
FULL PAPER

DOI: 10.1002/ejic.200900358
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The macrocyclic ligand with two methylphosphonic acid
pendant arms, 4,11-dimethyl-1,4,8,11-tetraazacyclotetrade-
cane-1,8-bis(methylphosphonic acid) (1,8-H4

Me2te2p, H4L3),
was synthesized by a new simple approach. The product of
the reaction of quarternized formaldehyde cyclam aminal
with the sodium salt of diethyl phosphite was hydrolyzed to
give a very high yield of the title ligand. The (H6L3)2+ cation
in the solid state is protonated on all ring nitrogen atoms and
on each phosphonate group. In the solid-state structure of
[Cu(H3L3)][Cu(H2L3)]PF6·3H2O, neutral as well as positively
charged complex species are present. Molecular structures
of both species are very similar having the copper(II) ion in
a coordination environment between square-pyramidal and

Introduction

Investigations of thermodynamically highly stable and
kinetically inert complexes (often formed by macrocyclic li-
gands)[1–3] have been stimulated by their applications in sev-
eral areas, for example as the contrast agents (CA) in mag-
netic resonance imaging (MRI)[4–8] or for labelling of biom-
olecules with metal radioisotopes for both diagnostic and
therapeutic purposes.[9–13] In the above-mentioned medici-
nal utilizations, the harmful metal ion or radioisotope may
not be deposited anywhere in the body, and the complex
must be eliminated unchanged from the body. Beside com-
monly used radioisotopes, as isotopes of technetium, iodine
and fluorine, metal radioisotopes are increasingly used due
to some advantages in their physical and chemical proper-
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trigonal-bipyramidal arrangements (τ = 0.43 and 0.48) with
one pendant arm non-coordinated. The ligand forms stable
complexes with transition-metal ions showing a high selec-
tivity for divalent copper atoms. The formation of complexes
of the ligand with CuII, ZnII and CdII is fast, confirming the
acceleration of complexation due to the presence of the
strongly coordinating pendant arms. Acid-assisted decom-
plexation is fast for all three metal ions. Therefore, the cop-
per(II) complex is not suitable for medicinal applications em-
ploying copper radioisotopes, but the title ligand motive can
be employed in copper(II) separation.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

ties. Among them, copper radioisotopes (e.g. 64Cu and
67Cu) exhibit a great potential for both diagnosis (positron
emission) and therapy (β– particles of an intermediate en-
ergy).[14–16] Therefore, research focused on new ligands and
their copper(II) complexes having suitable properties is a
vital part of coordination chemistry. For utilization in nu-
clear medicine, the complexes must be thermodynamically
stable, and complexation by the ligands should be as selec-
tive as possible in a class of competing metal ions [e.g. CuII

vs. mainly ZnII, CaII and MgII]. However, it is now com-
monly recognized that kinetic inertness to dissociation of
such complexes is more important and is usually decisive
for stability in vivo. In addition, a very fast complexation of
short-living radioisotopes is required. Substituents on the
ligand backbone can also significantly modify other in vivo
properties such as bio-distribution of the complexes them-
selves. Complexes of bifunctional ligands can be conjugated
to biological vectors for targeted utilizations.

From the viewpoint of thermodynamic stability and
dissociation inertness, the macrocyclic ligands are superior
to open-chain chelators. Macrocyclic ligands are often de-
rivatives or analogues of two parent compounds, H4dota
and H4teta, which are derived from well-known cyclic
amines, 1,4,7,10-tetraazacyclododecane (cyclen), and
1,4,8,11-tetraazacyclotetradecane (cyclam), Scheme 1. The
H4dota-like ligands are mostly non-selective; so, they
strongly bind all metal ions but preferably lanthanide(III)
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Scheme 1. Structures of ligands mentioned in the text.

or other metal ions requiring high coordination numbers.
The cyclam-based ligands such as H4teta are more appro-
priate for transition-metal ions as the larger ring allows a
planar coordination of all nitrogen atoms.[3,17] However,
H4dota and H4teta as octadentate ligands usually do not
utilize all donor atoms for binding to transition-metal ions
in mononuclear species and can form polynuclear com-
plexes. In the case of their copper(II) complexes, it was
shown that H4teta derivatives are not (after conjugation to
oligopeptides or antibodies) fully suitable for in vivo appli-
cations.[18] Unlike the open-chain ligands, most of the
macrocyclic chelators exhibit inconveniently slow kinetics
of complex formation; however, a faster complexation rate
can be introduced by the design of new macrocyclic ligands.

