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Introduction

The 14-membered tetramine macrocycle cyclam (1) presents
distinctive coordinating properties towards transition-metal
ions that are not observed with noncyclic ligands and which
may be exhibited to a much lesser degree by macrocycles of
different atomicity and/or denticity. One of the most re-
markable properties of cyclam is the inertness with respect
to substitution of its metal complexes, in particular, resist-
ance to demetallation in acidic solution, a feature that has
been defined as the kinetic macrocyclic effect.[1]

As an example, a half-life (t1=2) of 30 years has been esti-
mated for the [NiII(cyclam)]2+ complex in 1m HClO4 at

25 8C (to be compared with the corresponding complexes of
noncyclic tetramines that decompose in a twinkling of an
eye in an acidic solution).[2] The kinetic stability has to be
ascribed to the rigidity of the macrocyclic framework and to
the hindered access of hydrogen ions to the amine groups
because of the closed nature of the ligand. In particular,
whereas terminal amine groups of the open-chain polyamine
can easily detach from the metal centre to be protonated by
the hydrogen ions present in solution, this possibility is pre-
cluded for the cyclic polyamine metal complex, whose
donor atoms are mechanically prevented from detaching.
More recently, the so-called reinforced macrocycles have

been introduced, namely, systems in which two amine
groups are linked by a further aliphatic chain.[3] As an exam-
ple, compound 2 is a laterally reinforced cyclam, in which
two nitrogen atoms are linked by two ethylenic chains, thus
giving rise to a piperazine ring. Such a ring typically displays
a rich conformational activity, similar to that of cyclohex-
ane.[4] The energy (enthalpy) diagram of the various con-
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Abstract: The demetallation in acidic
solution of the CuII complexes with
open-chain and cyclic tetramines con-
taining a piperazine unit (2 and 3) has
been investigated in terms of its kinetic
aspects and compared with the behav-
iour of unsubstituted counterparts (tet-
ramines 1 and 4). The presence of the
piperazine fragment slows demetalla-

tion of the open-chain-ligand complex
owing to the activation barrier associat-
ed with the conformational change
from boat-to-half-boat; however, it

does not affect the demetallation of the
macrocyclic complex, which involves
the spontaneous boat-to-twist confor-
mational change. Thus, lateral rein-
forcement of a cyclam-like ligand does
not add any further contribution to the
typical inertness in demetallation of
macrocyclic complexes.
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formers, calculated through a semiempirical method (see the
Experimental Section), is reported in Figure 1.
In this work, we wished to investigate whether and to

what extent possible conformational changes of the pipera-
zine residue may affect the kinetic stability of metal com-

plexes with reinforced macrocycles such as 2. However, it
might have been difficult to separate the reinforcement con-
tribution to the inertness from that arising as a consequence
of the intrinsic cyclic nature of the ligand. Therefore, in
order to exclude the effects arising from the cyclic nature of
the ligand, our initial investigations focused on the kinetic
behaviour of the complexes of a noncyclic reinforced tetra-
mine, 3-[4-(3-aminopropyl)piperazin-1-yl]propylamine (3),
which contains a piperazine fragment in its framework. For
comparative purposes, we also considered the parent non-
reinforced open-chain tetramine N1-[2-(3-aminopropylami-
no)ethyl]propane-1,3-diamine (4).

We report herein a kinetic investigation on the demetalla-
tion of the copper(ii) complexes of 1±4 in acidic solution.
The kinetic behaviour has been interpreted on the basis of
the structural details available for CuII complexes of both 2
and 3 and for the uncomplexed protonated ligands, with a
special reference to the conformation of the piperazine unit,
whether chair, boat or twist.

Results and Discussion

Structural studies : The crystal and molecular structures of
the complexes [CuII(2)]2+ and [CuII(3)]2+ , as perchlorate
salts, were determined by means of X-ray single-crystal dif-
fraction. Selected bond lengths and bond angles are given in
Table 1. Moreover, the structure of the triprotonated form
of the reinforced macrocycle 2 (= L), as the tri-hydrochlo-
ride salt, [LH3]Cl3, is also reported.

[CuII(3)](ClO4)2 : The ORTEP diagram of the complex is
shown in Figure 2. The CuII ion has an almost square-planar
coordination, with a deviation from the N(1)-N(2)-N(3)-
N(4) mean plane of 0.11(1) ä. It is probably a weak Cu�O
interaction with the perchlorate ion (Cu(1)�O(3)
2.544(13) ä) that induces the small pyramidal distortion for
the metal centre. The mean Cu�N bond lengths are 2.019(8)
and 1.997(7) for the tertiary and primary amines, respective-
ly.

