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Correlation between the molecular structure and
the kinetics of decomposition of azamacrocyclic
copper(II) complexes†
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The formation of copper(II) complexes with symmetrical dinucleating macrocyclic ligands containing two

either monomethylated (L1) or trimethylated (L2) diethylenetriamine (Medien or Me3dien) subunits linked

by pyridine spacers has been studied by potentiometry. Potentiometric studies show that L1 has larger

basicity than L2 as well as higher stability of its mono- and binuclear complexes. The crystal structures of

L1·6HCl (1), [Cu2(L1)Cl2](CF3SO3)2 (2), [Cu2(L1)(OH)](ClO4)3·3H2O (3) and [Cu(L1)](ClO4)2 (4) show that L1

adopts different coordination modes when bound to copper(II). Whereas in 2, each copper(II) is bound to

one Medien subunit and to one pyridine group, in 3 each metal center is coordinated to one 2,6-di(amino-

methyl)pyridine moiety (damp) and to one aminomethyl group. The mononuclear complex 4 shows

pseudo-octahedral coordination with two weakly coordinated axial nitrogens. Kinetic studies indicate that

complex decomposition is strongly dependent on the coordination mode of L1. Upon addition of an acid

excess, all the species except [Cu2(L1)]
4+ convert very rapidly to an intermediate that decomposes more

slowly to copper(II) and a protonated ligand. In contrast, [Cu2(L1)]
4+ decomposes directly without the for-

mation of any detectable intermediate. These results can be rationalized by considering that the crystal

structures are maintained in solution and that the weakest Cu–N bonds are broken first, thus indicating

that kinetic measurements on complex decomposition can be used to provide information about struc-

tural reorganizations in the complexes. In any case, complete decomposition of the L1 complexes takes

place in a maximum of two kinetically resolvable steps. However, minor changes in the structure of the

complexes can lead to drastic changes in the kinetics of decomposition and the L2 complexes decom-

pose with polyphasic kinetics in which up to four different steps associated with the successive breaking

of the different Cu–N bonds can be resolved.

Introduction

The methylation of amino groups is a straightforward reaction
that leads to derivatives exhibiting new chemical properties
and reactivity. Due to the electron donor characteristics of the

methyl group as well as due to alteration in the hydrogen
bonding pattern, methylation promotes changes in the nucleo-
philicity and basicity of the amino groups. Moreover, methyl
groups can provide important degrees of steric hindrance to
the molecules. Substitution of N–H by N–CH3 groups also inhi-
bits oxidative dehydrogenation of the macrocycle,1 which
allows the preparation of complexes with an improved
performance as models of non-heme oxygenases.2 Partially
methylated macrocycles have been also shown to be of interest.
For instance, several years ago Lehn and coworkers showed
that macrocycles as L1 (see Scheme 1) are able to recognize
pyruvate and catalyze H/D exchange at the methyl position.3

Ligand L1 can be considered as an example of a macrocyclic
binucleating ligand with two symmetrical 3-nitrogen donor
sets linked by spacers having one additional donor atom.4

However, in this case there is some ambiguity about the defi-
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nition of the donor sets and the spacers, so that the ligand can
be considered to consist either of two partially methylated di-
ethylenetriamine (Medien) subunits linked by pyridine-con-
taining spacers or of two 2,6-di(aminomethyl)pyridine (damp)
subunits linked by spacers containing tertiary N–CH3 amino
groups. In the present work, we compare the properties of L1,
and its copper(II) complexes, with those of the related ligand
L2, which contains trimethylated diethylenetriamine subunits
(Me3dien) instead of Medien. In general, this kind of ligand is
known to form stable mono and binuclear species and there is
an abundant body of literature about the stability of the
species formed. Although there is also abundant information
about the structure of the complexes formed, there are not
many cases in which the crystal structures of both mono and
binuclear species are both known for the same system. In the
present case, the structures of up to three different complexes
of L1 with the same metal ion (Cu2+) have been solved, which
provides an excellent opportunity to analyze the way in which
different coordination modes of the ligand affect the kinetics
of complex decomposition. Indeed, understanding the kinetics
of the acid-promoted decomposition of copper complexes is
fundamental when thinking of possible biological applications
of these compounds, either in therapy5 or diagnosis with
radioactive 64Cu.6 Decomposition of a metal complex with a
coordinated polyamine involves necessarily several steps, at
least one for dissociation and protonation of each coordinated
nitrogen atom. However, it has for long been known that these
processes usually occur with monophasic kinetics in which
the rate-limiting step corresponds to dissociation of the first
metal–nitrogen bond, although in some cases it is displaced
to the breaking of the second Cu–N bond.7 A few cases of
polyphasic kinetics are also found in the literature, especially
when one of the bonds is very labile.8 More importantly, the
rates of complex decomposition span over a very wide range,
from cases in the faster limit of the stopped-flow to cases in
which the process requires days in the presence of a large
excess of acid. On the basis of kinetic data for different com-
plexes, the lability of a given complex has been associated with
the strain of the Cu–N bonds,9 but there is no precise literature

information for the sequence of bond breaking within a given
complex. The data in the present paper for the Cu–L1 com-
plexes provide such information and indicate that the
sequence can be deduced from the crystal structures of the
species, confirming that the weakest axial bonds are broken
first. Moreover, species with different coordination modes can
show different kinetics of decomposition, and this can be
used to reveal structural changes for a given metal–ligand
system. Although we have reported a few cases of such kinetic
differences within a series of closely related species,10 it is only
in the present case that the availability of several crystal struc-
tures has allowed a clear correlation between the structure and
the sequence of bond breaking. The decomposition of the Cu–
L2 complexes also shows a striking kinetic behavior in which
the Cu–N bonds are sequentially broken in different kineti-
cally-resolvable steps, which leads to polyphasic kinetics with
an extremely unusual number of resolved steps.

Results and discussion
Speciation studies: protonation constants

As is perceptive for polyamine ligands, protonation constants
need to be calculated before performing any other speciation
study (Table 1). Potentiometric data indicate that L1 and L2
present five measurable protonation constants. The electro-
static repulsion introduced into the macrocycle by the pres-
ence of five ammonium groups prevents calculating the sixth
protonation constant in the 2.5–11.0 pH range available for
potentiometric studies. While the first four constants are rela-
tively high with values arranged in groups of two, the fifth
one is much reduced. In the case of L1, taking into account
similar systems and the basicity of amino groups in water,11

the first four protonation steps should involve the secondary
amino groups of the polyamine, and the fifth one a methylated
amine.

