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The formation of Cu(II) complexes with two isomeric quinoline-containing scorpiand-type ligands has
been studied. The ligands have a tetraazapyridinophane core appended with an ethylamino tail including
2-quinoline (L1) or 4-quinoline (L2) functionalities. Potentiometric studies indicate the formation of
stable CuL2+ species with both ligands, the L1 complex being 3–4 log units more stable than the L2
complex. The crystal structure of [Cu(L1)](ClO4)2·H2O shows that the coordination geometry around the
Cu2+ ions is distorted octahedral with significant axial elongation; the four Cu–N distances in the
equatorial plane vary from 1.976 to 2.183 Å, while the axial distances are of 2.276 and 2.309 Å. The
lower stability of the CuL22+ complex and its capability of forming protonated and hydroxo complexes
suggest a penta-dentate coordination of the ligand, in agreement with the type of substitution at the
quinoline ring. Kinetic studies on complex formation can be interpreted by considering that initial
coordination of L1 and L2 takes place through the nitrogen atom in the quinoline ring. This is followed
by coordination of the remaining nitrogen atoms, in a process that is faster in the L1 complex probably
because substitution at the quinoline ring facilitates the reorganization. Kinetic studies on complex
decomposition provide clear evidence on the occurrence of the molecular motion typical of scorpiands in
the case of the L2 complex, for which decomposition starts with a very fast process (sub-millisecond
timescale) that involves a shift in the absorption band from 643 to 690 nm.

Introduction

Macrocyclic polyamines with appended tails including
additional donor sites, which were prepared for the first time by
Lotz and Kaden in 1987,1,2 have revealed as a very interesting
and broadly studied class of receptors. Later Fabbrizzi et al.
coined these compounds with the term “scorpiand” to describe
the movement performed by the tail to coordinate a metal center
placed in the macrocyclic core.3 As stated by Gokel et al. for
mono- and bibrachial lariat crown ethers, which are analogous
compounds containing oxygen donor atoms,4,5 this class of com-
pounds join the typical high thermodynamic stability of cryptand
ligands with fast kinetics thus facilitating transport processes
through organic membranes. The coordination to the metal ion
of the donor atoms in the dangling arms will provide three-

dimensionality to the structure preserving at the same time fast
coordination dynamics. On the other hand, the analysis of the
kinetics of these processes may give hints about larger scale
movements and reorganizations occurring in biological systems.6

Within this topic, we have previously reported the acid–base
and Cu2+ coordination chemistry of a series of ligands built up
by linking together a tris(2-aminoethyl)amine unit to the 2,6 pos-
itions of a pyridine spacer through methylene groups (L4), and
further functionalizing the hanging arm with a 1-methylnaphthyl
unit (L5) or with 2- or 3-pycolyl groups (L6 and L7 in
Scheme 1).7,8 It was found that in the case of L5, the folding
movement of the arm towards the macrocyclic core could be
achieved not only by coordination of Cu2+ but also by formation
of internal hydrogen bonds in the mono- and diprotonated forms
of L5.8 More recently we have reported the synthesis of two
closely related ligands, L1 and L2, which differ from L6 and L7
in that pyridine replaces quinoline.9 The Mn(II) complexes of L1
and L2 show a high superoxide dismutase activity that appears
to be related to the type of substitution in the dangling arm and
to the structure of the complex formed. In view of these differ-
ences, we decided to carry out a detailed potentiometric and
kinetic study of the corresponding Cu(II) complexes. These
studies aim mainly at obtaining additional information about the
effect of the substituent in the dangling arm on the solution prop-
erties of the complex.
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Experimental

The synthesis of L1 and L2 has been described previously.9

Crystals of [CuL1](ClO4)2·H2O suitable for X-ray diffraction
were grown by slow evaporation of 10−3 M aqueous solutions of
Cu(ClO4)2·6H2O and L1·4HCl in the presence of an excess of
NaClO4 at an initial pH of 5. Unfortunately, attempts with the
L2 complex were unsuccessful. All other reagents were obtained
from commercial sources.