In the last few years, the research effort has led to some
new ligand classes suitable for copper(II) with the view of
utilization in nuclear medicine. Among them, the most suc-
cessful ligands are carboxylate derivatives of so-called
“cross-bridged” cyclen and cyclam (e.g. H2cb-te2a,
Scheme 1).[16,19] Their copper(II) complexes are kinetically
extraordinarily inert, and their stability in vivo is much
higher than that of complexes of other ligands like
H4teta.[19] Beside acetate derivatives, their amides[20] and
analogous propionates[21] have been also investigated, and
the research has led to a better understanding of the struc-
ture–property relationships in this class of ligands. The li-
gands have been conjugated to some biomolecules, and the
conjugates showed good in vivo properties.[22] The main
drawback of the cross-bridged ligands is a very slow com-
plexation rate leading to the necessity to use heating and/or
non-aqueous solvents for the complexation reactions.[16,19]
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Some time ago, we started investigations of cyclam-based
ligands containing one or two phosphorus acid arms, which
are suitable for the first-row transition-metal ions. Because
of strong complexing ability, the phosphonic acid group(s)
seem(s) to accelerate the complex formation as (in the case
of macrocyclic ligands) the complexation starts with bind-
ing of the pendant arms to a metal ion. We synthesized a
series of 1,8-bis(phosphonic acid) derivatives of cyclam,
having just six coordinating sites.[23] We have studied the
cis-O,O and trans-O,O isomers of nickel(II)[24] and co-
balt(III)[25] complexes of 1,8-H4te2p (Scheme 1); for exam-
ple we isolated several differently protonated forms, even
[Ni(H4L1)]2+, where the phosphonic acid groups are fully
protonated and are coordinated only through the phospho-
ryl oxygen atom proving a high inertness of the complex
against proton-assisted decomplexation. Such coordination
was observed for the first time in the solid state. With cop-
per(II), two highly stable isomeric forms of [Cu(H2L1)] were
isolated.[26] The low-temperature kinetic isomer is pentaco-
ordinate (pc isomer) with one phosphonic acid pendant arm
non-coordinated and cyclam ring in the conformation I (ac-
cording to Bosnich’s nomenclature[27]). On heating, it isom-
erizes to the thermodynamic octahedral isomer with trans
arrangement of phosphonic acid moieties and trans-III[27]

cyclam ring conformation. Both isomers are kinetically in-
ert, and the slow acid-assisted decomposition may be a con-
sequence of an overall positive charge of complex species
upon the full protonation of non-coordinated phosphonate
oxygen atoms.[26] Among divalent metal ions, copper(II) is
preferably complexed from thermodynamic as well as ki-
netic points of view.[28] We also showed that the complex-
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ation selectivity can be employed for an efficient analytical
determination of copper.[29,30] The main advantage of the
ligand is an immediate complex formation (to the pc iso-
mer) at pH � 4 and room temperature.[26] The isomeric
ligand, 1,4-H4te2p (H4L4, Scheme 1),[31] forms also very
stable complexes and is even more selective for copper(II);
an analogous isomerism was observed for the complexes.[32]

Similarly, the monophosphonic acid cyclam derivative
H2te1p (Scheme 1) forms a thermodynamically highly
stable complex with copper(II) having a cyclam ring in the
trans-III conformation and the phosphonic acid group in
the apical position; the complex is also kinetically inert.[33]

