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Kinetic studies have been made on the formation and decomposition of mono- and bi-nuclear copper() complexes
with a symmetrical binucleating octaaza cryptand L containing two tris(2-aminoethyl)amine (tren) moieties bridged
by three m-xylyl groups. The decomposition of binuclear CuII–L complexes upon addition of acid excess occurs
with two separate kinetic steps; the rate constant for the faster step shows saturation behaviour, whereas a simple
linear dependence on [H�] is observed for the slower step. Under similar conditions, the mononuclear complex also
decomposes in two steps, with rate constants very close to those found for the binuclear species. The whole of
the kinetic data for the acid-promoted decomposition of the mono- and bi-nuclear complexes indicates that the rate
constants for the successive dissociation of both metal centres are statistically controlled, the value for the first CuII

being twice as large as that corresponding to the second one. The second order rate constants for the formation of
the mono- and bi-nuclear complexes have been determined in very basic solutions, and the rate of co-ordination of
the first metal ion is also found to be double that of the second one, showing again statistically controlled kinetics.
These results clearly indicate that both tren sub-units of L behave independently during complex formation and
decomposition, i.e. there is no significant kinetic effect caused by the proximity of the metal centres and the cryptand
is flexible enough to undergo rapidly any reorganisation required to accommodate them. The kinetic data for the
formation and decomposition of these compounds are also compared with literature data for related complexes,
and possible reaction mechanisms are discussed.

The chemistry of binuclear metal complexes is a continuously
growing field because of their relevance to the function of many
metalloenzymes 1 and the interest in determining the modifi-
cations in the properties of the complexes caused by the close
proximity of two metal centres.2 Binucleating polyaza macro-
cycles and cryptands, such as L and L�,3,4 have cavities large
enough to accommodate two metal ions, forcing them to be
placed close to each other. The distance between the metal
centres and the co-ordination environment about them can be
changed by varying the nature of the macrocycle or by intro-
ducing exogenous bridging ligands. Metal complexes with
this kind of ligands have been used in recent years to study
molecular recognition,5 catalytic processes 6 and the formation
of dioxygen complexes.7 Although there is a great amount of
information available about the stability of the mono- and bi-
nuclear complexes formed by this kind of ligands,8 relatively
little is known about their kinetics of formation and decom-
position. We have previously shown that mono- and bi-nuclear
copper() complexes of L� are formed and decompose at very
similar rates,9,10 which suggests that L� is flexible enough to
make rapid any reorganisation of the macrocycle and that there
is no significant effect of the first metal ion on the rate of co-
ordination of the second one. It is expected that an increase in
the steric requirements of the ligand, such as that caused by
changing from macrocycle L� to the cryptand L, could lead to a
difference in the kinetics of co-ordination of both metal ions.
For this reason we decided to study the kinetics of formation
and decomposition of CuII–L cryptates. The results presented

† Supplementary data available: stability constants and observed rate
constants. For direct electronic access see http://www.rsc.org/suppdata/
dt/1999/3817/, otherwise available from BLDSC (No. SUP 57648, 4 pp.)
or the RSC Library. See Instructions for Authors, 1999, Issue 1 (http://
www.rsc.org/dalton).

in this paper show that both tetraamine sub-units of L appear
to behave independently and, as a consequence, the relative
rates of co-ordination and release of both metal ions are
statistically controlled.

Experimental
The cryptand L was prepared as C36H54N8�8HBr (L�8HBr)
following the literature method,3 and its purity checked by
1H and 13C-{1H} NMR. The actual molecular weight of
the sample was derived from the analysis of potentiometric
curves. All other reagents were obtained from Aldrich and
used without further purification. The UV-Vis and NMR
spectra were recorded with a Perkin-Elmer Lambda 3B
spectrophotometer and a Varian Unity 400 spectrometer,
respectively. The pH readings were obtained with a Crison 2002
instrument provided with an Ingold combined electrode and
calibrated according to the procedure recommended by Martell
and Motekaitis.11
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Equilibrium determinations