Kinetic experiments

Depending on the time scale of the reaction, the kinetic measure-
ments were carried out with either a Cary 50-Bio spectropho-
tometer or an Applied Photophysics SX17MV stopped-flow
instrument provided with a PDA-1 diode array detector. In both
cases, the kinetic experiments provided spectral changes with
time that were analyzed with the SPECFIT and ProK-II soft-
ware.10,11 All kinetic experiments were carried out at 298.1 K
using 0.15 M NaClO4 as supporting electrolyte. The kinetic
work on complex decomposition was carried out under pseudo-
first-order conditions of acid excess and the solutions contained
Cu2+ and the corresponding ligand in a 1 : 1 molar ratio (ca. 5 ×
10−4 M). The pH was adjusted with NaOH to values at which
the formation of the CuL2+ complexes in solution is complete.
Complex decomposition was started by adding an excess of an
HClO4 solution of suitable concentration containing the required
amount of NaClO4 for maintaining a constant ionic strength of
0.15 M. For the kinetic studies on complex formation, a 5 ×
10−4 M solution of the ligand whose pH had been previously
adjusted with HClO4 and NaOH was mixed in the stopped-flow
instrument with a solution at the same pH and containing the
same concentration of Cu2+. Pseudo-first order conditions were
avoided to make complexation slow enough to be measured with
the stopped-flow technique and to avoid complications caused
by the possibility of formation of complexes with different stoi-
chiometries. The experiments covered a range of starting pH of
3.0–5.8. Under these conditions, complex formation can be
easily monitored with the stopped-flow instrument, and Cu2+

initially exists almost exclusively as the aqua-complex, thus
facilitating the interpretation of the kinetic data because there is
not any contribution of Cu2+ hydroxo complexes to the net rate
of complex formation. The kinetic experiments were conducted
in the absence of buffer because of previous evidence showing
that buffer agents can interact either with the metal ion or with
the highly protonated forms of the ligand.11–13 Although the
absence of buffering agent causes significant changes in the H+

concentration during complex formation, the problem can be
solved by analysing the kinetic data with the ProK-II software,11

which allows not only inclusion in the model fixed values of the
equilibrium constants for the protonation equilibria but also a
simultaneous analysis of kinetic files corresponding to exper-
iments at different starting pH.13 Nevertheless, kinetic models
were kept as simple as possible. For that purpose, the analysis of
the whole set of experiments was preceded by an individual
analysis of each file using both the Specfit and ProK-II
programs.10,11,13

Potentiometric measurements

The potentiometric titrations were carried out at 298.1 ± 0.1 K
using NaClO4 0.15 M as supporting electrolyte. The experimen-
tal procedure (burette, potentiometer, cell, stirrer, microcomputer,
etc.) has been fully described elsewhere.14 The acquisition of the
emf data was performed with the computer program PASAT.15

The reference electrode was an Ag/AgCl electrode in saturated
KCl solution. The glass electrode was calibrated as a hydrogen-
ion concentration probe by titration of previously standardized
amounts of HCl with CO2-free NaOH solutions and determining
the equivalent point by the Gran’s method,16,17 which gives the
standard potential, E°′, and the ionic product of water (pKw =
13.73(1)). The computer program HYPERQUAD18 was used to
calculate the protonation and stability constants. The pH range
investigated was 2.5–11.0 and the concentration of Cu2+ and of
the ligands ranged from 1 × 10−3 to 5 × 10−3 M with M : L
molar ratios varying from 2 : 1 to 1 : 2. The different titration
curves for each system (at least two with over 50 experimental
data points) were treated either as a single set or as separated
curves without significant variations in the values of the stability
constants.

NMR measurements

The 1H and 13C NMR spectra were recorded on a Bruker Avance
DPX 300 MHz spectrometer operating at 299.95 MHz for 1H
and at 75.43 MHz for 13C. For the 13C NMR spectra, dioxane
was used as a reference standard (δ = 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 calcu-
lated from the measured pH values using the correlation, pH =
pD−0.4.19

Crystallographic analysis

An analysis of a single crystal of [CuL1](ClO4)2·(H2O) was
measured in an Enraf-Nonius KappaCCD single-crystal
diffractometer using MoKα radiation (λ = 0.71073 Å) at room
temperature. The structure was solved with SHELXS-97
program and further refined with SHELXL-9720 up to the final
structure. Hydrogen atoms were placed in calculated positions.
Final drawings of the structures were made with the Mercury
program.21