Figure 1. Energy diagram of the conformers of piperazine, calculated
with a semiempirical method (PM3).

Table 1. Selected bond lengths [ä] and angles [8] for the [CuII(3)](ClO4)2
and [CuII(2)](ClO4)2 complexes.

[CuII(3)](ClO4)2 [CuII(2)](ClO4)2

Cu(1)�N(1) 2.021(7) 1.961(12)
Cu(1)�N(2) 2.018(6) 2.005(9)
Cu(1)�N(3) 1.996(7) 2.009(9)
Cu(1)�N(4) 1.999(6) 1.980(9)
N(1)-Cu(1)-N(2) 74.00(25) 77.71(48)
N(1)-Cu(1)-N(3) 171.12(23) 161.81(35)
N(1)-Cu(1)-N(4) 96.45(22) 102.20(46)
N(2)-Cu(1)-N(3) 97.90(29) 97.78(37)
N(2)-Cu(1)-N(4) 167.47(23) 169.80(35)
N(3)-Cu(1)-N(4) 91.02(26) 86.23(38)

Figure 2. An ORTEP view of the [CuII(3)](ClO4)2 complex salt (thermal
ellipsoids are drawn at the 30% probability level, hydrogen atoms are
omitted for clarity). The piperazine subunit exhibits the boat conforma-
tion, while the CuII centre shows an almost square-planar coordination.
Weak interaction with one perchlorate ion (Cu(1)�O(3) 2.544(13) ä) is
associated with a slight pyramidal distortion of the metal centre. The
C(4) thermal ellipsoid suggests positional disorder; however, refinement
of two alternative C(4) positions does not improve the model (see text).
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Coordination to the metal forces the piperazine unit of 3
into the less favourable boat conformation: the puckering
parameters are:[5] q2=0.865(8) ä, q3=0.001(9) ä, f=
�2.1(7)8, QT=0.865(8) ä, q=89.9(6)8. The N(1) and N(2)
atoms are placed 0.75(1) ä above the C(1)-C(2)-C(6)-C(7)
best plane, while the mean deviation for the four carbon
atoms is 0.02(1) ä. The N(1)�N(2) apex±apex distance is
2.431(8) ä.
The N(4)-Cu(1)-N(1)-C(8)-C(9)-C(10) chelate ring adopts

a half-chair conformation. The deviations for the atoms
forming the N(4)-Cu(1)-N(1)-C(8) best plane are in the
range 0.03(1)±0.07(1) ä, while C(9) and C(10) are placed at
0.60(1) and 0.17(1) ä, respectively, above and below the
best plane. The other hexaatomic chelate ring is character-
ised by positional disorder at the refined C(4) position,
which shows a thermal ellipsoid that is very elongated along
a direction normal to the N(3)-Cu(1)-N(2)-C(3) best plane.
It is probable that the C(4) carbon atom is statistically dis-
tributed above and below its mean position, thus suggesting
that the crystal is formed by molecules that have two differ-
ent conformations for this hexaatomic chelate ring. Several
attempts to refine two alternative positions for C(4) did not
improve the agreement index, and feasible results were only
obtained assuming strong geometrical constraints. On ac-
count of our failure to obtain the geometrical features of
the chelate ring containing C(4), we chose to present a non-
constrained model with a single mean C(4) site that is
almost coplanar with the N(3)-Cu(1)-N(2)-C(3) mean plane.
This model allows a better identification of the positional
disorder and clearly indicates the chemically unacceptable
values of the bond lengths and angles involving the C(4) po-
sition.

[CuII(2)](ClO4)2 : The ORTEP diagram of this macrocyclic
complex is reported in Figure 3. The CuII ion exhibits
square-planar coordination, with a moderate tetrahedral dis-