The hexamethylated ligand L2 displays lower overall cumu-
lative basicity (log β, Table 1) and lower basicity in all the pro-
tonation steps, except the first one. This reduction in basicity
can be attributed to the poorer solvating capacity of the tertiary

Scheme 1 Structures of L1 (left) and L2 (right) and the numbering of
ligand L1.

Table 1 Logarithms of the stepwise protonation constants of L1 and L2
determined in 0.15 M NaCl at 298.1 ± 0.1 K

Reaction

log K

L1 L2

L + H+ ⇄ HL+ 9.09(2)a 9.45(2)
HL+ + H+ ⇄ H2L

2+ 8.58(2) 8.27(2)
H2L

2+ + H+ ⇄ H3L
3+ 7.70(3) 6.97(3)

H3L
3+ + H+ ⇄ H4L

4+ 7.45(3) 5.77(3)
H4L

4+ + H+ ⇄ H5L
5+ 3.28(5) 3.12(3)

log βb 36.1 33.6

aNumbers in parentheses are standard deviations in the last
significant figure. b Cumulative basicity constant β = ∑KHjL.
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amino groups in water that does not compensate for the elec-
tron donor characteristic of the methyl groups.11a

Copper(II) stability constants

The stability constants for the formation of copper(II) com-
plexes of L1 and L2 determined in 0.15 M NaCl at 298.1 K are
shown in Table 2. Speciation studies show the formation of
mononuclear and binuclear complexes of [Cu(HxL)]

(2+x)+ (x =
0–2 for L1 and x = 0–3 for L2) and [Cu2(HxL)]

(4+x)+ (x = 0–2 for
L1 and L2) stoichiometries, respectively. A mononuclear
hydroxylated species [Cu(L1)(OH)]+ was also detected for
L1 and binuclear hydroxylated species [Cu2(L)(OH)x]

(4−x)+

(x = 1,2) are also formed for both ligands at basic pHs. The dis-
tribution diagrams for the system Cu : L1 (Fig. 1A and 1B)
show that while for a 1 : 1 Cu : L1 molar ratio the binuclear
species prevail below pH = 5 and the mononuclear ones
above this pH, for a 2 : 1 Cu : L1 molar ratio the binuclear
species prevail throughout the pH window explored. In the
case of L2 a clearcut separation is observed, with the mono-
nuclear species essentially predominating for a 1 : 1 Cu : L2
molar ratio and the binuclear ones for a 2 : 1 Cu : L2 molar
ratio.

Regarding the mononuclear complexes of L1, the number
of protonated species is the same as the number of unbound
nitrogen atoms in the crystal structure of [Cu(L1)](ClO4)2 (1)
(see below). The values obtained for the stepwise protonation
constants of the mononuclear complexes suggest that such
protonations are occurring at the unbound secondary and
tertiary amino groups of the crystal structure. On the other
hand, the value of the formation constant of [Cu(L1)]2+ lies
between those previously reported for the unmethylated
pyridinophane L3 (log K = 20.9) and for the related ligand L4
containing propylenic instead of ethylenic chains in the
bridges (log K = 16.30) (see Scheme 2).7 Finally, the low

tendency of the [Cu(L1)]2+ species to hydrolyze (log K = −11.34)
suggests that the process requires the cleavage of a Cu–N
bond.3,12

The constant for the formation of the mononuclear
complex of L2 [CuL2]2+ (log K = 12.80(3)) is much lower than
that of the corresponding complex of L1 and also than those
of L3 and L4 just commented on. Even if the basicity of L2
is smaller than that of L1, its lower stability constants yield
lower pCu2+ values (pCu2+ = −log[Cu2+]free) over the whole
pH range where complexation occurs (Fig. S5†). This reduction
in stability may be due, apart from to the poorer donating
ability of the tertiary amines,13 to a lower coordination
number. The bulky methyl groups would impede the approach
of enough nitrogen donors to complete the hexa-coordination.
As a matter of fact, in this system while a further protonated
species ([Cu(H3L2)]

5+) can be found, the stepwise protonation
constants of the mononuclear species are significantly higher

Table 2 Logarithms of the stability constants for the systems Cu2+–L1
and Cu2+–L2 determined at 298.1 ± 0.1 K in 0.15 M NaCl

Reaction

log K

L1 L2

[Cu(H2L)]
4+ + H+ ⇄ [Cu(H3L)]

5+ 4.03(4)
[Cu(HL)]3+ + H+ ⇄ [Cu(H2L)]

4+ 4.29(2)a 6.08(4)
[Cu(L)]2+ + H+ ⇄ [Cu(HL)]3+ 7.78(3) 8.84(5)
Cu2+ + L ⇄ [Cu(L)]2+ 18.23(2) 12.80(4)
Cu2+ + L + H2O ⇄ [Cu(L)(OH)]+ + H+ −11.34(2)
2Cu2+ + L ⇄ [Cu2(L)]

4+ 29.07(4) 22.15(4)
[Cu2(HL)]5+ + H+ ⇄ [Cu2(H2L)]

6+ 3.02(1) 4.33(3)
[Cu2(L)]

4+ + H+ ⇄ [Cu2(HL)]5+ 3.16(2) 5.78(4)
[Cu(L)]2+ + Cu2+ ⇄ [Cu2(L)]

4+ 10.84(2) 9.35(4)
[Cu2(L)]

4+ + H2O ⇄ [Cu2(L)(OH)]3+ + H+ −7.32 (2) −8.07(4)
[Cu2(L)(OH)]3+ + H2O ⇄ [Cu2(L)(OH)2]

2+ + H+ −11.14 (1) −9.73(7)

aNumbers in parentheses are standard deviations in the last
significant figure.

Fig. 1 Distribution diagram of (A) [Cu2+] = [L1] = 0.001 M, (B) [Cu2+] =
0.002 M, [L1] = 0.001 M, (C) [Cu2+] = [L2] = 0.001 M, and (D) [Cu2+] =
0.002 M, [L2] = 0.001 M.