Spectrofluorimetric measurements

The solvents used were of spectroscopic or equivalent grade.
Water was twice distilled and passed through a Millipore appar-
atus. All solutions were prepared 0.15 mol dm−3 in NaClO4. The
pH values were measured with a Mettler-Toledo MP-120 pH-
meter and adjustments of the hydrogen ion concentration of the
solutions were made with diluted HCl and NaOH solutions.
UV-Vis absorption spectra were recorded on Agilent 8453 spec-
troscopy system. The emission spectra were recorded with a PTI
MO-5020 spectrofluorimeter in the 300–500 nm range with exci-
tation wavelength of 316 nm. The absorbance was smaller than
0.1 units at the excitation wavelength.

5618 | Dalton Trans., 2012, 41, 5617–5624 This journal is © The Royal Society of Chemistry 2012

Pu
bl

is
he

d 
on

 0
5 

M
ar

ch
 2

01
2.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
id

ad
 d

e 
C

ad
iz

 o
n 

13
/0

3/
20

18
 0

9:
36

:3
5.

 
View Article Online

http://dx.doi.org/10.1039/C2DT30223C


Results and discussion

Acid–base behaviour of L1 and L2

A collection of the potentiometrically determined protonation
constants and the NMR spectra of solutions containing both
ligands at different pH has been previously reported,9 but some
discussion of those results is required in the context of the
present work to help to a better understanding of the kinetic
properties of these systems. Table 1 shows the stepwise protona-
tion constants of L1 and L2 determined in 0.15 M NaClO4 at
298.1 K, and the corresponding species distribution diagrams are
included in Fig. 1 and the ESI.† Both ligands present four proto-
nation constants, the first three being much higher than the
fourth one. In the case of L1 the value of the last constant was
too small to allow determination from potentiometric measure-
ments, and UV-Vis spectroscopy has now been employed to
obtain an accurate value. The observed spectral changes during
the titration (see Fig. S5, ESI†) show an increase of absorbance
at the lowest pH values (less than ca. 2.5) both in the
300–350 nm and 235–245 nm ranges, which clearly support that
the fourth protonation occurs at the quinoline nitrogen. Actually,
similar spectral changes have been reported for other quinoline-
containing molecules undergoing protonation of the quinolinic
nitrogen.22,23 Similar absorbance changes are observed for L2
(see Fig. S6, ESI†), but they occur at higher pH values, in agree-
ment with the potentiometric results.

Taking into account the basicity in water of the different types
of nitrogen atoms in L1 and L2, it is expected that the three first
protonation steps should involve the secondary amino groups of
the ligands; two of them located in the macrocyclic core and the
other one in the tail. 1H and 13C NMR data at different pH
values can give also indications about the protonation sequence
followed by L1 and L2. It is well known that upon protonation
the hydrogen nuclei bound to the α-carbon and the carbon nuclei
in the β position with respect to the nitrogen atoms undergoing
protonation are those experiencing, respectively, the largest
downfield and upfield shifts.7 Tables S1 and S2† in the ESI sum-
marize the shifts observed for the proton and carbon signals of
the aliphatic part of both ligands (see Scheme 1 for the labelling
and the ESI of ref. 9 for the original spectra). The variation of
the 1H signals of the protons H1 and H6 is particularly relevant
for distinguishing between the protonation of the secondary
amino groups in the macrocycle and in the pendant arm. For the
case of L1, the data show that formation of HL1+ occurs with
significant shift of all the aliphatic proton signals except that for

H6, thus showing that the first protonation occurs at the macro-
cyclic ring and it surely involves formation of hydrogen bonds
with participation of all the nitrogen donors in that part of the
molecule. This conclusion is also supported by the shifts
observed for the signals of H2, H3 and H4. In contrast, in the
pH range in which second and third protonation occur, the
downfield shifts for the H1 and H6 signals are both significant,
thus suggesting that those protonations affect to both the macro-
cycle and the NH group in the pendant arm. Finally, the only
signal slightly shifted upon conversion of H3L1