tortion. A weak Cu�O interaction with one of the perchlo-
rate ions is probably present (Cu(1)�O(1) 2.548(10) ä), but
it is not strong enough to induce a pyramidal distortion of
the complex. The CuII ion is displaced by 0.06(1) ä from the
N(1)-N(2)-N(3)-N(4) mean plane; the mean metal±nitrogen
distance is 1.983(10) and 1.995(9) for tertiary and secondary
amine groups, respectively. However, the four nitrogen
atoms are not perfectly coplanar, their deviations from the
best plane are in the range 0.22(1)±0.24(1) ä. In particular,
they are alternatively placed above and below the mean
plane, thus giving rise to a slight tetrahedral distortion of
the square-planar CuII coordination. Such a distortion is not
present in the previously discussed [CuII(3)](ClO4)2 complex
(in which the four N atoms deviate, on average, by
0.03(1) ä from the best plane displaced by 0.11(1) ä from
the metal centre). Moreover, no distortion is observed in
the corresponding complex of plain cyclam, [CuII(1)]2+ ,[6] in
which the metal centre is perfectly coplanar with the four
secondary nitrogen atoms and the two perchlorate ions are
symmetrically located along the z axis, at a distance of
2.57 ä.
The crystal structures of copper(ii) complexes with lateral-

ly reinforced cyclam derivatives have been recently reported
by Kaden et al.[7] In the two complexes of N,N’,N’’,N’’’-tet-
raalkyl-substituted macrocycles bearing either methyl or
ethyl substituents on N(3) and N(4) atoms, the geometry of
the metal centre is definitely square-pyramidal, with a water
molecule occupying the apical position. In both complexes,
the Cu�O(water) distance is relatively short (Cu�O 2.23±
2.24 ä).
On the other hand, in the laterally reinforced macrocycle

with an alkyl substituent only on one of the two remaining
nitrogen atoms (donor set: 3 tertiary nitrogen atoms, 1 sec-
ondary),[7] a tetrahedrally distorted square-planar geometry
is observed. This situation is very similar to that found for
the [CuII(2)](ClO4)2 complex (i.e. , in presence of two terti-
ary amines and two secondary amines). Thus, it appears that
moving from two or three to four tertiary amine nitrogen
atoms in a 14-membered laterally reinforced macrocycle in-
duces the change from a square-planar, even if tetrahedrally
distorted, to a square-pyramidal geometry.
In the [CuII(2)](ClO4)2 complex, the piperazine ring exhib-

its a boat conformation: the puckering parameters are:[5]

q2=0.882(7) ä, q3=0.026(8) ä, f=9.32(6)8, QT=

0.882(7) ä, q=88.3(5)8. The f value indicates a slight twist-
ing of the regular boat conformation (in which f=08). The
N(1) and N(2) atoms deviate from the C(1)-C(2)-C(11)-
C(12) best plane by 0.78(1) and 0.73(1) ä, respectively. The
four carbon atoms are displaced, on average, by 0.07(1) ä
from the mean plane. The N(1)�N(2) apex±apex distance is
2.461(9).
It has to be noted that in the previously mentioned com-

plexes of N-alkyl-substituted derivatives of 2,[7] the pipera-
zine ring shows a regular boat conformation when the metal
coordination is square pyramidal (i.e., in presence of only
tertiary amines), while the piperazine unit is slightly distort-
ed towards the more stable twist±boat conformation, when
the complex presents a tetrahedrally distorted square-planar

Figure 3. An ORTEP view of the [CuII(2)](ClO4)2 complex salt (thermal
ellipsoids are drawn at the 30% probability level, only hydrogen atoms
bonded to the secondary amines are shown). The piperazine ring is in the
boat conformation; however, a slight twisting of the regular boat confor-
mation is observed. The CuII centre exhibits tetrahedrally distorted
square-planar coordination. A slightly short CuII�O distance is also ob-
served (Cu(1)�O(1) 2.548(10) ä).
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geometry (i.e. , when one or more secondary amine groups
are present).
Noticeably, for such different geometrical details, signifi-

cant differences in the spectral features are observed: the
[CuII(1)]2+ complex has a d±d absorption band with lmax=

500 nm, whereas that of [CuII(2)]2+ is at 525 nm. The energy
of the band is a measure of the intensity of the metal±ligand
interactions and they are stronger in the [CuII(1)]2+ com-
plex, in which the metal is chelated by the four nitrogen
atoms in a coplanar conformation. On the other hand, the
less symmetric [CuII(2)]2+ complex exhibits a higher molar
absorbance (e=255m�1 cm�1) compared to the perfectly
square-planar [CuII(1)]2+ complex (e=77m�1 cm�1).
In the [CuII(2)]2+ complex, the two hexaatomic chelate