All the potentiometric titrations were carried out in 0.10 mol
dm�3 KNO3 solutions at 25.0 �C under N2, and were analysed
with the program BEST;11 the species distribution curves were
obtained with programs SPE and SPEPLOT.11 The protonation
constants of the ligand were determined from potentiometric
titration of L�8HBr (ca. 2 × 10�3 mol dm�3) in 0.10 mol dm�3

KNO3. The analysis of the ligand titration data also yielded a
molecular weight of 1330 for our sample. This value suggests a
composition similar to that previously found 3 and was used to
determine the ligand concentration in the solutions required for
the kinetic work. The formation constants of the mono- and bi-
nuclear copper() complexes were determined from titrations
of solutions containing CuII and L at 1 :1 and 2 :1 molar ratios;
during the analysis of these curves the ligand protonation
constants were fixed at the previously determined values. All
the curves were analysed assuming a fixed value of 13.78 for
pKw. The number of data points measured was different for
each titration but there were typically 10 points for each
neutralisation of a proton, covering a pH range from ca. 3 to 11.

Kinetic experiments

All the experiments were carried out at 25.0 �C with an Applied
Photophysics SX-17MV stopped-flow instrument; the ionic
strength of the solution was adjusted to the desired value (0.1
or 1.0 mol dm�3) by adding the amount of KNO3 required.
All experiments were carried out under pseudo-first order con-
ditions, and the actual concentrations of the reagents are given
in SUP 57648. The wavelength was selected in each case from
preliminary spectral scanning experiments using a diode-array
detector; this procedure was also used in some cases to obtain
the kinetic data for the acid-promoted decomposition of
the complexes. Single-wavelength curves were fitted using the
standard software of the instrument, and the diode-array data
were analysed with the program GLINT.12 Reported values
of the rate constants correspond to the mean values for at
least five determinations. The kinetics of the acid-promoted
decomposition of the complexes was studied by mixing a
solution of the complex at a given pH with another solution
containing a large excess of HNO3. The kinetics of complex
formation in basic solutions was studied by mixing solutions
of CuII and L containing in both cases the required amounts of
KOH and KNO3.

Results
The structure of cryptand L allows the simultaneous co-
ordination of two metal ions to yield stable binuclear complexes
in which every metal centre is co-ordinated to the four nitro-
gens of one tren sub-unit, the co-ordination sphere being
completed with exogenous ligands such as H2O or OH�.3 The
values of the stability constants for the protonation of L and
the formation of L–CuII complexes are very similar to those
previously found by Martell and co-workers,3 and both sets of
data are given in SUP 57648. The species distribution curves in
Fig. 1 show the high stability of Cu2L(OH)3� that is the only
species present in solutions containing CuII and L in 2 :1 molar
ratio when the pH is higher than ca. 6.5. Significant amounts
of Cu2L

4� and H3CuL5� are also formed within a narrow pH
range (4–6), whereas the only species present in more acidic
solutions are Cu2� and the highly protonated forms of the
ligand.

Kinetics of decomposition of CuII–L complexes in acid solutions

The equilibrium curves in Fig. 1 show that addition of a large
excess of acid to solutions containing CuII–L complexes will
cause complete dissociation of the ligand to form Cu2� and
H6L

6�. If the pH of the starting solution is higher than 6.5 the
net reaction will be decomposition of Cu2L(OH)3�, eqn. (1),

Cu2L(OH)3� � H�
exc → Cu2� � HxLx� (1)

but when the initial pH is close to 4.5 the process corresponds
to the decomposition of H3CuL5�, eqn. (2), that is the only

H3CuL5� � H�
exc → Cu2� � HxLx� (2)

complex in solution under those conditions. Thus, a simple
change in the pH of the starting solution allows a comparative
kinetic study of the processes represented by eqns. (1) and (2)
and should provide valuable information about the similarities
or differences in the kinetics of decomposition of the mono-
and bi-nuclear complexes of cryptand L.