3+ to H4L1
4+ is

that for H6, in agreement with the results from the spectrophoto-
metric titration showing that this protonation occurs at the quino-
line nitrogen. The shifts for the carbon signals in general
confirm the previous conclusions from the proton spectra, it
being especially relevant that the only signal that undergoes a
significant upfield shift in the fourth protonation is that for C6,
in agreement again with protonation at quinoline. The table in
the ESI† for L2 leads to similar conclusions, thus showing that
both ligands follow a common protonation sequence in which
the secondary amino groups of the macrocycle undergo protona-
tion first, followed by the secondary amino group of the tail and
by the nitrogen of the quinoline ring.

Additional information about protonation of the quinoline
nitrogen was obtained in a fluorescence study. Excitation at
316 nm causes fluorescence with an emission maximum at
415 nm, the intensity of emission being strongly pH dependent.
Fig. 1 shows that both H4L1

4+ and H3L1
3+ are strongly fluor-

escent, but emission is severely reduced under conditions in
which only H2L1

2+ and less protonated species exist in solution.
It is known that quinoline and its derivatives are fluorescent both
in the neutral and protonated forms,23,24 and so the results in
Fig. 1 confirm that the last protonation occurs at the quinoline

Table 1 Stepwise protonation constants of L1 and L2 determined at
298.1 ± 0.1 K in 0.15 M NaClO4

9

Reactiona L1 L2

L + H ⇆ HL 10.03(1)b 9.93(1)
HL + H ⇆ H2L 8.40(1) 8.31(1)
H2L + H ⇆ H3L 6.23(1) 5.94(1)
H3L + H ⇆ H4L 1.93(2)c 2.82(1)

aCharges omitted for clarity. bValues in parenthesis are standard
deviations in the last significant figure. c This work, determined by
UV-Vis measurements.

Scheme 1

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 5617–5624 | 5619
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ring, in agreement with the spectrophotometric results. In the
H3L1

3+ species the quinoline group would be deprotonated
whereas all the remaining nitrogen atoms would be either proto-
nated or hydrogen bonded, so that no electron pairs on the amine
groups are available for photoinduced electron-transfer fluor-
escence quenching.25,26 Deprotonation of H3L1

3+ involves the
secondary amino group closest to the quinoline and leads to flu-
orescence quenching. For the case of L2, the results are more
complex, with changes in both the intensity and the position of
the maximum of emission with pH, and so no clear conclusions
could be obtained.

Crystal structure of [Cu(L1)](ClO4)2·H2O

The asymmetric unit of [Cu(L1)](ClO4)2·H2O is formed by one
[Cu(L1)]2+ cation, two perchlorate counter-ions and a lattice
water molecule. The coordination geometry around the Cu2+

ions is distorted octahedral with significant axial elongation (see
Fig. 2) as was already observed in the case of the analogous
complex of the ligand L6, [Cu(L6)](ClO4)2.

7 The equatorial
plane of the octahedron is defined by the pyridine and quinoline
nitrogens (N1 and N6, respectively), the tertiary amino group of
the ligand (N3) and the amino group of the tail (N5). The short-
est distances are those with the pyridine nitrogen and the second-
ary amino group of the tail. The elongated axial positions are
occupied by the secondary amino groups of the macrocyclic core
(N2 and N4). Such a distortion is somehow dictated by the pres-
ence of the aromatic spacer that prevents a closer approach to the
metal of the secondary atoms of the macrocycle. The angles in
the coordination sphere vary from 78.8 to 104° (see Table S3† in
the ESI). Another interesting aspect in this structure is the occur-
rence of a CH⋯π (T-shaped configuration) interaction between
the quinoline and pyridine rings. The distance between the cen-
troid of the pyridine ring and the proton of C22 in the quinoline
ring is 2.76 Å.27–29 The angle between the planes of the aromatic
rings is 88.6°. However, it has to be emphasized that this dispo-
sition of the rings is somewhat imposed by the hexacoordination
of the metal ion.