rings adopt two opposite half-chair conformations in which
the C(4) and C(9) vertices point in opposite directions. As
far as the N(1)-Cu(1)-N(4)-C(8)-C(9)-C(10) hexaatomic ring
is concerned, the deviations for the atoms forming the N(4)-
Cu(1)-N(1)-C(10) best plane are in the range 0.02(1)±
0.05(1) ä; C(8) and C(9) are respectively placed 0.18(1) and
0.44(1) ä above and below the best plane. The other six-
membered chelate ring shows deviations for the atoms form-
ing the N(3)-Cu(1)-N(2)-C(3) best plane in the range
0.06(1)±0.15(1) ä; C(4) is placed 0.44(1) ä above the mean
plane, while C(5) is 0.32(1) ä below the mean plane. The
five-membered chelate ring adopts a twisted conformation:
C(6) and C(7) are located above and below the Cu(1)-N(3)-
N(4) plane with deviations of 0.32(1) and 0.38(1) ä, respec-
tively.

[LH3]Cl3 : The ORTEP diagram of the triprotonated form of
the reinforced macrocycle 2 is shown in Figure 4. The piper-
azine subunit is not in the more stable chair conformation,
but in the less energetically favourable twist±boat conforma-
tion. The puckering parameters are:[5] q2=0.806(6) ä, q3=
0.012(5) ä, f=26.7(3)8, QT=0.807(6) ä, q=89.1(4)8. All

the four carbon atoms deviate from the C(1)-C(2)-C(11)-
C(12) best plane by 0.18(1) ä. The N(1) and N(2) atoms are
displaced from the best plane by 0.64(1) ä and 0.61(1) ä,
respectively. The N(1)�N(2) apex±apex distance is
2.645(5) ä. Interestingly, also in the previously investigated
diprotonated form of a laterally reinforced macrocycle bear-
ing two ethyl substituents on the two remaining nitrogen
atoms, the piperazine fragment is present in the twist±boat
conformation.[7]

The protonated amine nitrogen atoms show the longest
C�N bond length: the mean bond values are 1.490(9) ä for
the secondary amines and 1.494(8) ä for the tertiary amine.
The mean C�N bond length for the nonprotonated N(1) ni-
trogen is 1.459(8) ä.
All protonated amines are involved in N�H¥¥¥Cl interac-

tions [N(2)¥¥¥Cl(1) 3.084(5) ä, H(13)¥¥¥Cl(1) 2.197(51) ä,
N(2)�H(13)¥¥¥Cl(1) 173.3(45)8, N(3)¥¥¥Cl(2) 3.128(6) ä,
H(14B)¥¥¥Cl(2) 2.267(60) ä, N(3)�H(14B)¥¥¥Cl(2) 162.7(50)8,
N(3)¥¥¥Cl(1)i 3.139(5) ä, H(14A) ¥¥¥Cl(1)i 2.255(40), N(3)�
H(14A)¥¥¥Cl(1)i 170.9(29)8, symmetry code: i=�x + 1=2, �y,
z + 1=2, N(4)¥¥¥Cl(2) 3.048(5) ä, H(15A)¥¥¥Cl(2) 2.276(71) ä,
N(4)�H(15A)¥¥¥Cl(2) 144.6(55)8, N(4)¥¥¥Cl(3) 3.058(5),
H(15B)¥¥¥Cl(3) 2.198(57), N(4)�H(15B)¥¥¥Cl(3) 162.1(51)8].
In particular, while the Cl(2) anion allows the occurrence

of an intramolecular N-H¥¥¥Cl interaction, the Cl(1) anion
connects two adjacent molecules: it forms hydrogen bonds
to the N(2) and N(3) atoms from different molecules. These
intermolecular hydrogen bridges, with van der Waals forces,
are responsible for the stability of the crystal.

Kinetic aspects of demetallation in acidic solution : Demetal-
lation processes of CuII complexes with open-chain tetra-
mines 3 and 4 were studied by stopped-flow spectrophoto-
metric investigations. In a typical experiment, one of the sy-
ringes contained a solution of the copper complex, adjusted
to the minimum pH which ensured its highest concentration.
This value was calculated from the equilibrium constants
available for CuII complexes of 3[9] and 4.[10] The other sy-
ringe contained perchloric acid in different concentrations.
In all cases, the solution was adjusted to the desired ionic
strength (0.5m) with NaClO4. The temperature was main-
tained at 25 8C.
Demetallation of [CuII(3)]2+ was investigated first. The