We initially tried kinetic experiments in solutions containing
a concentration of supporting electrolyte of 1.0 mol dm�3

(KNO3 � HNO3), but had to decrease it to 0.10 mol dm�3

because of precipitation in the stock solutions at pH higher
than 6. Although the concentrations of acid are limited by the
reduced ionic strength, subsequent kinetic experiments showed
that reactions (1) and (2) occur to completion even at the lowest
[H�] used. The electronic spectra of stock solutions containing
2 equivalents of CuII and 1 equivalent of L ([L]0 = 3.4 × 10�4 mol
dm�3) are featureless at pH lower than 4, but two bands centred
at 310 and 820 nm appear when the pH is increased to values
corresponding to complex formation, showing that CuII–L
complexes have molar absorptivities much higher than those
of Cu2�. Both bands have essentially the same shape at all pH
values higher than 4.5, but the absorbance is higher in basic
solutions, consistent with formation of a binuclear complex
containing two chromophores. The decomposition of CuII–L
complexes upon addition of acid in excess occurs on the
stopped-flow timescale under all the conditions studied. Never-
theless, although both bands disappear at similar rates, a care-
ful analysis of the data indicates that complex decomposition
occurs with biphasic kinetics, the absorbance decrease being
faster at 820 than at 310 nm. The values of the rate constants
corresponding to both steps can be obtained by fitting the
traces at 820 nm by a single exponential (k1obs) and the traces at
310 nm by two consecutive exponentials (k1obs and k2obs). In
those cases where the two constants are close to each other,
a better estimation of k2obs is obtained from the fit of traces
at 310 nm by two exponentials with k1obs fixed at the value
derived from the corresponding trace at 820 nm. Alternatively,
the values of k1obs and k2obs can be obtained from the fit of the
diode-array data using the program GLINT; in this case the
kinetic model consists of two consecutive irreversible reactions
and the program also calculates the spectra of the absorbing
species in the reaction mixture. In most cases we carried out
fixed wavelength and diode-array experiments, and the results

Fig. 1 Species distribution curves for solutions containing L and CuII

in 1 :2 molar ratio ([L]0 = 2 × 10�3 mol dm�3, 0.10 mol dm�3 KNO3,
25.0 �C).
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Table 1 Summary of kinetic data for the acid-promoted decomposition of mono- and bi-nuclear copper() complexes of L at 25.0 �C. The values
of the parameters a and b were obtained by fitting k1obs and k2obs data in SUP 57648 using eqn. (3) in the text a

k1obs k2obs

Starting 10�2 a2b2/dm3

conditions b 10�2 a1/s
�1 b1/dm3 mol�1 10�2 a2/s

�1 b2/dm3 mol�1 mol�1 s�1

1.0, 4.88
0.1, 4.71
0.1, 4.27
0.1, 8.73
0.1, 8.26
0.1, 7.10

3.8(2)
3.6(1)
3.7(1)
2(1)
2(1)
1.7(6)

18(2)
43(2)
37(3)
6(4)
4(3)
5(2)

0.30(1)
0.26(1)
0.29(1)

28(5)
37(4)
35(3)

1.2(1)
0.80(4)
1.6(2)

a The numbers in parentheses represent the standard deviations in the last significant digit. b Concentration of supporting electrolyte (in mol dm�3)
followed by the pH of the complex solution before addition of the acid excess.

obtained with the two procedures are in good agreement except
for those cases in which k1obs is so high that the number of
spectra recorded during the first step is too small. In the latter
cases diode-array data do not lead to reliable values of k1obs and
the results were derived exclusively from fixed wavelength
experiments; otherwise both methods were indistinctly used to
obtain the values of the rate constants included in SUP 57648.

The spectra calculated for Cu2L(OH)3�, the reaction inter-
mediate and the final decomposition product are included
in Fig. 2, and the inset shows the corresponding spectra for
the mononuclear species H3CuL5�. As the formation of the
mononuclear complex is never complete, the absolute values of
the molar absorptivity were obtained using the concentration
calculated with the program SPE and so they are only approxi-
mate. The spectra in Fig. 2 show that the absorbance changes
during the decomposition of the mono- and the bi-nuclear
complexes are very similar, the absolute values being approxi-
mately twice as large for the binuclear species. The spectra also
suggest that the chromophores in the binuclear complex behave
almost independently and that structural changes during
the decomposition process are similar for both the mono- and
the bi-nuclear species. On the other hand, the values of k1obs and
k2obs in SUP 57648 indicate that the rates of decomposition
of the mono- and the bi-nuclear complexes are very close, as
previously found for the closely related CuII–L� complexes.9