Potentiometric studies on the formation of Cu(II) complexes

The analysis of the potentiometric data for the formation of Cu2+

complexes with both ligands leads to the equilibrium model and
stability constants collected in Table 2. For the Cu2+–L1 system
just a [CuL1]2+ species of very high stability is formed. This
species is completely formed at pH values as low as 3 and per-
sists as the only species in solution for all the pH range covered.
The formation constant of the [CuL1]2+ species is quite close to
that found for the related L6 ligand,7 which suggests a similar
hexa-coordination binding mode in both cases. Therefore, the
hexa-coordination observed in the crystal structure is kept in sol-
ution even in basic conditions, as confirmed by the absence of
hydroxylated species.

In the case of L2, in addition to the [CuL2]2+ species, the for-
mation of a protonated, [CuHL2]3+, and two hydroxylated,
[CuL2(OH)]+ and [CuL2(OH)2], species is observed. The stab-
ility of the [CuL2]2+ complex is lower than that of [CuL1]2+,
thus reflecting the unavailability of the quinoline nitrogen to
reach the coordination sphere of the metal ion when the other
donor atoms in the ligand are coordinated. Moreover, the value

Table 2 Stability constants for the formation of Cu2+ complexes of L1
and L2. Determined in NaClO4 0.15 M at 298.0 ± 0.1 K

Cu(II)

Reaction L1 L2

M + L ⇆ MLa 21.35(1)b 17.66(1)
M + L + H ⇆ MHL 21.32(2)
M + L + H2O ⇆ ML(OH) + H 7.64(3)
M + L + 2H2O ⇆ ML(OH)2 + 2H −4.12(8)
ML + H ⇆ MHL 3.66(1)
ML + OH− ⇆ ML(OH) 3.71(1)
ML(OH) + OH− ⇆ ML(OH)2 1.96(3)

aCharges omitted for clarity. bValues in parenthesis are standard
deviations in the last significant figure.

Fig. 1 Intensity of the fluorescence emission (excitation at 316 nm,
emission at 415 nm) and species distribution diagrams for the protonated
species of L1.

Fig. 2 Stick representation of the [Cu(L1)]2+ cation. Bond distances
(in Å) between the Cu1 centre and the donor atoms are 1.979(5), 2.309
(6), 2.183(6), 2.276(6), 1.976(7) and 2.173(5) for N1 to N6,
respectively.

5620 | Dalton Trans., 2012, 41, 5617–5624 This journal is © The Royal Society of Chemistry 2012
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of the stability constant obtained is even lower than those
obtained for related macrocycles in which penta-coordination of
the metal ion was ascertained from crystallographic data
([CuL4]2+, log K = 20.43; [CuL5]2+, log K = 19.65),8 and it is
close to that reported for the Cu2+ complex of the tetradentate
macrocyclic core ([CuL3]2+, log K = 17.78),8 which could be
even considered evidence that the secondary nitrogen in the tail
does not coordinate. However, it has to be recalled that deriving
coordination numbers just from these equilibrium values could
be misleading, and actually the crystal structure of the related
[MnL2(H2O)](ClO4)2 complex shows a penta-dentate coordi-
nation of the ligand with the quinoline ring placed far away from
the metal atom.7 In any case, whatever the ligand acts as tetra- or
penta-dentate, the nitrogen atom in the quinoline ring can be pro-
tonated to form a [CuHL2]3+ species and additional positions in
the coordination sphere can be used for the formation of the
hydroxylated species.

Kinetics of formation of the Cu(II) complexes

For both ligands, experiments on complex formation using the
diode array detector allowed the observation of spectral changes
typical for complex formation according to eqn (1), the final
spectra showing an absorption maximum at 683 nm for L1 and
640 nm for L2, in agreement with the spectra observed for sol-
utions containing the corresponding CuL2+ species (Fig. 3–5).
However, for both ligands the reaction occurs with several kineti-
cally resoluble steps, three consecutive steps for L1 (eqn (2)–(4))
and four steps for L2 (eqn (2)–(5)). Because of the non-pseudo
first order conditions used in the experiments, kinetic models
used for data analysis always included a first step showing a first
order dependence with respect to each one of the reagents, the
metal ion and the ligand. The contribution of the different proto-
nated forms of the ligand was deduced from the pH-dependence
of the kinetic data by using different kinetic models. It is inter-
esting to note that for both ligands the analysis of individual files
at different pH and the global fitting of the whole set of data for
a given ligand indicates that the only form which contributes to
complex formation is H3L

