15,19-hexaazanonadecane (4)

3 (2.8 g, 3.1 mmol) dissolved in 400 cm3 of THF and
K2CO3 (1.74 g, 12.5 mmol) dissolved in 100 cm3 of water
were placed in a three-necked round-bottom flask provided
with mechanical stirring. Then a solution of p-tolylsulfonyl
chloride (1.2 g, 6.3 mmol) in THF was dropwise added over
1 h. The solution was kept under stirring for one day, the
organic phase was separated and vacuum evaporated to
dryness. The residue was suspended in ethanol and refluxed
for two more hours. Then, it was filtered and washed
exhaustively with ethanol (Yield 78%); m.p. 80–82 �C.
NMR: dH (CDCl3): 1.73–1.79 (m, 2H), 1.81–1.98 (m, 4H),
2.39 (s, 6H), 2.41 (s, 6H), 2.43 (s, 6H), 2.95 (t, J = 6 Hz,
4H), 3.14 (t, J = 7 Hz, 8H), 3.19–3.32 ( m, 8H), 7.26 (d,
J = 8 Hz, 8H), 7.30 (d, J = 8 Hz, 8H), 7.32 (d, J = 8 Hz,
4H), 7.67 (d, J = 8 Hz, 2H), 7.68 (d, J = 9 Hz, 2H), 7.69
(d, J = 9 Hz, 2H), 7.70 (d, J = 8 Hz, 2H). dC (CDCl3):
21.5, 29.2 40.4, 48.4, 49.7, 127.4, 127.7, 130.1, 130.4,
135.3, 135.5, 143.7, 144.2. MS m/z (FAB) 1197 (M)+.

3.1.5. 2,6,9,13,16,20-Hexakis(p-tolylsulfonyl)-
2,6,9,13,16,20-hexaaza-[21]-(2,6)-pyridinophane (5)

4 (3.1 g, 2.6 mmol) and K2CO3 (3.6 g, 26 mmol) were
suspended in refluxing CH3CN (250 cm3). To this mixture,
2,6-bis(bromomethyl)pyridine (0.7 g, 2.6 mmol) in 150 cm3

of CH3CN was added dropwise over 2 h. The suspension
was refluxed for further 20 h and then filtered off. The solu-
tion was vacuum evaporated to dryness and the residue
suspended in refluxing ethanol. Then, it was filtered to give
a white solid (Yield 76%); m.p. 99–101 �C. NMR; dH

(CDCl3) 1.68–1.76 (m, 4H), 1.80–1.87 (m, 2H), 2.36 (s,
6H), 2.40 (s, 6H), 2.43 (s, 6H), 3.01 (t, J = 7 Hz, 4H),
3.09 (t, J = 7 Hz, 4H), 3.11 (s, 8H), 3.20 (t, J = 7 Hz,
4H), 4.33 (s, 4H), 7.26 (t, J = 6 Hz, 9H), 7.32 (d,
J = 8 Hz, 6H), 7.58 (d, J = 8 Hz, 4H), 7.64 (d, J = 8 Hz,
4H), 7.67 (d, J = 8 Hz, 4H). dC (CDCl3) 21.5, 27.9, 47.0,
47.9, 48.6, 49.1, 54.1, 121.4, 127.2, 127.3, 129.8, 129.9,
135.0, 143.4, 143.7. MS m/z (FAB) 1301 (M)+.

3.1.6. 1,5,8,12,15,19-Hexaazanonadecane (L1 Æ 6HBr) (6)

The tetratosylated amine 3 (4.4 g, 5.0 mmol) and phenol
(23.8 g, 250 mmol) were suspended in HBr–AcOH
33%(250 cm3). The mixture was stirred at 90 �C for 24 h
and then cooled; the resulting solid was filtered off and
washed several times with CH2Cl2 to give L1 Æ 6HBr (Yield
81%); m.p. 209–211 �C. NMR (D2O): dH (ppm) 2.07–2.25
(m, 6H), 3.13 (t, J = 8 Hz, 4H), 3.24–3.31 (m, 8H), 3.52 (s,
8H); dC (ppm) 23.1, 24.1, 36.8, 43.4, 45.3, 45.5. Anal. Calc.
for C13H34N6 Æ 6HBr: C, 20.5; H, 5.3; N, 11.6. Found: C,
21.2; H, 5.5; N, 10.8%.