Scheme 2 Ligands L3, L4 and L5.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2015 Dalton Trans., 2015, 44, 8255–8266 | 8257

Pu
bl

is
he

d 
on

 2
7 

M
ar

ch
 2

01
5.

 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:
51

:1
1.

 
View Article Online

http://dx.doi.org/10.1039/C5DT00408J


than those of the corresponding mononuclear complexes
of L1.

With respect to the stability constants of the binuclear com-
plexes, the first point that deserves comment is the low values
of the protonation constants of the binuclear species,
suggesting that the protonation is accompanied by the break-
ing of a Cu–N bond. The close values between both protona-
tion steps may indicate that each one takes place in a different
copper center. The value for the formation of the [Cu2(L1)]

4+

species (log K = 29.07) is again smaller than that found for L3
(log K = 33.48) and slightly higher than the one reported for L4
(log K = 28.48),14 but much higher than the one for the fully
methylated ligand, [Cu2(L2)]

4+ (log K = 22.15(4)). As happens
for the mononuclear complexes, the protonation constants of
the binuclear complexes of L2 are markedly higher than those
of L1. On the other hand, the hydrolytic constant of the
[Cu2(L)]

4+ species (log K = −7.32 for [Cu2(L1)]
4+) (log K = −8.07

for [Cu2(L2)]
4+) agrees with the bridging mode of the hydroxo

ligand evidenced in the crystal structure of compound 3 com-
mented below.

Crystal structure of [H6L1]Cl6·6H2O (1)

The crystal structure of 1 is formed by H6L1
6+ cations (see

Fig. 2), chloride anions which counter-balance the positive
charges, and water molecules. Crystallographic details of the
crystal structures are shown in Table S1.† The macrocycle pres-
ents the four secondary amino groups and the two methylated
nitrogens protonated. As usually happens in related pyridino-
phane macrocycles, the pyridine nitrogen atoms remain
unprotonated. The hexavalent cation, which has an inversion
center, displays a sort of staircase shape with the step being
formed by the tertiary amines. Table S2† includes the torsion
angles along the bridge. The distance between the centroid of
one of the pyridine rings and the plane that goes through the
other one is 1.90 Å. The chloride anions participate in a hydro-
gen bonding network that involves the protonated ammonium
groups and water molecule (Table S3 and Fig. S1†).

Crystal structure of [Cu2(L1)Cl2](CF3SO3)2 (2)

The crystal structure of 2 consists of [Cu2(L1)Cl2]
2+ binuclear

cations and CF3SO3
− counter-anions. The copper sites within

the binuclear complexes are related by an inversion center.
Each copper(II) presents a square pyramidal geometry in which
the equatorial plane is defined by two secondary amines, a ter-
tiary amine and a chloride anion. Interestingly, and differently
from what it is more frequently found in copper(II) complexes
of pyridine containing macrocycles,3,15,16 the pyridine nitrogen
donors are placed at the axially elongated apical positions of
the square pyramid (Table 3, Fig. 3).

Also of interest is that, for this to occur, the nitrogen atoms
contiguous to a pyridine ring are not both involved in the
binding of the same metal ion, being the sequence of co-
ordinated nitrogen atoms Ns, Nt, Ns, Npyr (s = secondary, t =
tertiary, pyr = pyridine). In the binuclear units the distance
between the metals is 5.5957(8) Å. The binuclear cation dis-
plays a sort of twisted-chair conformation with the pyridine
rings and the copper atoms located in the same plane. The
different binuclear units are interconnected by four hydrogen
bonds involving the coordinated chloride anions as acceptors
and amino groups N2–H as donors (Fig. S2 and Table S4†).

Fig. 2 Ellipsoid drawing of the [H6L1]
6+ cation (the thermal ellipsoids

are set at 50% probability).

Table 3 Selected bond distances (Å) and angles (°) for 2

Bond distances (Å) Bond angles (°)

Cu1–N1 2.061(3) Cl1–Cu1–N1 98.15(6)
Cu1–N2 2.101(3) N3–Cu1–Cl1 163.55(7)
Cu1–N3 1.951(3) N3–Cu1–N1 97.24(8)
Cu1–N4 2.012(4) N4–Cu1–Cl1 91.74(6)
Cu1–Cl1 2.332(4) N4–Cu1–N3 85.36(8)

N4–Cu1–N1 120.73(8)
N2–Cu1–Cl1 92.30(6)
N2–Cu1–N3 85.25(8)
N2–Cu1–N4 160.06(9)
N2–Cu1–N1 77.93(8)

Fig. 3 Ellipsoid representation of the [Cu2(L1)Cl2]
2+ complex cation (the

thermal ellipsoids are set at 50% probability). Hydrogen atoms are not
shown.
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Crystal structure of [Cu2(L1)(OH)](ClO4)3·3H2O (3)

The asymmetric unit of 3 consists of [Cu2(L1)(OH)]3+ cations,
perchlorate counter-anions and lattice water molecules. Each
binuclear cation includes two slightly different copper sites
with distorted square pyramidal geometry, the values of the
Addison τ parameter are 0.39 and 0.38 for Cu(1) and Cu(2),17

respectively. In contrast to 2, the pyridine rings are in this case
occupying equatorial positions, which are completed by the
two secondary amines contiguous to the pyridine and the
hydroxo bridging ligand. The axial positions in both metal
sites are occupied by the tertiary amino groups. The shortest
distances in the equatorial planes lie in the axis connecting
the two pyridine rings through the hydroxo bridge (Table 4,
Fig. 4). The distance between the copper(II) ions is 3.6421(7) Å
and the Cu–O–Cu angle is 145.6°. Also, in contrast to the pre-
vious structure, the more frequent NsNpyNs sequence (damp)
of nitrogen donors in the equatorial plane occurs here. The
planes passing through the pyridine rings form an angle of
46°. A somewhat similar structure was reported for L5 having

thioether groups instead of methylated nitrogens at the central
positions of the chains in which the sulfur atoms were weakly
coordinating the metal ions.18

Crystal structure of the mononuclear [Cu(L1)](ClO4)2 (4)

The crystal structure of 4 is formed by [Cu(L1)]2+ cations, per-
chlorate counter-anions and lattice water molecules. Interest-
ingly, the synthesis of the 1 : 1 complex could be easily
achieved because, as shown in the distribution diagrams,
when mixing aqueous solutions of copper(II) and L1 in a
1 : 1 molar ratio the mononuclear species prevail in solution
above pH 6 without any interference from the binuclear com-
plexes. The coordination geometry can be defined either as
square pyramidal with the nitrogen atom of the second pyri-
dine unit pointing towards the metal ion or as a strongly dis-
torted octahedron. The equatorial plane is defined by the
nitrogen of one of the pyridines, the two contiguous secondary
amino groups and by one of the amino groups contiguous to
the other pyridine subunit (Fig. 5, Table 5). A tertiary amino
group (N3) and the pyridine nitrogen N5 are placed at the
strongly elongated axial positions of the octahedron. In this
structure, the second methylated nitrogen and one secondary
amino group remain uncoordinated.