concentration of the metal complex varied between 6î10�5

and 1.3î10�3m, and the pH was adjusted to 7.0. This solu-
tion was mixed in the stopped-flow chamber with solutions
containing a variable quantity of HClO4 (from 5î10�4m to
0.1m). In each experiment, the absorbance of a band at l=
300 nm (LMCT in nature) was monitored and the linear de-
pendence of the logarithm of the corrected absorbance
versus time was found in all cases. The slope of the least-
squares straight line gave the value of kobs. It was found that
the values of kobs remained constant over the investigated in-
terval of [H+], kobs=0.16�0.02 s�1. This behaviour can be
tentatively explained according to the decomplexation
scheme illustrated in Scheme 1.
In the first step, a terminal primary amine group is pro-

tonated, and this process is regulated by an equilibrium con-
stant KH. Then, the adjacent tertiary nitrogen atom detaches

Figure 4. An ORTEP view of the [LH3]Cl3 salt: thermal ellipsoids are
drawn at the 30% probability level, only hydrogen atoms bonded to the
protonated amines are shown. Dashed lines show the N�H¥¥¥Cl interac-
tions. Symmetry code: i=�x + 1=2, �y, z + 1=2. The piperazine ring is in
the twist±boat conformation.
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according to a process controlled by the rate constant k.
Under these circumstances, kobs should be expressed by
Equation (1):

kobs ¼
kKH½Hþ�

1þKH½Hþ� ð1Þ

The fact that kobs was found to be independent of [H+] in-
dicates that KH[H

+]@1. As a consequence, kobs=k=
0.16 s�1, corresponding to a lifetime t of 6.2�0.7 s. Indeed,
on addition of strong acid to a test tube containing a solu-
tion of [CuII(3)]2+ , the persistence of the blue colour of the
copper(ii) polyamine complex can be visually perceived for
several seconds.

Analogous studies were carried out on a 0.5m NaClO4 so-
lution of the [CuII(4)]2+ complex. In the present case, the
value of kobs was found to increase over the explored inter-
val of [H+], according to the profile shown in Figure 5.
We can tentatively assume that the decomplexation mech-

anism illustrated in Scheme 1 also holds for the [CuII(4)]2+

complex. Indeed, nonlinear least-squares treatment of kobs

values fitted Equation (1) quite well (see the solid line in
Figure 5), and gave the following parameters: KH=72�5
and k=13.4�1.7 s�1. Dependence of kobs upon [H+] has to
be ascribed to the relatively low value of KH: this reflects
the rather strong interaction between CuII and the terminal
primary amine group. Such an interaction is distinctly
weaker for the [CuII(3)]2+ complex. However, the most im-
portant difference concerns the rate constant k, whose value
is almost two orders of magnitude higher than that observed
for the piperazine-containing complex. In particular, the
lifetime t of [CuII(4)]2+ in a strongly acidic solution is
75�9 ms; this means that the blue colour of the complex,
on addition of acid, disappears in the twinkling of an eye, as
usually observed with copper(ii) complexes with open-chain
tetramines. The different kinetic behaviour of the two com-
plexes has to be ascribed to the conformational changes of
the piperazine fragment that occur during the demetallation
process of the [CuII(3)]2+ complex. In fact, structural studies
have shown that the piperazine fragment adopts a regular
boat conformation in the [CuII(3)]2+ complex. On the other
hand, there is plenty of structural evidence showing that the
piperazine unit assumes the energetically more favourable
chair conformation in the protonated forms of uncomplexed
3.[11]

In this context, it has to be noted that as the piperazine
fragment changes from the boat to the more stable chair
conformation, it has to pass through the more energetic
half-boat conformation, which corresponds to the transition
state (see Figure 1 for the energy profile). Thus, the relative-
ly low value of k reflects the energy barrier to be overcome
during the decomplexation process of 3. Evidently, ligand 4,
in which the two secondary amine groups are joined only by
an ethylenic chain, does not have to overcome such an
energy barrier.
Therefore, the presence of a piperazine fragment in the

ligand framework imparts extra kinetic stability to its transi-
tion-metal complexes, namely, with CuII. At this stage, it
seemed interesting to verify whether such a conformational
effect also operates with cyclic ligands, such as 2, which con-
tains a piperazine unit, thus conveying additional stability to
demetallation in addition to the usual macrocyclic effect.
On this basis, we carried out a kinetic investigation of the