In that case the diode-array instrumentation was not available
and the kinetics was monitored by following the exponential
decay of a band at 650 nm. The similar values of kobs under
all conditions were interpreted assuming rapid conversion
(within the stopped-flow mixing time) of the binuclear complex
to the mononuclear species followed by rate-determining
decomposition of the mononuclear complex.9 The results now

Fig. 2 Calculated absorption spectra for the starting complex (a), the
reaction intermediate (b), and the final product (c) in the acid-promoted
decomposition of the binuclear Cu2L(OH)3� complex. The inset shows
the corresponding spectra (a�, b�, c�) for the decomposition of the
mononuclear complex.

available clearly demonstrate that this interpretation is not
valid, at least for the CuII–L complexes, and we are currently
re-examining the kinetics of the previously reported system.

The dependence of the observed rate constants on the acid
concentration is illustrated in Fig. 3. There is in general a
tendency of k1obs and k2obs to saturation that is especially evident
for the decomposition of the mononuclear complex using 1.0
mol dm�3 ionic strength. In other cases the observed rate con-
stants do not approach the limiting value but there is a clear
curvature in the plot and the data can be fitted by eqn. (3) to

kobs =
ab[H�]

1 � b[H�]
(3)

obtain the values of parameters a and b in Table 1. The values
of both parameters agree within error for experiments corre-
sponding to the decomposition of the same complex (pH
close to 4.5 and 7.5 for the mono- and the bi-nuclear com-
plexes, respectively). The a1 values are always within the range
(1–4) × 102 s�1, an order of magnitude faster than for the
second step, and there are no large differences between the
values corresponding to the mono- and the bi-nuclear com-
plexes. On the contrary, b1 values for the decomposition of the
binuclear complex are significantly smaller than for the mono-
nuclear species. For the case of k2obs values corresponding to
decomposition of the binuclear complex (starting pH higher
than 6), the value of b is not well defined and the data were

Fig. 3 Plots of the observed rate constant vs. the concentration of acid
for the acid-promoted decomposition of the mononuclear CuII–L com-
plex ([Cu]0 = [L]0 = 3.38 × 10�4 mol dm�3, pH 4.88, 25.0 �C, 1.0 mol
dm�3 KNO3). Curves (a) and (b) correspond to k1obs and k2obs,
respectively.
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fitted by a straight line, the slope being presented in Table 1 as
a × b. In any case, the values of this product are compatible
with a values similar to those derived for the second step of
the mononuclear species (25–30 s�1) and values of b close to
those found for the first step of the mononuclear complex
(ca. 5 dm3 mol�1).

Kinetics of formation of the mono- and bi-nuclear CuII–L
complexes

The major problem for studying the kinetics of complex form-
ation with this kind of ligand is the large number of species
involved, although the analysis of kinetic data is facilitated by
the use of appropriate pH ranges. The major simplification
occurs at very high pH, where L is completely deprotonated and
CuII exists as a mixture of Cu(OH)3

� and Cu(OH)4
2�; kinetic

data at varying concentrations of OH� usually allow one to
separate the contributions from both hydroxo-complexes to the
rate of complex formation. For the case of copper() complexes
with the cryptand L there is an additional complication caused
by the formation of mono- and bi-nuclear complexes, eqns.
(4) and (5), although this can easily be solved by carrying out

Cu(OH)x
(x � 2)� � L CuL(OH)� � (x � 1) OH� (4)

Cu(OH)x
(x � 2)� � CuL(OH)�

Cu2L(OH)3� � x OH� (5)

kinetic experiments in the presence of both an excess and deficit
of CuII. If there is an excess of metal, reactions (4) and (5)
are displaced towards formation of the binuclear complex and
kinetic traces include contributions from the co-ordination of
both metal centres. On the contrary, only mononuclear com-
plexes are formed if there is a deficit of CuII, and kinetic traces
under these conditions correspond exclusively to the formation
of the mononuclear complex.