The macrocycle adopts a twisted conformation with the
metal ion completely occluded in its interior (Fig. 5, right).
The angle between the planes of the pyridine rings is almost
normal (87°).

Table 4 Selected bond distances (Å) and angles (°) for 3

Bond distances (Å) Bond angles (°)

Cu1–O1 1.908(3) O1–Cu1–N2 100.87(14)
Cu1–N2 2.063(4) O1–Cu1–N1 178.63(14)
Cu1–N1 1.937(4) O1–Cu1–N8 97.91(14)
Cu1–N8 2.068(4) O1–Cu1–N7 94.53(12)
Cu1–N7 2.459(4) N2–Cu1–N8 155.60(16)
Cu2–O1 1.903(3) N2–Cu1–N7 111.95(16)
Cu2–N5 1.939(3) N1–Cu1–N2 78.44(16)
Cu2–N4 2.058(4) N1–Cu1–N8 82.44(16)
Cu2–N6 2.075(4) N1–Cu1–N7 86.83(13)
Cu2–N3 2.529(4) N8–Cu1–N7 81.73(14)

O1–Cu2–N5 178.59(15)
O1–Cu2–N4 98.81(14)
O1–Cu2–N6 100.15(13)
N5–Cu2–N4 82.24(15)
N5–Cu2–N6 79.10(14)
N4–Cu2–N6 155.59(15)
N3–Cu2–O1 92.34(14)
N6–Cu2–N3 115.09(15)
N5–Cu2–N3 86.95(14)
N4–Cu2–N3 79.23(16)

Fig. 4 Stick representation of the [Cu2(L1)(OH)]3+ complex cation.
Hydrogen atoms are not shown.

Fig. 5 Stick representation (left) and space-fill view (right) of the
[Cu(L1)]2+ complex cation. Hydrogen atoms are not shown.

Table 5 Selected bond distances (Å) and angles (°) for crystals 4

Bond distances (Å) Bond angles (°)

Cu1–N8 2.061(3) N8–Cu1–N2 159.31(14)
Cu1–N2 2.101(3) N8–Cu1–N3 103.87(12)
Cu1–N1 1.951(3) N2–Cu1–N3 80.91(14)
Cu1–N4 2.012(4) N1–Cu1–N8 80.28(12)
Cu1–N3 2.332(4) N1–Cu1–N2 79.43(14)
Cu1–N5 2.740 (4) N1–Cu1–N4 163.72(16)

N1–Cu1–N3 113.88(15)
N4–Cu1–N8 100.61(13)
N4–Cu1–N2 99.99(15)
N4–Cu1–N3 81.86(17)
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As a summary, the different coordination sequences depicted
in Fig. 6 have been observed.

While in 2 the nitrogen donor of the pyridine ring is placed
at the axial position, in the other two structures the methylated
nitrogen occupies such a position. In other words, in 2 we
have a methylated diethylenetriamine (Medien) moiety and a
chloride in the equatorial position, while in the other two
structures a di(aminomethyl)pyridine (damp) plus a hydroxyl
or a secondary amino group fill the equatorial plane. As dis-
cussed below these differences are key points to explain the
kinetics and molecular reorganizations observed along the dis-
sociation mechanisms of the complexes.

The kinetics of acid-promoted complex decomposition of
Cu–L1 complexes

According to the species distribution curves, addition of an
excess of acid to a solution containing the metal complexes
results in complex decomposition with formation of Cu2+ and
H5L

5+ (eqn (1)). The kinetics of this process can be measured
by monitoring the disappearance of the absorption band of
the complex. However, to avoid complications caused by the
existence of mixtures of species in solution, it is convenient to
carry out the measurements starting with solutions containing
a single complex species.19 By using this strategy, it has been
previously found that these studies not only provide infor-
mation about the acid-promoted decomposition of the
complex but also they can even reveal the existence of struc-
tural reorganizations. In the case of L1, the species distri-
bution curves (Fig. 1) indicate that an adequate selection of
the experimental conditions for the starting solutions
(different pH values and Cu : L1 ratios of 1 : 1 and 2 : 1) allows
studying the kinetics of decomposition starting from solutions
containing the [Cu(HL1)]3+, [Cu(L1)]2+, [Cu2(L1)]

4+ and
[Cu2(L1)(OH)]3+ species, which reach more than 90% of the
total species content under specific conditions of pH and
Cu : L1 molar ratio. Although the binuclear [Cu2(H2L1)]

6+

complex does not reach such high percentages, its kinetics of
decomposition could also be studied because solutions with a
2 : 1 Cu : L1 molar ratio contain at low pH values only this
species in equilibrium with Cu2+, which does not interfere
with the decomposition process. In contrast, the decomposition

of the [Cu(L1)(OH)]+ and [Cu2(L1)(OH)2]
2+ hydroxo species

formed at very high pH could not be studied due to their
scarce solubility under the experimental conditions used.