demetallation of macrocyclic [CuII(1)]2+ and [CuII(2)]2+

complexes in acidic solution. Evidently, in view of the typi-
cal macrocyclic inertness, such a study would not be carried
out with a stopped-flow apparatus. Moreover, the process is
indeed so slow that, in order to complete the experiments
within a reasonable time, these were carried out at a dis-
tinctly higher temperature. In particular, two screw-capped
bottles containing 50 mL of an aqueous 1m HClO4 solution,
one with 1.350î10�3m of [CuII(2)]2+ and the other with
1.089î10�3 of [CuII(1)]2+ , were kept in a thermostat at 60 8C
and the absorbance of the corresponding d±d bands was
measured at regular intervals over a period of one month
and longer.
Figure 6a shows the decay of the absorption band of the

[CuII(1)]2+ complex, while in Figure 6b the logarithm of the
absorbance (Abs) is plotted versus time. Satisfactory linear
fitting indicates pseudo-first-order behaviour and the slope

Scheme 1. Hypothesised mechanism for the decomposition of the
[CuII(3)]2+ complex in acid. The rate-determining step (regulated by k) is
attributed to the decomplexation of one of the tertiary amine groups of
the piperazine fragment, a process which corresponds to the boat-to-
chair conversion.

Figure 5. The dependence of kobs upon [H+] for the decomposition of
[CuII(4)]2+ in acid. c is the least-squares curve fitted on Equation (1).
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of the least-squares straight line gives a kobs of 1.31�0.12î
10�3 h�1, to which a t1=2 of 22.0�2.0 days corresponds. On the
other hand, the decay of the d±d band of the [CuII(2)]2+

complex is shown in Figure 7a, while Figure 7b displays the
plot of linear log (Abs) versus time, which gives kobs=1.23�
0.11î10�3 h�1 and t1=2 =23.5�2.1 days.
Thus, it appears that the two complexes have a compara-

ble kinetic stability with respect to demetallation in acidic
solution and that, in particular, the presence of a piperazine
ring has no effect on the inertness of the [CuII(2)]2+ com-
plex. This apparently surprising behaviour can be accounted
for on the basis of the structure of the uncomplexed macro-
cycle 2, in its triprotonated form (Figure 4). It can be seen
that the piperazine ring adopts a twist conformation. The
available data do not allow us to propose a detailed mecha-
nism for the protonation±demetallation process. Clearly, the
[LH3]

3+ species (L=2) is present in the sequence of prod-
ucts which form after the metal has been removed from the
macrocycle. Most importantly, the demetallation process in-
volves the boat (in the complex) to twist (in the protonated
macrocycle) conversion. The energy profile shown in
Figure 1 indicates that this conformational change is sponta-
neous and is not affected by any energy barrier. Thus, the
conformational change of the piperazine ring that occurs
during demetallation of the [CuII(2)]2+ complex does not in-
troduce any additional energy barrier and the kinetic behav-
iour is the same as for the reference macrocyclic complex
[CuII(1)]2+ . Accordingly, the kinetic stability of [CuII(2)]2+

in acid is solely related to the cyclic nature of the ligand

and, therefore, cannot be different from that of the complex
of plain cyclam, [CuII(1)]2+ .

Conclusion

This work has demonstrated that the presence of a pipera-
zine fragment within a tetramine ligand may have relevant
effects on the kinetic stability of the corresponding transi-
tion metal complexes. Such effects derive from the rich con-
formational behaviour of the cyclohexane-like heterocycle.
In particular, the demetallation of the complex with a piper-
azine-containing tetramine (e.g. 3) involves the conforma-
tional change from boat to chair, which implies the endo-
thermic transition through the half-boat intermediate. As a
consequence, the presence of the piperazine fragment im-
parts a perceivable inertness with respect to the demetalla-
tion. On the other hand, in the case of cyclic ligands, such as
2, demetallation involves the conformational change from
boat to twist, which is not affected by any activation barrier.
Thus, the presence of a piperazine fragment does not impart
any additional kinetic stability to the typically inert macro-
cyclic complexes. In conclusion, as far as laterally reinforced
macrocycles, such as 2, are concerned, a reinforced kinetic
macrocyclic effect does not exist.

Figure 6. a) Spectra of a solution of [CuII(1)]2+ in 1m HClO4, at 60 8C
taken at regular intervals over a period of 	1 month. b) Linear plot of
the natural logarithm of the molar absorbance at 500 nm versus time,
whose slope gives kobs=1.31�0.12î10�3 h�1.