Although we tried kinetic experiments on complex formation
in basic solutions using the diode-array detector for monitoring
the reaction under conditions of both an excess and a deficit of
CuII, the process had to be studied at 260 nm using low concen-
trations of the reagents to avoid precipitation. Kinetic traces
obtained at fixed OH� concentration under pseudo-first order
conditions of ligand or metal excess could always be fitted well
by a single exponential, and the values of the observed rate
constant are given in SUP 57648.

In the presence of ligand excess only the mononuclear com-
plex is formed and the values of kobs correspond to reaction (4).
The dependence of kobs on the ligand concentration is linear
(see Fig. 4), and the values derived for the second order rate
constant (kfm) at several concentrations of OH� are included in
Table 2. There is a decrease of kfm when the OH� concentration
is increased, and the data can be fitted by eqn. (6) with
c = 1.4 ± 0.3 × 104 dm3 mol�1 s�1 and d = 4 ± 2 dm3 mol�1.

kfm =
c

1 � d [OH�] (6)

Although experiments using an excess of CuII lead to form-
ation of the binuclear complex according to eqns. (4) and (5),
kinetic traces show a single step with kobs values close to those
corresponding to the formation of the mononuclear complex.
However, kobs for the binuclear complex is slightly smaller than
for the mononuclear complex, which indicates that formation
of both complexes occurs on the same timescale and kinetic
traces under conditions of metal excess must include the effect
of co-ordination of both metal ions. Another important differ-
ence is that the dependence of kobs on the copper() concen-
tration is given now by eqn. (7) (see Fig. 4). The values of kfb

kobs = kfb[Cu]0 � kdb (7)

and kdb are also included in Table 2, kfm being approximately
twice as large as kfb for a given OH� concentration.

The non-zero intercept in eqn. (7) suggests that formation
of the binuclear complex is reversible under the experimental
conditions used. We were initially surprised to find that con-
version into the binuclear complex is incomplete in the presence
of metal excess and so carried out approximate equilibrium
calculations with the program SPE. These calculations con-
firmed that conversion into the mononuclear complex is com-
plete in the presence of ligand excess, but an equilibrium
mixture of L and the mono- and bi-nuclear complexes is
formed at the concentrations of the kinetic experiments using
metal excess. Thus, eqns. (4) and (5) are displaced to the left
at very high concentrations of OH� and kobs includes contri-
butions from both the formation (kfb) and decomposition (kdb)
of the binuclear complex.

Discussion
Statistical considerations

The reversible formation of binuclear copper() complexes with
cryptand L is represented in a very simplified way in Scheme 1.
It shows clearly that the relative values of the rate constants for
complex formation (k1 and k2) or decomposition (k�1 and k�2)
will depend on the degree of interaction between both metal
centres. It is expected from statistical considerations that

Fig. 4 Plots of the observed rate constant vs. the concentration of the
reagent in excess for the formation of CuII–L complexes in 0.44 mol
dm�3 KOH solution at 25.0 �C. The data in (a) correspond to ligand
excess (R = L, [Cu]0 = 2.2 × 10�5 mol dm�3), whereas data in (b) corres-
pond to metal excess (R = Cu, [L]0 = 1.0 × 10�5 mol dm�3).

Table 2 Summary of kinetic data for the formation of mono- and
bi-nuclear copper() complexes of L in basic solutions at 25.0 �C.
The values of kfm correspond to the second order rate constant for the
irreversible formation of the mononuclear complex, whereas kfb and kdb

correspond to the rate constants for the formation and decomposition
of the binuclear complex a

[OH�]/
mol dm�3

10�3 kfm/
dm3 mol�1 s�1

10�3 kfb/
dm3 mol�1 s�1 kdb/s�1

0.15
0.22
0.25
0.35
0.44

8.5(2)
8.3(2)
8.0(1)
6.5(2)
4.6(2)

3.1(2)

2.8(1)
2.2(2)

0.54(6)

0.44(2)
0.25(7)

a The numbers in parentheses represent the standard deviations in the
last significant digit.
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k1 = 2 k2 and k�2 = 2 k�1 if both N4-donor sub-units behave
independently and the cryptand is flexible enough to reorganise
rapidly. Nevertheless, slow reorganisation of the ligand or a
certain interaction between the metal centres (steric or elec-
tronic, direct or facilitated by the presence or the absence of a
bridging ligand) can lead to relative values of the rate constants
that differ from the statistical prediction.