½CuyðHxLÞðOHÞz�ðxþ2y�zÞþ þHþ
exc ! yCu2þ þH5L5þ ð1Þ

Monitoring the kinetics of decomposition at multiple wave-
lengths using a stopped-flow instrument equipped with a
diode-array detector allows a comparison of the spectrum
recorded immediately upon mixing with that recorded in the
absence of acid. The lack of coincidence between both spectra
indicates the existence of rapid processes occurring within the
stopped-flow mixing time (ca. 1.7 ms for the instrument used).
In the decomposition of the mononuclear [Cu(HL1)]3+ and
[Cu(L1)]2+ species, as well as for the binuclear [Cu2(L1)(OH)]3+,
the absorption band is shifted within the mixing time from
the wavelengths indicated in Table 6 to 700 nm (Fig. 7), thus
showing the existence of a rapid step whose rate constants
(k1obs) cannot be measured. Stopped-flow experiments at

Fig. 6 Schematic representation of the coordination mode adopted by
L1 in complexes 2, 3 and 4. Dotted lines stand for the axial bonds.

Table 6 Position and intensity of the absorption band and kinetic data
for the second kinetic step observed in the acid-promoted decompo-
sition of the different mono and binuclear Cu2+-L1 species

Complex λmax/nm ε/M−1 cm−1 a/s−1 b/M−1 s−1

[Cu(HL1)]3+ 650a 172 0.4 ± 0.1 29 ± 4
[Cu(L1)]2+ 645a 118 — 30 ± 1
[Cu2(H2L1)]

6+ 700 238 1.0 ± 0.1 25 ± 1
[Cu2(L1)(OH)]3+ 645a 156 1.1 ± 0.1 32 ± 2
[Cu2(L1)]

4+ 650b 398 0.14 ± 0.02 5.2 ± 0.3

a The band is shifted to 700 nm within the mixing time of the stopped-
flow instrument. b For this complex this is the only kinetic step
observed.

Fig. 7 Electronic spectra for a 2 × 10−4 M solution of [Cu(HL1)]3+ in 0.15 M
NaCl at pH = 6.20 (continuous), and the spectrum obtained immediately
upon mixing that HCl solution to achieve a total concentration of acid of
0.08 M (dots). The spectra have been scaled to consider the dilution
achieved in the stopped-flow instrument.
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298.1 ± 0.1 K also show slower spectral changes (Fig. 8) that
lead to complete decomposition of the intermediate formed in
the rapid step. Those changes can be fitted by a kinetic model
with a single step that leads to rate constants (k2obs) whose
dependence with the acid concentration (Fig. 9 and S4†) is
given by eqn (2) with the values of the a and b parameters
given in Table 6. As indicated in Fig. 9 and Table 6, the di-
protonated [Cu2(H2L1)]

6+ species decomposes with kinetics
similar to [Cu2(L1)(OH)]3+.

kobs ¼ aþ b½Hþ� ð2Þ
However in this case no shift in the absorption band is

observed within the stopped-flow mixing time because the

starting complex already shows the absorption band at
700 nm. The rate law in eqn (2) has been frequently observed
in the literature and interpreted in terms of parallel attacks by
water and proton to an activated intermediate resulting from
the partial dissociation of one Cu–N bond.20 Fig. 9 and S4†
show that the kinetic data are very similar in experiments start-
ing with any of the [Cu(HL1)]3+, [Cu(L1)]2+, [Cu2(H2L1)]

6+ and
[Cu2(L1)(OH)]3+ species, thus showing that the equilibria invol-
ving these species are rapidly established and all of them
decompose through a common reaction pathway. Actually, the
four sets of data could be ascribed to the decomposition of the
same intermediate, the differences being attributable to
accumulation of experimental and fitting errors.

This common intermediate, with an absorption band
centred at 700 nm and a molar absorptivity of ca. 300 M−1

cm−1, must be a mononuclear species with a higher proto-
nation state, i.e. [Cu(HxL1)]

(2+x)+ with x ≥ 2. Unfortunately,
[Cu(H2L1)]

4+ is always a minor species and its spectrum cannot
be satisfactorily measured, so that a precise determination of the
protonation state of the intermediate is not possible. However,
if it is assumed that the structure of the [Cu(L1)]2+ species in
solution is equivalent to that solved by X-ray diffraction,
addition of two protons to the uncoordinated amine groups is
expected to be fast but it should not lead to large changes in
the spectrum because the coordination environment around
copper would be maintained. As the experimental data show a
significant shift of the absorption band, it can be concluded
that the rapid kinetic step involves the breaking of at least one
Cu–N bond, so that the intermediate contains at least three
protons.

Fig. 9 shows that the only species with a significantly
different decomposition kinetics is [Cu2(L1)]

4+. Although the
complex shows a band at 650 nm, no spectral changes are
observed within the mixing time for its reaction with acid,
decomposition occurring in a single kinetic step with rate
constants smaller than those observed for the intermediate
formed from the other species. Moreover, although the data
can be also fitted by eqn (2), the values of a and b are
significantly different from those observed for the other
species.

The similarity in the kinetics of decomposition of all the
species except [Cu2(L1)]

4+ indicates that those species decom-
pose through intermediates with the same coordination
environment of the metal centre. If it is assumed again that
the crystal structures are maintained in solution, formation of
the intermediate from [Cu2(L1)(OH)]3+ should involve the
breaking of the OH− bridge and surely at least one of the Cu–N
bonds, given the shift of the absorption band. The crystal
structure of the binuclear hydroxo complex indicates that the
axial Cu–N3 bond is about 0.5 Å longer than the other Cu–N
bonds, so it can be assumed that this is the first bond to be
broken upon rapid protonation. This leads to the conclusion
that the intermediates with the band centred at 700 nm most
likely contain copper coordinated to a 2,6-di(aminomethyl)-
pyridine (damp) fragment. In the case of the mononuclear
[Cu(L1)]2+ complex, decomposition is expected to occur with

Fig. 8 Spectral changes with time for the disappearance of the band at
700 nm generated within the stopped-flow mixing time in the
decomposition of the [Cu(HL1)]3+ species.

Fig. 9 Plot of the acid dependence for the observed rate constant
corresponding to the second step in the acid-promoted decomposition
of the [Cu2H2(L1)]

6+ (triangles) and [Cu2(L1)(OH)]3+ (squares) species,
and for the single kinetic step observed in the decomposition of
[Cu2(L1)]

4+ (circles).
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initial attack to the weaker Cu–N bond, in this case that with
the very loosely coordinated pyridine N5, and surely also with
N3. However, dissociation of both groups would facilitate dis-
sociation of the Cu–N4 bond because it would be no longer
implied in the formation of chelate rings. As a result, rapid for-
mation of an intermediate containing copper(II) coordinated to
a damp fragment could be also justified in this case. Accord-
ing to this model, [Cu2(H2L1)]

6+ should contain two copper(II)
ions coordinated to damp fragments and the two protons
would be located at the aminomethyl groups. Consequent to
this structure, the absorption band for the complex appears
at 700 nm.