It is known that cyclam derivatives fully substituted on
the nitrogen atoms (so, only tertiary amines are present, e.g.
Me4cyclam = tmc, Scheme 1) have sometimes very different
properties from those of cyclams having one or more sec-
ondary amines. Among ligands having six donor atoms, the
4,11-dimethylcyclam derivatives with two coordinating pen-
dant arms in the 1,8-position were mostly studied.[34–37]

Complexes of such ligands are often present in conforma-
tion I of the cyclam ring, and their isomerization to the
trans-III form is rather problematic.[38]

For comparative purposes, we decided to study the coor-
dinating properties of a 4,11-dimethylcyclam-based ligand
with two phosphonate pedant arms, 1,8-H4

Me2te2p (H4L3,
Scheme 1). In this paper, we report on the detailed investi-
gation of complexes of this title ligand.

Results and Discussion

Synthesis

In addition to a standard Mannich-type reaction of 1,8-
dimethylcyclam with diethyl phosphite and paraformalde-
hyde in anhydrous benzene,[23] or the analogous reaction of
1,8-dimethylcyclam and paraformaldehyde in neat triethyl
phosphite, a novel approach employing direct reaction of a
key quarternary intermediate 1 with the sodium salt of di-
ethyl phosphite afforded pure tetraester 2 in quantitative
yield. Further hydrolysis in HCl led to the title ligand in
overall quantitative isolated yield (Scheme 2). The choice of
the solvent in the first step reaction is crucial. If the reaction
was performed in neat diethyl phosphite or in less polar
solvents (thf, dioxane, toluene), it proceeded with low
(� 60%) and non-reproducible yields due to a low solubil-
ity of the starting quarternary salt in these solvents. How-

Scheme 2. Novel approach in ligand synthesis.
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ever, in dry dmf the reaction was very fast, and it took only
a few minutes until full dissolution of the starting com-
pound.

Crystal Structures

Crystal Structure of (H6L3)Cl2·4H2O

The solid-state structure of the (H6L3)2+ cation is one of
the rare examples of protonated species among macrocyclic
polyaminopolyphosphonic acids and proves a strong acid
nature of the aminomethylphosphonic acids as both groups
are only single-protonated in the presence of the strong
mineral acid. In the structure of (H6L3)Cl2·4H2O, the struc-
turally independent unit is formed by one half of the ligand
molecule, one chloride anion and two solvate water mole-
cules. Both independent amino groups are protonated, as
well as the phosphonate pendant arm. The macrocyclic
skeleton of the hexaprotonated cation (H6L3)2+ is in the
most common rectangular conformation (3,4,3,4)-A with
all amino groups laying in the corners of the rectangle (Fig-
ure 1).[1] The same ring conformation has been recently ob-
served for a cation of a monophosphonic acid analogue of
H4teta, (H7te3a1p)2+ (Scheme 1).[39] Each monoprotonated
phosphonate group is roughly tetrahedral, with a noticeably
longer P–O bond to the proton-bearing oxygen atom (O1,
dP–O = 1.57 Å) compared to the unprotonated ones (1.48

Figure 1. Structure of centrosymmetric molecular cation (H6L3)2+

found in the structure of (H6L3)Cl2·4H2O. Thermal ellipsoids show
60% probability level.
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and 1.51 Å). The whole structure is stabilized by an inter-
molecular hydrogen-bond system involving strong interac-
tions between protonated amino groups and phosphoryl
oxygen atoms of the neighbouring ligand molecules (dN···O

= 2.62 and 2.63 Å), and between protonated phosphonate
and water solvate molecules (dO···O = 2.59 Å). The chloride
anion is involved in medium-strong hydrogen bonds with
solvate water molecules (dO···Cl ≈ 3.1 Å). There are also mut-
ual medium-strong contacts between solvate water mole-
cules, and between the water molecule and the phosphoryl
oxygen atom.