The results in the present work indicate that both the form-
ation of the binuclear complex in very basic media and its
decomposition in strongly acidic solution occur with a kinetics
similar to that of the mononuclear complex, the values of the
rate constants being always close to each other. The absence of
separate kinetic steps for the co-ordination or release of both
metal centres suggests that formation and decomposition of the
binuclear complex occurs in an apparent single process because
of a simplification of the rate law caused by a certain corre-
lation between rate constants and molar absorptivities. This
simplification of the kinetics can be theoretically predicted
and has been previously observed for other systems containing
several isolated and independently reacting centres.13–16 The
decomposition of the binuclear complex upon addition of a
large excess of acid is irreversible and must involve the form-
ation of a mononuclear intermediate. The process should then
occur with biphasic kinetics, that reduces to a single step
with kobs = k�1 when the rate constants and molar absorptivities
obey eqn. (8).13,14 Actually, the spectra of the species derived

k�2

k�1

=
εCu2L � εCu

εCu2L � εCuL

(8)

from the mononuclear complex (Fig. 2, inset) are intermediate
between those of CuII and the binuclear complex, which means
that εCuL ≈ (εCu � εCu2L)/2 for both steps in the decomposition.
Substitution into eqn. (8) leads to k�2/k�1 ≈ 2; i.e. the decom-
position of the binuclear complex occurs with rate constants
close to the statistical prediction.

On the other hand, the data in Table 2 indicate that the
quotient kfm/kfb is only slightly higher than 2, which suggests
that complex formation is also statistically controlled. However,
eqn. (8) cannot be invoked to explain the appearance of a
single kinetic step in the formation of the binuclear complex
because this equation is derived for two irreversible consecutive
reactions,13,14 and complex formation in basic media occurs
under reversible conditions. Nevertheless, statistically con-
trolled kinetics has previously been observed for other revers-
ible reactions,15 and it can easily be demonstrated that kinetic

traces for a reaction sequence of the type A
2k2

k�1

B
k2

2k�1

C

are biphasic with rate constants k�1 � k2 and 2(k�1 � k2) but
simplify to a single exponential with kobs = k�1 � k2 when
εB = (εA � εC)/2. If some of the steps are second order processes,
the corresponding pseudo-first order rate constants must be
used and, for the case of the CuII–L complexes, the condition
for the observation of a single kinetic step is also εCuL ≈
(εCu � εCu2L)/2.

Scheme 1

Thus, comments in previous paragraphs indicate that, despite
the fact that the co-ordination and release of each metal centre
are not simple processes, the reactions in Scheme 1 occur with
relative values of the rate constants close to the statistical
prediction. Each step in Scheme 1 involves reorganisation of
the cryptand and the formation (or breaking) of four Cu–N
bonds; for the case of the binuclear complex there is an
additional step corresponding to the formation or rupture
of a hydroxo bridge. It appears that the cryptand is large and
flexible enough to allow the independent accommodation of
both metal centres into the N4 sub-units and that formation of
a hydroxo bridge between them does not change the statistical
ratio of rate constants for complex formation or dissociation.

Mechanistic considerations and comparison with related
complexes

Acid-promoted decomposition of the mono- and bi-nuclear
CuII–L complexes. The literature includes a large variety of rate
laws for the acid-promoted decomposition of metal complexes
containing polydentate ligands in which the dependence on
the acid concentration goes from simple linear to polynomial
passing by the saturation kinetics represented by eqn. (3) and
related equations. Although there are alternative interpre-
tations,17 the observation of saturation kinetics for the decom-
position of linear and macrocyclic polyamine complexes is
usually interpreted in terms of rate-limiting acid attack on an

activated form of the metal complex: ML
k1

k�1

 (ML)* 
H�

k2

 