3+. The absence of contribution from

H4L
4+ can be easily understood not only because of its lower

concentration with respect to the tri-protonated form in that pH
range, but also because from an electrostatic point of view, its
interaction with the cationic metal ion will be less favoured than
with H3L

3+. The negligible contribution of H2L
2+ is more sur-

prising, but inspection of the species distribution curves indicates
that H2L

2+ reaches a maximum of ca. 15–20% of the total ligand
species at the highest pH values covered in the kinetic studies, so
that in order to discriminate between the contributions of the di-
and tri-protonated species, the rate constant for reaction between
Cu2+ and H2L

2+ should be at least about one order of magnitude
faster than with H3L

3+. As no contribution from H2L
2+ can be

distinguished, it must be concluded that the rate constants for
reaction of Cu2+ with the H2L

2+ and H3L
3+ species are not very

different despite the change in the charge. This conclusion can
be rationalized by invoking the information offered by the
1H-NMR spectra at different pH. These experiments revealed
that in the H2L

2+ species all the secondary amino groups in the

Fig. 3 Electronic spectra for aqueous solutions containing the
[CuL1]2+ (continuous line) and [CuL2]2+ (dotted line) species at con-
centration 5 × 10−4 M in 0.15 M NaClO4 at 298.1 K.

Fig. 4 Electronic spectra calculated from kinetic data for the different
species involved in the formation of [CuL1]2+; Cu2+ (continuous line),
HCuL13+ (dotted line), (CuL12+)I (dashed line), (CuL12+)II (dash-dot-
dotted line), in 0.15 M NaClO4 at 298.1 K.

Fig. 5 Electronic spectra of the species involved in the formation of
[CuL2]2+; Cu2+ (continuous line), HCuL23+ (dotted line), (CuL22+)I
(dashed line), (CuL22+)II (dash-dot-dottd line), (CuL22+)III (long-dashed
line) in 0.15 M NaClO4 at 298.1 K.

This journal is © The Royal Society of Chemistry 2012 Dalton Trans., 2012, 41, 5617–5624 | 5621
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macrocycle and in the pendant arm are either protonated or
involved in hydrogen bonds with other protonated amino groups,
which leads to a closed structure of the ligand in which those
donor groups are ineffective for the coordination to the metal
center. Although the importance of the network of hydrogen
bonds in the protonated forms of these ligands has been pre-
viously demonstrated,7,8 it is interesting to note that in the case
of L6 and L7 the protonated form of the ligand able to lead to
complex formation with Cu2+ in moderately acidic solutions is
different, H3L

3+ for L6 and H2L
2+ for L7, whereas for L1 and

L2 it is always the tri-protonated species which leads to complex
formation. These results make clear that anticipating the nature
of the ligand species kinetically active in the complexation pro-
cesses is very difficult because the actual hydrogen bond
network is different for every ligand and even for each proto-
nated form.

Cu2þ þ HxL
xþ ! CuL2þ þ xHþ ð1Þ

Cu2þ þ H3L
3þ ! HCuL3þ þ 2Hþ ð2Þ

HCuL3þ ! ðCuL2þÞI þ Hþ ð3Þ

ðCuL2þÞI ! ðCuL2þÞII ð4Þ

ðCuL2þÞII ! ðCuL2þÞIII ð5Þ
With regard to the numerical values of the rate constants and

the processes occurring at each kinetic step, the first step in the
case of L1 probably corresponds to formation of a protonated
form of the complex with a second order rate constant of (4.7 ±
0.2) × 103 M−1 s−1, and this intermediate is deprotonated in a
second step with a rate constant of (1.50 ± 0.04) × 10−1 s−1. The
last step is a reorganization process with a rate constant of (1.60
± 0.01) × 10−2 s−1. Unfortunately, the spectra calculated from
kinetic data for the different intermediates (Fig. 4) are not very
informative and precise details of these reorganizations cannot
be deduced.