Interestingly, the only species which is unable to undergo
direct conversion to an intermediate containing this fragment
is [Cu2(L1)]

4+, and this is the only species showing different
kinetics of decomposition. According to its crystal structure,
formation of an intermediate containing copper coordinated
to a damp fragment would require the formation of a bond
with N8, but the formation of Cu–N bonds is very unlikely in
the presence of a large excess of acid.

Moreover, the crystal structure shows that the longer Cu–N
bond is now with the pyridine group, so that if decomposition
starts with acid attack at this site it would result in the for-
mation of an intermediate with copper(II) coordinated to a
Medien fragment. As [Cu(dien)]2+ and copper(II) complexes
with binucleating ligands containing dien fragments are
known to decompose with kinetics faster than that observed
for [Cu2(L1)]

4+,21,22 the intermediate generated upon the initial
protonation of the pyridine nitrogen would be undetectable, in
agreement with the experimental observations. Fig. 10 sum-
marizes the model described above. All the species whose
structure contains Cu2+–damp fragments would decompose
through detectable intermediates containing that group. In

contrast, [Cu2(L1)]
4+ cannot form those fragments in the pres-

ence of acid excess and it decomposes through an undetect-
able intermediate with Cu2+–Medien fragments. The validity of
this model was confirmed by additional experiments aimed at
monitoring the interconversion between the different species.
According to Fig. 10, protonation of the mononuclear
[Cu(L1)]2+ species and deprotonation of [Cu(HL1)]3+ should be fast
processes because they involve exclusively an uncoordinated
amino group. These expectations were confirmed by stopped-
flow experiments in which solutions containing one of both
species were mixed with a buffer (MOPS or borate) with the pH
required to force conversion to the other species. Those experi-
ments showed that all the spectral changes occur within the
mixing time and consist in changes in the position and inten-
sity of the absorption band that agree well with the values in
Table 6. Similar experiments using [Cu2(L1)]

4+ showed that its
conversion to [Cu2(L1)(OH)]3+ is slower (Fig. S4†), and a rate
constant of 59 ± 5 s−1 could be measured at pH 9.50. The
reverse process also occurs in the stopped-flow time scale
(Fig. S5†), formation of [Cu2(L1)]

4+ occurring with a rate con-
stant of 0.39 ± 0.01 s−1 at pH = 5.30 (MES buffer). The obser-
vation of measurable kinetic steps for the interconversion of
these species is in agreement with the changes required in the
coordination environment of the metal centres. Similar
studies involving [Cu2(L1)]

4+ and [Cu2(H2L1)]
6+ were not so

clear, probably because of some interaction with the buffer
and of the formation of significant amounts of [Cu2(HL1)]5+.
In any case, the spectral changes observed for the reaction of
[Cu2(L1)]

4+ with a buffer at pH = 2.7 (formic/formate) yielded a
rate constant of 0.16 ± 0.03 s−1, whereas a value of 4 ± 1 s−1

could be derived for the reverse process. Although some inter-
ference from the reaction with the buffering agent cannot be
ruled out, the observation of measurable kinetic steps is again
in agreement with the changes in the coordination environ-
ment required for the model in Fig. 10.

An interesting situation arises for the interconversion
between the [Cu2H2(L1)]

6+ and the [Cu2(L1)(OH)]3+ species,
which should be fast if it occurs directly and slow if it goes
through [Cu2(L1)]

4+ as an intermediate. Experiments in which
a solution containing one of these species is mixed with
another solution buffered at the pH corresponding to
maximum formation of the other species showed a shift of the
absorption band within the stopped-flow mixing time.
Although there were also slower spectral changes that probably
correspond to the reaction with the buffer, these experiments
suggest that the interconversion between [Cu2(H2L1)]

6+ and
[Cu2(L1)(OH)]3+ does not necessarily go through the intermedi-
ate formation of [Cu2(L1)]

4+.

The kinetics of the acid-promoted decomposition of
Cu–L2 complexes

In the case of the L2 complexes, the situation is more compli-
cated. As pointed out above, the actual values of the equili-
brium constants lead to complex mixtures of species at Cu : L2
molar ratios of 1 : 1 and 2 : 1, so that it is not possible to select
pH values in which one of the species exists with more than

Fig. 10 Equilibrium model for the Cu2+–L1 system with the structure of
the different species proposed on the basis of X-ray and kinetic data.
Axial distances are represented with dotted lines.
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90% abundance. In addition, no crystal structure could be
obtained in this case, surely because the complex composition
of the solutions also hinders adequate crystallization. To
obtain some information on the individual species, solutions
with both molar ratios were prepared and their electronic
spectra recorded at selected pH values (see ESI†). The spectra
of the different species were then calculated using the compo-
sition of the solutions obtained from the equilibrium data. In
general all the mono and binuclear species show the
maximum at wavelengths between 645 and 710 nm, the value
increasing with the protonation state (see Table S5†). The
wavelength range is similar for the mono and the binuclear
complexes, although the intensity in the latter complexes is in
general higher, which suggest that binuclear complexes
contain both metal centers in coordination environments
similar to those found in the mononuclear species. Moreover,
the similarity of the spectra for the Cu2+ complexes with the L1
and L2 ligands indicates that the structures adopted by the
different Cu–L2 species are probably quite similar to those
found for the L1 complexes. Of special relevance is the fact
that the [Cu(H3L2)]

5+ species shows the absorption band at
700 nm. The analogous species with L1 is not stable enough to
be detected in the potentiometric studies but a protonated
intermediate with a band at this wavelength is observed
during the decomposition of the different Cu2+–L1 species,
and the similarity of the spectra adds further support to the
assumption that the intermediate is [Cu(H3L1)]

5+.
The kinetics of decomposition of the L2 complexes was

studied using different starting conditions, and the results
show that there are both similarities and differences with
respect to the related L1 complexes. The major similarity con-
sists in the formation of an intermediate with a band at
700 nm within the stopped-flow mixing time. In the case of L2,
formation of this intermediate was rapid under all the experi-
mental conditions of the starting solution tried, so that it
appears that for this ligand there is no species decomposing
with a singular behavior as that observed for [Cu2(L1)]