M � HL�. The activated intermediate is considered to form
through the partial breaking of the Cu–N bond, with proton
attack at the amine nitrogen occurring prior to or during
solvent replacement of the donor.18 The rate equation for this
mechanism coincides with eqn. (3) when the intermediate
(ML)* is assumed to be formed under steady state conditions;
the limiting rate constant a then corresponds to k1 and b is
equivalent to the quotient k2/k�1. The values of a1 and b1 in
Table 1 for the decomposition of the mono- and the bi-nuclear
CuII–L complexes are close to each other and also close to those
found previously for copper() complexes of the macrocycle
L�.9 Although the different rate laws prevent comparison with
other complexes, the rate of decomposition appears to be little
affected by the co-ordination environment about the metal
centre; on the contrary, it is strongly dependent on the type
of chelate rings formed. For example, Cu(en)2� decomposes
with saturation kinetics and values of a = 1.3 × 102 s�1 and
b = 33 dm3 mol�1; the complexes Cu(dien)2�, Cu(trien)2� and
Cu(tren)2�,‡ that only contain en-type chelate rings, show a
similar kinetic behaviour with relatively small changes in the
values of a and b.19 Nevertheless, a substantial decrease in the
rate of decomposition is observed when the complex contains
some chelate rings of larger size and, for example, the product
ab decreases to 0.08 dm3 mol�1 s�1 for Cu(2,3,2-tet)2� and to
0.49 dm3 mol�1 s�1 for Cu(3,3,3-tet)2�.20 A decrease of the
decomposition rate is also observed for the complexes of
mono-nucleating polyaza macrocyclic ligands, although the
effect is less pronounced than that caused by the change in the
type of chelate rings. Thus, macrocyclic complexes such as
Cu([9]aneN3)

2� and Cu([18]aneN6)
2�, that only contain ethyl-

ene bridges between the N donors, show a modest decrease

‡ Ligand abbreviations: en = ethylenediamine; dien = diethylenetri-
amine; trien = triethylenetetraamine; tren = tris(2-aminoethyl)amine;
2,3,2-tet = 3,7-diazanonane-1,11-diamine; 3,3,3-tet = 4,8-diazaun-
decane-1,11-diamine; [9]aneN3 = 1,4,7-triazacyclononane; [18]aneN6 =
1,4,7,10,13,16-hexaazacyclooctadecane; [13]aneN4 = 1,4,7,10-tetraaza-
cyclotridecane; cyclam = 1,4,8,11-tetraazacyclotetradecane; Me4trien =
N,N,N�,N�-tetramethyl-3,6-diazaoctane-1,8-diamine; Et2-2,3,2-tet =
3,6,10,13-tetraazapentadecane; tet-b = rac-5,7,7,12,14,14-hexamethyl-
1,4,8,11-tetraazacyclotetradecane; 2N.1O.1O = 13,18-dioxa-1,4,7,10-
tetraazabicyclo[8.5.5]eicosane.
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in the rate of decomposition, with a = 40 s�1 and b = 1.3 dm3

mol�1 for the former complex 19 and ab = 70 dm3 mol�1 s�1 for
the latter.21 On the contrary, macrocyclic complexes in which
not all the amine nitrogens are linked by ethylene bridges
tend to decompose more slowly; for example, ab = 8 × 10�4 and
3 × 10�4 dm3 mol�1 s�1 for Cu([13]aneN4)

2� and Cu(cyclam)2�

respectively.22,23 It is important to note that the values of a1 and
b1 found in this work for both the mono- and the bi-nuclear
copper() complexes of L are very close to those reported for
Cu(tren)2� (a = 4.9 × 102 s�1 and b = 4.6 dm3 mol�1),19 which
suggests again an independent behaviour of the N4-donor
sub-units of the binucleating cryptand.

Despite the existence of several metal–ligand bonds sus-
ceptible to proton attack, polyphasic kinetics has only been
observed for the decomposition of a relatively small number of
complexes with polydentate ligands,19,23 although it is possible
that polyphasic kinetics has inadvertently been ignored in some
cases because of the good fit of single wavelength traces by a
single exponential. Interestingly, two different kinetic steps are
also observed in the decomposition of Cu(tren)2�,19 the rate
constant for the slow step being close to the values found in
this work for the CuII–L complexes. Although the data for
Cu(tren)2� were interpreted in terms of two different reaction
pathways leading to decomposition,19 our global analysis of
the time dependence of the spectral data for CuII–L complexes
suggests that complete decomposition of these compounds
occurs in two consecutive steps. The first step occurs at a rate
similar to that of complexes with other polyamines and leads
to an intermediate in which the co-ordination environment
about CuII appears to be drastically changed. Actually, while
the spectra in Fig. 2 for both the mono- and the bi-nuclear
complexes are similar to those of Cu(tren)(H2O)2� and related
complexes with trigonal bipyramidal (TBPY ) co-ordination,24

the spectra of the intermediates have much lower molar absorp-
tivities in the visible and they are closer to the spectrum of
Cu(H2O)6