In the case of L2, complex formation is even more compli-
cated because it involves one additional reorganization step. In
this case the analysis of the data leads to the following rate con-
stants: k1 = (1.03 ± 0.01) × 104 M−1 s−1, k2 = (2.96 ± 0.01) ×
10−2 s−1, k3 = (8.5 ± 0.2) × 10−4 s−1 and k4 = (5.0 ± 0.2) × 10−5

s−1. Because of the different timescales of the steps, the rate con-
stants for the first two steps were derived from stopped-flow
measurements and those for the last two stages from data
recorded with a conventional UV-Vis spectrometer. As shown in
Fig. 5, the spectral changes associated with the first step are very
small and although they could be thought of as an artefact
caused by some impurity or secondary process, this possibility
was ruled out after careful fitting to a variety of kinetic models.
Moreover, this is the only step with a first order dependence with
respect to both reagents and the rate constant is close to that
observed for the first step in the reaction with L1, which suggests
that they both correspond to the formation of an HxCuL species.
A possible explanation would be that the formation of the com-
plexes with L1 and L2 ligands start with the interaction of the
metal centre with the donor atom in the quinoline ring, which is
the most readily available donor atom in the H3L

3+ form of both

ligands, but that species evolves in different ways for both
ligands due to the difference in the position of substitution at the
aromatic ring. In the case of L1, reorganization to an intermedi-
ate coordinated to the macrocyclic centre would be so fast that
the intermediate with monodentate coordination to the quinoline
nitrogen is not detected, whereas for L2 the process is not so
favoured and conversion to the next intermediate is slow enough
to be kinetically resoluble. As a consequence, for the case of the
L2 ligand the intermediate with the ligand acting as monodentate
is detected with a spectrum closer to that of the aquo–copper
complex (Fig. 3). Additional evidence favouring this interpret-
ation comes from the fact that numerical values of k1 for reaction
of Cu2+ with H3L2

3+ and H3L1
3+ are close to each other and not

very different from those found for reaction with the protonated
form of related ligands containing pyridyl groups in the pendant
arm (L6 and L7), but they are significantly faster (3–4 orders of
magnitude) than reaction with protonated forms of related com-
pounds without donor atoms in aromatic groups at the pendant
arm (L4 and L5). In the latter cases the reaction is expected to
be forced to proceed through interaction of the metal ion with
the macrocycle or the NH group at the pendant arm, and all
donor groups in that part of the molecule are either protonated or
involved in hydrogen bonds.

Kinetics of decomposition of the Cu(II) complexes

In general, addition of an excess of acid to solutions containing
metal–polyamine complexes results in complex decomposition
according to eqn (6). However, in the case of CuL22+ the spectra
obtained immediately after mixing display a maximum shifted
from 643 nm (reference, unreacted complex) to 690 nm
(Fig. 6a). This reveals the existence of an initial step, too fast for
the stopped-flow technique, that leads to a species with a spec-
trum similar to that observed for L1. The process takes place
within the mixing time of the instrument (ca. 1.7 ms) even at
very low concentration of acid. Following this initial step, there
is complete decomposition of the complex (see Fig. 6b), in a
slow process that was monitored with conventional UV-Vis spec-
trophotometry. The spectral changes were fitted satisfactorily by
a single exponential to obtain kobs values that show a linear
dependence with respect to the acid concentration (eqn (7)) with
a = (6.0 ± 0.2) × 10−4 M−1 s−1.