4+.23 On
the other hand, the major difference with respect to the L1
complexes is the observation of a larger number of kinetic
steps in the decomposition of the Cu–L2 complexes, so that up
to four kinetic steps can be resolved. Thus, in addition to the
rapid step occurring within the stopped-flow mixing time, an
adequate fit of the spectral changes using global analysis of
the data required a model with three consecutive steps (for an
example of experimental changes, calculated spectra and
traces showing the quality of the fit, see the ESI†). Although
decomposition of copper–polyamine complexes usually
involves the breaking of several Cu–N bonds, to our knowledge
there is no example in which the number of resolved kinetic
steps is so large that it almost coincides with the number of
Cu–N bonds to be broken. Moreover, as the starting solutions
contain mixtures of species that decompose with polyphasic
kinetics, in some cases there are difficulties in determining
the pH dependence of the rate constants for the different steps.

This is especially evident for decomposition of solutions
containing mixtures of binuclear species, for which no definitive

conclusions could be obtained. Four steps could be always
resolved in the kinetics of decomposition of the mononuclear
species, the first one occurring within the stopped-flow mixing
time and leading to the intermediate with a band at 698 nm
and a molar absorptivity of ca. 145 M−1 cm−1. The rate con-
stants for the second step show a linear dependence with
respect to the acid (see Fig. 11), the fit to eqn (2) leading to a =
13 ± 5 s−1 and b = (9.2 ± 0.9) × 102 M−1 s−1. The intermediate
formed in this step shows a band at 712 nm with a molar
absorptivity of ca. 105 M−1 cm−1. The rate constant for the
third resolved kinetic step is independent of the acid concen-
tration (k3obs = 1.2 ± 0.1 s−1) and leads to an intermediate with
a band at ca. 725 nm and a molar absorptivity of ca. 60 M−1

cm−1. The fourth step is also independent of the acid con-
centration, k4obs = (6.7 ± 0.2) × 10−2 s−1, and leads to an inter-
mediate with a band at 750 nm and a molar absorptivity of
ca. 28 M−1 cm−1.

One of the most striking observations when the kinetics of
decomposition of the copper complexes with the L1 and L2
ligands is compared is the rapid formation of the intermediate
with a band at 700 nm, which presumably corresponds to the
[Cu(H3L)]

5+ species.24 With respect to the coordination
environment of the metal centre in this intermediate, the com-
ments above for the L1 complexes suggest that Cu is co-
ordinated to a damp subunit. However, the absorption band
for the binuclear [Cu2([20]py2N4)(H2O)4]

4+ complex, whose
crystal structure shows two Cu–damp subunits,25 appears at
630 nm, far from the 700 nm found for the [Cu(H3L)]

5+

species. However, it has been shown for a series of related
binuclear [Cu2([n]py2N4)]

4+ complexes that the position of the
band is strongly dependent on the size of the macrocycle, the
maximum being observed at 665, 630, 635, 650 and 660 nm
for n = 18, 20, 22, 24 and 26, respectively.25 These data indicate
that the position of the band can change significantly with
minor changes in the structure of the macrocycle. Another sig-
nificant difference between L1 and L2 is the different rate of

Fig. 11 Plot of the acid dependence for the observed rate constant
corresponding to the second step in the acid-promoted decomposition
of solutions containing mixtures of mononuclear Cu2+–L2 complexes.
The starting solutions always contain Cu2+ and L2 ions in a 1∶1 molar
ratio, the initial pH being adjusted to 3.36 (circles), 5.23 (triangles), 7.44
(squares), and 9.60 (diamonds).
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decomposition of the corresponding [Cu(H3L)]
5+ intermedi-

ates, the process being about two orders of magnitude faster
for L2. This increased lability of the Cu–N bonds is probably
related to a more strained structure in the case of [Cu(H3L2)]

5+,
but the observation of polyphasic kinetics for decomposition
of [Cu(H3L2)]

5+ and not for the related L1 species suggests that
the subsequent intermediates with a higher protonated state
are less strained in the case of L2.

Conclusions

The results of the present paper reveal interesting aspects of
the chemistry of binucleating macrocyclic ligands from the
thermodynamic, structural and kinetic points of view. Thus,
the potentiometric data indicate that increasing methylation
leads to a decrease in the stability of the mono and binuclear
complexes that parallels the decrease in the overall basicity of
the ligand. From the structural point of view, the Cu–L1
system represents one of the best described systems because
the crystal structures of up to three different species are avail-
able. Moreover, the structures reveal changes in the coordi-
nation mode of the ligand as a consequence of the changes in
nuclearity and protonation degree. These changes are probably
more favoured in the present case because the actual structure
of the ligands makes interchangeable the donor subunits and
the spacers. A correlation between the structure and the kine-
tics of decomposition of the Cu complexes has been observed,
so that complex decomposition always starts with the breaking
of the weakest Cu–N bonds. However, because of the different
coordination modes of the ligand, different intermediates can
be formed and this can result in significant changes in the
kinetics of decomposition, so that kinetic changes can be used
to detect changes in the coordination modes.

Experimental
Synthesis of compounds

L1·6HCl·5H2O. The ligand L1 was prepared using the
literature procedure.4 2,6-Pyridine-dicarboxaldehyde (0.50 g,
3.70 mmol) dissolved in 100 mL of anhydrous ethanol was
added to a solution of 2,2′-diamino-N-methyldiethylamine
(0.43 g, 3.70 mmol) in anhydrous ethanol and was stirred for
2 h. NaBH4 (1.39 g, 37 mmol) was then added portionwise.
The mixture was stirred for 2 h at room temperature and the
solvent was vacuum evaporated to dryness. The residue was
treated with 50 mL of water and extracted with CH2Cl2
(3 × 40 mL). The organic phase was dried with anhydrous
sodium sulfate and the solvent evaporated to dryness. The
resulting oil was dissolved in anhydrous ethanol and L1 was
precipitated as its hexahydrochloride salt with hydrogen chlo-
ride solution (4.0 M in dioxane) (92% yield). Mp: 258–264
decomp. MS (m/z; ESI): 441.3, [M + H]+. 1H NMR (300 MHz,
D2O): δ (ppm), 7.91 (t, 2H, J = 7.85 Hz), 7.445 (d, 4H, J = 7.8 Hz),
4.53 (s, 8H), 3.70 (m, 16H), 2.91 (s, 6H). 13C NMR (75 MHz,

D2O): δ (ppm), 150.55, 139.89, 123.35, 53.73, 51.33, 43.13,
40.06. Anal. Calcd for C24H40N8·6HCl·5H2O: C, 38.59; H, 7.56;
N, 15.01. Found: C, 38.5; H, 7.2; N, 14.7.