2�. It is possible that the first kinetic step corresponds
to the dissociation of the co-ordinated NH groups of L at a rate
similar to that observed for other complexes with CuII–NH
(polyamine) bonds; in the absence of a co-ordinated tren
sub-unit, there is no reason for a TBPY co-ordination in the
intermediate formed in the first step and the complex re-
organises to a new co-ordination environment.

The formation of mono- and bi-nuclear copper(II) complexes of
L in basic media. It has been pointed out above that CuII exists
at very high pH as a mixture of Cu(OH)3

� and Cu(OH)4
2�,

whereas the ligand is completely deprotonated. The formation
of the mononuclear complex under these conditions can be
considered to occur through the mechanism in eqns. (9)–(11),

Cu(OH)3
� � OH�

KOH

Cu(OH)4
2� (9)

Cu(OH)3
� � L

k3

CuL(OH)� � 2 OH� (10)

Cu(OH)4
2� � L

k4

CuL(OH)� � 3 OH� (11)

that has been previously proposed for other copper
complexes.9,25–28 The formation of the binuclear complex will go
through the same mechanism, although with different rate
constants for statistical reasons (see above).

The rate equation (12) for this mechanism is similar to the

kf =
k3 � k4KOH[OH�]

1 � KOH[OH�]
(12)

experimental one, eqn. (6), with the equivalencies: k3 =
c = (1.4 ± 0.3) × 104 dm3 mol�1 s�1 and KOH = d = 4 ± 2 dm3

mol�1, k4 being negligible. These results indicate that formation

of CuII–L complexes occurs almost exclusively through reac-
tion of Cu(OH)3

�, in agreement with previous findings for the
related macrocycle L�, for which complex formation from
Cu(OH)4

2� is more than two orders of magnitude slower;9

a very different reactivity of both hydroxo-complexes is con-
sidered evidence of a change in the rate-determining step for
complex formation from both species.25,26 The value derived
for KOH in the present work is also in good agreement with
those previously reported.9,27

Although copper() complexes with the ligands L and L�
decompose at similar rates upon addition of acid excess, the
rate constants for complex formation in basic solutions are
quite different, k3 for the formation of the cryptate CuL(OH)�

being two orders of magnitude smaller than for the related
macrocycle L� (k3 = 2.2 × 106 dm3 mol�1 s�1).9 The intimate
mechanism of complex formation is very difficult to determine
because of the existence of several N-co-ordination and Jahn–
Teller inversion steps.25 It has been previously proposed that
if Jahn–Teller inversion following first-bond formation is the
rate-determining step in the formation of open-chain and
macrocyclic polyamine complexes, a certain difference between
the values of k3 may be attributed to steric effects of nitrogen
substitution. However, if the experimental value of k3 is much
lower than expected on the basis of this substitution, it may
indicate a shift in the rate-determining step to second-bond
formation or the subsequent inversion process.26 The value of k3

for the complex of macrocycle L� is very close to the values for
complexes with other polyamines of similar steric requirements,
such as Me4trien or Et2-2,3,2-tet,26,27 which suggests rate-
determining Jahn–Teller inversion following the formation
of the first Cu–N bond.25–27 On the contrary, the value for
CuL(OH)� is significantly smaller and closer to the values
found for the complexes with tet-b and 2N.1O.1O,26,29 for which
the rate-determining step has been proposed to be the form-
ation of the second Cu–N bond.26 Thus, it appears that the
lower basicity of the central nitrogens of L and the increased
steric requirements of the tren sub-units is enough to cause a
shift in the rate-determining step for complex formation.
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