CuL2þ þ Hþexc ! Cu2þ þ HxL
xþ ð6Þ

kobs ¼ a½Hþ� ð7Þ
The initial rapid process must correspond to protonation of

CuL22+to form a HxCuL2
(2+x)+ species. On the basis of the equi-

librium studies, this species is most likely HCuL23+, in which
the metal ion is coordinated exclusively to the four donor atoms
of the macrocycle ring, a hypothesis that is further supported by
the fact that CuL32+, which lacks of pendant arm shows a band
at 695 nm.8 Moreover, a similar shift in the position of the
absorption band from ca. 640 to 690 nm during the mixing time
has been observed previously for the copper complexes with the
related scorpiand-like ligands L4, L5 and L7, and the sub-
sequent decomposition of the corresponding species also occurs
with the rate law in eqn (7) with values of a that span over a rela-
tively narrow range [(3.9–9.7) × 10−4 M−1 s−1].7,8
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In contrast, CuL12+ decomposes in a single kinetic step with
disappearance of the maximum at 683 nm. Decomposition is
slow and the observed rate constants can be also fitted satisfac-
torily by eqn (7) with a = (5.9 ± 0.1) × 10−4 M−1 s−1. The simi-
larity of the kinetic data for decomposition of CuL12+ with those
of HCuL23+ (see Fig. 7) and the L4, L5 and L7 complexes,
suggests that they correspond to quite similar processes, most
likely dissociation of the metal ion from a species in which it is
coordinated at the macrocycle ring and the NH group in the
pendant arm. However, as the equilibrium data and the crystal
structure show that the dentate character of the ligand in CuL12+

is six, a rapid step occurring before the slow one should be
observed for this complex. The lack of observation of such a
step indicates that it is probably masked because the intermediate
is formed under steady-state conditions or it has spectral charac-
teristics similar to those of the starting complex.

The present results can be rationalized assuming the mechan-
ism of complex decomposition proposed by Margerum et al. for
the decomposition of metal chelates and discussed by Lan and
Chung for the case of Cu2+ with linear and macrocyclic poly-
amine ligands some years ago.30–33 In this mechanism, there is
the initial formation of an activated intermediate ([CuL]2+)* with

an elongated Cu–N bond, which is susceptible to be attacked by
the solvent or a proton, as shown in eqn (8)–(10). The rate law
for this mechanism is given by eqn (11) that can be reduced to
the form of eqn (7) with a = K1kH. This simplification indicates
that in the present case the complex decomposes exclusively
through the proton-assisted pathway; i.e., H2O is not able to
cause the complete breakage of the Cu–N bond in the activated
intermediate. This simplification is quite common34 and hinders
derivation of any of the rate constants in eqn (8)–(10).

M–L ! ðM–LÞ�; k1; k�1 : K1 ð8Þ

Hþ þ ðM–LÞ� ! Mþ LH; kH;H
þ ð9Þ

H2Oþ ðM–LÞ� ! Mþ L; kH2O ð10Þ

kobs ¼ k1kH2O þ k1kH½Hþ�
k1 þ kH2O þ kH½Hþ� ð11Þ

Conclusion

Despite the similar structure of the two ligands, the different sub-
stitution position of the quinoline ring leads to different proper-
ties of their Cu2+ complexes, which affect to the stability of the
complexes and the kinetics of reaction. The stability of the Cu2+

complex with L1 is higher because of the simultaneous coordi-
nation of all the nitrogen atoms, which is not possible with L2.
Kinetic results on complex formation can be interpreted in both
cases by considering that the initial coordination takes place
through the quinoline nitrogen. However, whereas for L1 this
coordination acts as a bridgehead and allows fast coordination of
the remaining nitrogen atoms, the different substitution in the L2
molecule makes reorganization slower and the monodentate
intermediate is detected in the kinetic studies. Kinetic studies on
complex decomposition provide clear evidence on the occur-
rence of the molecular motion typical of scorpiands in the case
of the L2 complex, for which decomposition starts with a very

Fig. 6 (a) Electronic spectra of a solution of CuL22+ (continuous line)
and immediately (ca. 1.7 ms) after mixing with a diluted solution of
HClO4 (dotted line). (b) Spectral changes associated with the reaction of
CuL22+ with a concentrated solution of HClO4. The latter changes occur
in a much slower timescale that spans over ca. 1000 min.

Fig. 7 Plot of the dependence on the acid concentration of the
observed rate constant for the second kinetic step in the acid-promoted
decomposition of the CuL12+ (triangles) and CuL22+ (circles) com-
plexes (NaClO4 = 0.15 M, 298.1 K). For simplicity, only the line for the
best fit of both sets of data is shown.
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fast process (sub-millisecond timescale) that involves a shift in
the absorption band from 643 to 690 nm. Probably, a similar
process occurs for the L1 complex, but the corresponding reac-
tion intermediate would be formed under steady-state conditions
in that case.
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