Crystal Structure of [Cu(H3L3)][Cu(H2L3)]PF6·3H2O

In the structure of [Cu(H3L3)][Cu(H2L3)]PF6·3H2O, both
structurally independent complex molecules are in a dif-
ferent protonation state. The first complex molecule is tri-
protonated, once on the coordinated and twice on the non-
coordinated phosphonate pendant arms, having an overall
charge of 1+; such a protonation results from a low pH
value of the mother solution (≈ 2). The second complex unit
is diprotonated, once on each of the phosphonate groups
(Figure 2), and is electroneutral. The structures of both
units are very similar, as can be seen from Figure 2 and
from the list of selected geometrical parameters given in
Table 1. The space group of the crystal is non-centrosym-
metric, and as both independent molecules have also the
same chiral configuration (Figure 2), it leads to the presence
of only one optically pure species in the crystal. However,
both antipodes must be principally formed during a com-
plexation reaction, as there was no source of chirality in the
reaction mixture. Therefore, the separation of the optically
pure complex is the result of the crystal packing and pro-
ceeds spontaneously.

The coordination sphere of the central copper(II) ions is
intermediate between square-pyramidal (with an N4 base)
and trigonal-bipyramidal (with N1 and N8 atoms in the
apical positions). According to the well-established struc-
tural parameter τ, which should be equal to one for the
ideal trigonal bipyramid and zero for the ideal square pyra-
mid,[40] the conformation of the complex molecules is a bit
closer to the square pyramid (τ = 0.48 and 0.43 for the
molecules 1 and 2, respectively). The analogous conforma-
tion was observed also for pentacoordinate complexes with
non-methylated and monomethylated (H2L1)2– and (H2L2)2–

ligand anions.[26] All N–Cu coordination bonds have an ex-

Table 1. Selected geometrical parameters of the complex units found in the structure of [Cu(H3L3)][Cu(H2L3)]PF6·3H2O.

Bond [Å] Molecule 1 Molecule 2 Angle [°] Molecule 1 Molecule 2

Cu1–N1 2.101(2) 2.109(3) N1–Cu1–N4 85.91(9) 85.81(10)
Cu1–N4 2.101(3) 2.078(2) N1–Cu1–N8 178.44(10) 176.97(10)
Cu1–N8 2.093(2) 2.097(2) N1–Cu1–N11 92.75(10) 91.37(10)
Cu1–N11 2.072(2) 2.088(2) N1–Cu1–O11 85.11(8) 86.55(9)
Cu1–O11 2.137(2) 2.105(2) N4–Cu1–N8 93.91(9) 94.67(10)

N4–Cu1–N11 149.49(10) 151.43(10)
N4–Cu1–O11 103.64(9) 104.31(9)
N8–Cu1–N11 86.63(9) 86.78(9)
N8–Cu1–O11 96.43(8) 96.22(9)
N11–Cu1–O11 106.62(9) 103.89(10)
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Figure 2. Structure of complex units, [Cu(H3L3)]+ (molecule 1) and
[Cu(H2L3)] (molecule 2), found in the structure of
[Cu(H3L3)][Cu(H2L3)]PF6·3H2O. The hydrogen atoms attached to
the carbon atoms are omitted for the sake of clarity. Thermal ellip-
soids show 60 % probability level.

pected length ca. 2.1 Å (Table 1), similar to those observed
for coordination of the tertiary amino groups in the cop-
per(II) complexes with (H2L1)2– and (H2L2)2– anions.[26]

Contrary to these structures, the O–Cu coordination bond
is slightly shorter (≈ 2.11 and 2.14 Å for both independent
units, respectively, see Table 1) compared to the complexes
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with (H2L1)2– and (H2L2)2– anions (≈ 2.22 and 2.23 Å,
respectively). However, the bond angles are very similar in
all three structures.

The structure is stabilized by an extensive system of
strong intermolecular hydrogen bonds between protonated
phosphonates and phosphoryl oxygen atoms of the neigh-
bouring complex molecules (dO···O = 2.45–2.63 Å). There
are also medium to strong hydrogen bonds between solvate
water molecules, and between the water molecules and the
phosphoryl oxygen atoms.