Figure 7. a) Spectra of a solution of [CuII(2)]2+ in 1m HClO4, at 60 8C
taken at regular intervals over a period of 	1 month. b) Linear plot of
the natural logarithm of the molar absorbance at 525 nm versus time,
whose slope gives kobs=1.23�0.11î10�3 h�1.
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Experimental Section

Synthesis of ligands and complexes : Cyclam 1 was obtained by means of
Barefield×s procedure.[12] Open-chain tetramines 3 and 4 were purchased
(Sigma-Aldrich) and were used without further purification for the syn-
thesis of copper(ii) complexes. The laterally reinforced macrocycle 2 was
obtained through a modification of a reported procedure,[13] as illustrated
in Scheme 2.

Decahydro-3a,5a,8a,10a-tetraazapyrene (5): Aqueous 40% glyoxal
(1.16 g, 8 mmol) in methanol (8 mL) was added dropwise to a solution of
1 (1.6 g, 2 mmol) in methanol (60 mL) at 0 8C. The reaction was over im-
mediately. The mixture was stirred at 0 8C for 30 min. The solvent was
evaporated, and the residue was purified by chromatography (Al2O3,
CH2CI2:MeOH:NH3, 95/5/0.5) to give 5 (1.77 g, 97% yield) as light
yellow crystals. MS: m/z : 223.2 [M+H]+.

1,5,8,12-Tetraazabicyclo[10.2.2]hexadecane (2): Diisobutyl aluminium hy-
dride (DIBAH, 75 mmol) in toluene (50 mL) was added dropwise to tet-
ramine 5 (0.555 g, 2.5 mmol) at 0 8C, and the resulting solution was al-
lowed to warm to 25 8C. This solution was refluxed for 4 d. The reaction
was worked up in the usual manner: the reaction mixture was cooled at
0 8C, and benzene (150 mL), sodium fluoride (12.5 g) and water (4 mL)
were added. This caused the precipitation of aluminates, which were dis-
carded by filtration and washed with ethanol. The obtained solution was
concentrated in a rotary evaporator, and the obtained oil was purified by
column chromatography (Al2O3, CH2CI2:MeOH:NH3, 100/10/1) to give 2
(522.8 mg, 93% yield), as a colourless oil. MS: m/z : 227.2 [M+H]+ .

Copper(ii) complexes : These were obtained from the reaction of the per-
chlorate salt with the tetramine, either cyclic or open-chain, in methanol.
The mixture was refluxed for 2 h, and a violet or red precipitate formed.
The solid was filtered, washed with cold methanol and dried (yields were
in the 90±95% range). The microcrystalline products were characterised
by means of satisfactory elemental analysis. Crystals suitable for X-ray
diffraction analysis were obtained by diffusion of diethyl ether into a so-
lution of the complexes in methanol.

X-ray crystallographic studies : Crystal data for complexes [CuII(3)]-
(ClO4)2 and [CuII(2)](ClO4)2 and for the triprotonated [LH3]Cl3 salt
(L=2) are reported in Table 2.

Intensity data were collected with conventional diffractometers: a Philips
PW1100 was used for the CuII complexes and an Enraf-Nonius CAD4
for the [LH3]Cl3 salt. For both instruments, the incident radiation was
graphite-monochromatized MoKa (l=0.71073 ä). Data was collected at
ambient temperature with w�2q scan type. Data reduction (including in-
tensity integration, background, Lorentz and polarization corrections)
was performed with local programs (for the data collected with the Phi-
lips PW1100) and with the WinGX package (for the data collected with
the CAD4).[14] Absorption corrections were calculated with the psi-scan
procedure.[15] Crystal structures were solved by direct methods (SIR97)[16]

and refined by a full-matrix least-square procedure on F2

(SHELXL97).[17] Anisotropic displacement parameters were used for all
non-hydrogen atoms. Hydrogen atoms in the complexes were added at
calculated positions and refined with a riding model; for [LH3]Cl3 salt,
hydrogen atoms bonded to the protonated amines were located in the
difference Fourier maps and refined with restraints on the N�H distance.

CCDC-223834, CCDC-223835, CCDC-223836 contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-

bridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (+44)1223-336033; or deposit@ccdc.cam.uk).