Synthesis of L2·6HCl·3H2O·EtOH. L1 (2.0 g, 2.67 mmol) was
dissolved in formic acid (3.25 mL, 74.7 mmol) in a 25 mL
round flask. Formaldehyde 36% (2.70 mL, 32.02 mmol) and
water (0.229 mL) were then added. The solution was refluxed
for 72 hours. The flask was placed in an ice bath and a few
drops of a concentrated NaOH solution were added until an oil
appeared. The product was extracted with CH2Cl2 (3 × 20 mL).
The organic phase was dried over NaSO4. Then it was filtered
and the solvent was removed under reduced pressure. A
yellowish oil was obtained, which was purified by column
chromatography over alumina (CH2Cl2–MeOH–isopropyl-
amine, 80 : 12 : 8). 900 mg of L2 (67% yield). MS (m/z): 497.30,
[M + H]+. 1H NMR (300 MHz, CDCl3): δ (ppm), 7.53 (t, J =
7.66 Hz, 2H), 7.23 (d, J = 7.67 Hz, 4H), 3.61 (s, 8H), 2.49
(m, 16H), 2.28–2.25 (m, 18H). 13C NMR (75 MHz, CDCl3):
δ (ppm), 158.71, 136.78, 121.51, 64.22, 55.49, 54.75, 43.75,
43.64. Anal. Calcd For C28H48N8·6HCl·3H2O·CH3CH2OH:
C, 44.18; H, 8.16; Cl, 26.08; N, 13.74; O, 7.84. Found: C, 44.0;
H, 8.1; N, 13.7.

L1·6HCl·6H2O (1). Crystals of 1 suitable for X-ray analysis
were grown by slow evaporation of an acidic aqueous solution
(pH = 2) containing L1 in an open vessel. Anal. Calcd for:
C24H58Cl6N8O6: C, 37.68; H, 7.64; N, 14.65. Found: C, 37.7;
H, 7.7; N, 15.0.

[Cu2(L1)Cl2](CF3SO3)2 (2). Crystals of 2 were obtained by
slow evaporation of an aqueous solution containing L1 and
Cu(CF3SO3)2 at pH 8 with an excess of Cu(CF3SO3)2. Anal Calcd
for: C26H40Cl2Cu2F6N8O6S2: C, 33.33; H, 4.30; N, 11.96. S, 6.84.
Found: C, 33.4; H, 5.0; N, 12.1; S, 6.9.

[Cu2(L1)(OH)](ClO4)3·3H2O (3). Crystals of 3 were grown by
slow evaporation of aqueous solutions containing L1 and
Cu(ClO4)2·6H2O in a 1 : 2 mole ratio at pH 9 in an open vessel.
After several days, blue crystals of 3 suitable for X-ray diffrac-
tion were obtained. Anal. Calcd for C24H47Cl3Cu2N8O16: C,
30.83; H, 5.07; N, 11.99. Found: C, 30.9; H, 4.9; N, 12.0.

[Cu(L1)](ClO4)2 (4). Crystals of 4 were obtained following
the same procedure as that for crystals 3, but this time the
L1 : Cu mole ratio was adjusted to 1 : 1. Anal. Calcd for
C24H40Cl2CuN8O8: C, 41.07; H, 5.74; N, 15.97. Found: C, 41.3;
H, 5.4; N, 16.1.

X-Ray crystallography

For the data collection of compounds 1 and 2, an Oxford Xcali-
bur3 diffractometer with a CCD area detector was employed
using MoKα radiation (λ = 0.71073 Å) at 120 K. The data collec-
tion was performed using CRYSALISPRO software.26 For com-
pounds 3 and 4, an Enraf Nonius KappaCCD diffractometer
with a CCD area detector was employed for data collection
using MoKα radiation (λ = 0.71073 Å) at 293 K. The data collec-
tion was performed using Denzo software.27 The structures
were solved by direct methods using SIR9228 and refined by
full-matrix least squares on F2 (SHELXL-97)29 with Olex2.30 All
non-hydrogen atoms were refined anisotropically. The hydro-
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gen atom positions were located in a difference Fourier map
and then refined freely. MERCURY plots are shown with
thermal ellipsoids at the 50% probability level. CIF files of 1–4
are deposited in CCDC with numbers 1009322–1009325.

Electromotive force measurements

The potentiometric titrations were carried out at 298.1 ± 0.1 K
using NaCl 0.15 M as the supporting electrolyte. The experi-
mental procedure (burette, potentiometer, cell, stirrer, micro-
computer, etc.) has been fully described elsewhere.31 The emf
data were acquired with the computer program PASAT.32 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 determin-
ing the equivalent point by Gran’s method,33 which gives
the standard potential, E°′, and the ionic product of water
(pKw = 13.73(1)).

The computer program HYPERQUAD34 was used to fit the
protonation and stability constants. Solutions containing the
ligand salts with concentrations ranging from 1 × 10−3 to 5 ×
10−3 M and with Cu2+ : L molar ratios varying from 2 : 1 to 1 : 2
were titrated with NaOH. The different titration curves for each
ligand were treated 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.

Kinetics

Kinetic studies of the acid-promoted complex decomposition
were carried out at 298.1 ± 0.1 K with an Applied Photophysics
SX17MV stopped-flow instrument provided with a PDA.1 diode
array detector. The experiments were carried out under pseudo
first order conditions of acid excess (0.02–0.10 M HCl, complex
concentration ca. 2 × 10−4 M). The ionic strength was main-
tained using 0.15 M NaCl. The spectral changes with time
were recorded using the standard software of the instrument
and analyzed using the Specfit program.35
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