3.1.7. 2,6,9,13,16,20-Hexaaza-[21]-(2,6)-pyridinophane

hexahydrobromide trihydrate (L2 Æ 6HBr Æ 3H2O) (7)
The tosyl groups were removed as described for 6 (Yield

96%); m.p. 205–207 �C. NMR; dH (D2O) 2.25 (q, 2H), 2.32–
2.42 (m, 4H), 3.33–3.44 (m, 12H), 3.56–3.65 (m, 8H), 4.50
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(s, 4H), 7.47 (d, J = 8 Hz, 2H), 7.94 (t, J = 8 Hz, 1H). dC

(D2O) 22.6, 22.9, 42.7, 43.2, 44.5, 44.8, 44.9, 51.1, 123.1,
139.7, 150.8. Anal. Calc. for C20H39N7 Æ 6HBr Æ 3H2O: C,
26.69; H, 5.28 N, 9.90. Found: C, 26.6; H, 5.0; N, 10.3%.

3.2. NMR measurements

The 1H and 13C NMR spectra were recorded on a Bru-
ker Advance AC-300 spectrometer operating at
299.95 MHz for 1H and at 75.43 for 13C and Bruker
Advance AC-400 spectrometer operating at 399.95 MHz
for 1H and at 175.43 for 13C. For the 13C NMR spectra,
dioxane was used as a reference standard (d = 67.4 ppm)
and for the 1H spectra, the solvent signal.

Adjustments to the desired pH were made using drops
of DCl or NaOD solutions. The pD was calculated from
the measured pH values using the correlation, pH = pD �
0.4 [24].

3.3. emf Measurements

The potentiometric titrations were carried out at
298.1 ± 0.1 K using NaClO4 0.15 mol dm�3 as the support-
ing electrolyte. The experimental procedure (burette,
potentiometer, cell, stirrer, microcomputer, etc.) has been
fully described elsewhere [25]. The acquisition of the emf
data was performed with the computer program PASAT

[26]. The reference electrode was an Ag/AgCl electrode in
saturated KCl solution. The glass electrode was calibrated
as an hydrogen-ion concentration probe by titration of pre-
viously standardised amounts of HCl with CO2-free NaOH
solutions and determining the equivalent point by the
Gran’s method [27], which gives the standard potential,
E0 0, and the ionic product of water (pKW = 13.73(1)). The
concentrations of the different metal ions employed were
determined gravimetrically by standard methods.

The computer program HYPERQUAD [28] was used to cal-
culate the protonation and stability constants. The pH
range investigated was 2.5–10.5 and the concentration of
the different anions and of L ranged from 1 · 10�3 to
5 · 10�3 mol dm�3. The different titration curves for each
system (at least two) were treated either as a single set or
as separated curves without significant variations in the
values of the stability constants. Finally, the sets of data
were merged together and treated simultaneously to give
the final stability constants. The distribution diagrams were
calculated using the program HYSS [29]. Moreover, several
measurements were made both in formation and in dissoci-
ation (from acid to alkaline pH and vice versa) to check the
reversibility of the reactions.

3.4. Kinetic experiments

The kinetics of decomposition of the Cu(II) complexes
with the ligands L1 and L2 was studied at 25.0 �C using
an Applied Photophysics SX17MV stopped-flow spectro-
photometer. The Cu(II):L ratio (1:1 or 2:1) and the pH
of the starting solutions of the metal complexes were
selected from the species distribution curves so that the
concentration for one of the complex species is maximum
while maintaining low concentrations of the other ones.
For this reason, only those species which represent at least
80% of the total ligand under some conditions were stud-
ied. The solutions of the starting complexes were mixed
in the stopped-flow instrument with solutions containing
an excess of HClO4, the ionic strength of both solutions
being adjusted to 0.10 mol dm�3 with NaClO4. The decom-
position of the L1 and L2 complexes was monitored at 280
and 290 nm, respectively. In all cases, the data for the acid-
promoted decomposition of the complexes could be satis-
factorily fitted by a single exponential using the software
of the stopped-flow instrument. However, some experi-
ments were also performed using a PDA.1 diode-array
detector in order to obtain information about the spectral
changes occurring during the stopped-flow experiments.
The data from the diode-array experiments were analyzed
with the program GLINT [30] and yielded rate constants sim-
ilar to those derived from the single-wavelength experi-
ments, although the analysis also provides the spectrum
of the reaction mixture immediately after the addition of
the acid excess, which can be compared with the spectrum
before addition of the acid (independently recorded with a
Cary 50 UV–Vis spectrophotometer) to detect possible
spectral changes occurring during the mixing time of the
stopped-flow instrument.

3.5. Electrochemical measurements

Electrochemical measurements were performed in a
three-electrode cell with BAS CV 50 W equipment using a
BAS MF2012 glassy carbon working electrode (GCE) (geo-
metric area 0.071 cm2), a platinum wire auxiliary electrode
and a AgCl (3 M NaCl)/Ag reference electrode. The GCE
was cleaned, polished, and activated as described elsewhere
[31–33]. Electrochemical experiments were performed under
argon atmosphere in solutions of Cu(NO3)2 (Aldrich) in
0.15 mol dm�3 NaClO4, the pH being adjusted to the
required value by adding the appropriate amounts of HClO4

and/or NaOH.
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