Kinetic studies : Kinetic studies of the demetallation of [CuIIL]2+ (L=3,
4) in acidic solution were performed with a high-speed diode-array spec-
trophotometer coupled to a stopped-flow system. The spectrophotometer
was a TIDAS (Transputer Integrated Diode Array System) apparatus,
manufactured by J&M GmbH, Aalen (Germany). The 512-diode array
can acquire a 512 point spectrum (l=200±620 nm) in a time as short as
1.3 ms, with a wavelength resolution of 0.8 nm. Up to 1000 spectra can be
acquired and stored in the memory of the transputer board. The stopped-
flow module (SMF-3, Bio-Logic, Claix, France) used with the spectropho-
tometer consisted of a three-syringe system with two mixers. The three
syringes were driven by independent stepping motors, operating at
6400 steps per motor turn. The observation chamber was a quartz cuvette
with an optical path of 5 mm (SMF-3TC-50/10). The movement of the sy-
ringes, the flow rate, the flow stop and fast spectral acquisition were con-
trolled by a personal computer by means of dedicated software. The
SMF-3 module was thermostatted at 25.0 8C by circulating water. In a
typical experiment, syringe 1 contained a [CuIIL](ClO4)2 solution, adjust-
ed to the desired pH and to constant ionic strength with NaClO4, and sy-
ringe 2 contained an HClO4 solution, adjusted to a constant ionic
strength with NaClO4. The flow rate of each syringe was 4.00 mLs�1,
thus, the total flow rate after mixing was 8.00 mLs�1. At this flow rate,
the time the solution took to travel from the mixer to the observation
chamber (dead time) was 	3 ms.

For L=1, 2, spectra of the solutions of the CuII complexes in 1m HClO4

were measured at regular time intervals with a VARIAN Cary100 Scan
spectrophotometer. A 2 mL aliquot of the solution was taken from a
50 mL screw-capped bottle kept in the thermostat. The aliquot was
placed in the cuvette for measurement, and then returned to the bottle.

Semiempirical calculations : All the calculations reported were carried
out with the semiempirical PM3 method.[18] The chair±boat transition
state geometry was determined by a quadratic synchronous transit
method,[19] with the PM3-optimised chair and boat structures as end-
points. The positions of the NH hydrogens in the considered conformers
were derived from the crystal structures obtained for ligands and com-
plexes: in short, the eq,eq-chair conformer was derived from structures of

Scheme 2. Synthetic route to the laterally reinforced macrocycle 2.

Table 2. Crystal data for the investigated crystals.

[CuII(3)](ClO4)2 [CuII(2)](ClO4)2 [LH3]Cl3, L=2

formula C10H24Cl2CuN4O8 C12H26Cl2CuN4O8 C12H29Cl3N4

Mr 462.77 488.81 335.74
colour blue-violet red colourless
crystal system monoclinic orthorhombic orthorhombic
space group P21/c (no. 14) P212121 (no. 19) P212121 (no. 19)
a [ä] 8.900(25) 13.045(7) 9.178(2)
b [ä] 14.981(15) 14.774(4) 10.841(4)
c [ä] 14.960(35) 10.083(4) 16.808(5)
b [8] 113.31(10) ± ±
V [ä3] 1831.8(84) 1943.3(15) 1672.4(8)
Z 4 4 4
1calcd [gcm

�3] 1.68 1.67 1.33
mMoKa [mm�1] 1.53 1.45 0.54
measured reflns 6527 3771 3764
unique reflns 3340 1967 2947
q range [8] 2±25 2±25 2±25
Rint

[a] 0.039 0.023 0.122
observed data
[Io>2s(Io)]

2273 1635 2711

R1, wR2
(obsd data)[b]

0.065, 0.182 0.065, 0.173 0.089, 0.222

R1, wR2
(all data)[b]

0.097, 0.207 0.076, 0.186 0.095, 0.233

GOF[c] 1.06 1.05 1.11
parameters 226 245 180

[a] Rint=� jF2o�F2
o(mean) j /�F2

o; [b] R1=� j jFo j� jFc j j /� jFo j , wR2=
[�[w(F2

o�F2c)2]/[w(F2o)2]]
1=2 , where w=1/[s2F2o + (aP)2 + bP] and P=

[(max(F2o,0) + 2F2c]/3; [c] GOF= [s[w(F2o�F2c)2] j (n�p)]
1=2 , where n is the

number of reflections and p the total number of refined parameters.
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the fully protonated open-chain tetramine 3,[11] the eq,eq-boat from the
structure of the CuII complexes of 2 and 3, and the ax,eq-twist from the
structure of the uncomplexed triply protonated ligand 2.
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