The analogous “overprotonated” species have been also
observed in complexes isolated from the CuII–H2te1p[33]

and NiII–1,8-H4te2p[24] systems. This confirms a coordinat-
ing ability of the phosphoryl group and a kinetic inertness
of such species against acid-assisted decomplexation.

Thermodynamic Properties

The ligand H4L3 (logβ4 = 37.16) has somewhat lower
overall basicity than H4L1 (logβ4 = 38.55), mostly due to
the difference in values of the last two dissociation (first
two protonation) constants (Table 2).[23] The reverse order
of basic protonation constants is caused by the fact that the
concentrations of both (L3)4– and (H2L3)2– species are
higher than that of the (HL3)3– species (see Figure S1). It
was shown that these first two protons are bound to ring
nitrogen atoms non-bearing pendant phosphonate moieties
(i.e. methylated amino groups in the case of H4L3 and more
basic secondary amino groups in the case of H4L1), and
the diprotonated species (H2L1,3)2– are stabilized by strong
intramolecular hydrogen bonds between the protonated
amino groups and the phosphonate groups.[23] When one
proton is dissociated from the diprotonated species forming
(HL1,3)3– species, the intramolecular hydrogen-bond system
is disrupted, and splitting of the last proton is easier (and
occurs formally with lower pKA). Diprotonated forms of
both phosphonate ligands are more basic than tmc or
H4teta, and have comparable basicity to cyclam itself and

Table 2. Comparison of dissociation constants (pKA) of H4L3 and related ligands.

Equilibrium[a] H4L3[23] H4L1[23] Cyclam[42] tmc[43] H4teta[44] H8tetp[45]

HL h H+ +L 11.47 – 11.29 9.36 10.58 –
H2L h H+ + HL 12.17 26.41 [b] 10.19 9.02 10.17 25.28[b]

H3L h H+ + H2L 7.198 6.78 1.61 2.54 4.09 8.85
H4L h H+ + H3L 6.326 5.36 1.91 2.25 3.35 7.68
H5L h H+ + H4L 1.52 1.15 – – – 6.23
H6L h H+ + H5L – – – – – 5.33

[a] Charges of species are omitted for reasons of clarity . [b] Numbers in italics correspond to a value for a simultaneous dissociation of
two protons.

Table 3. Stability constants (βhlm)[a] of the metal complexes with H4L3.

Equilibrium Ca2+ Co2+ Ni2+ Cu2+ Zn2+ Cd2+ Pb2+

M2+ + (L3)4– h [M(L3)]2– 3.98(8) 15.66(4) 15.55(6) 24.03(9) 17.56(3) 15.89(7) 12.79(3)
M2+ + (L3)4– + H+ h [M(HL3)]– 14.4(3) 22.74(2) 22.82(2) 30.92(5) 24.57(1) 23.03(8) 20.69(3)
M2+ + (L3)4– + 2 H+ h [M(H2L3)] 25.61(7) 27.3(4) 27.9(1) 35.97(2) 28.8(1) 29.68(4) 27.51(3)
M2+ + (L3)4– + 3 H+ h [M(H3L3)]+ 32.3(2) – – – – – 33.1(2)

[a] βhlm = [HhLlMm]/{[H]h � [L]l � [M]m}.
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the tetrakis(phosphonic acid) derivative, H8tetp (Scheme 1).
Going from the alkaline solution, the (H2L3)2– species is
further protonated in the neutral region to
(H3L3)– and H4L3. In these species, the protonations occur
on each phosphonate pendant arm, and the corresponding
pKA values are fully comparable with the values observed
for other phosphonates. In the acid region, further protons
are attached to remaining nitrogen atoms and/or to the
phosphonate groups.

For such systems, thermodynamic stability generally cor-
relates with overall basicity of the ligands[41] and, thus,
lower stability constants are expected for complexes of
H4L3 compared with those of H4L1. Stability constants of
the title ligand complexes are compiled in Table 3 and their
comparison with related systems is given in Table 5. The
stabilities of the complexes follow the expected Irving–
Williams order of stability of the metal complexes; however,
the increase in stability of copper(II) complexes is very high
compared to complexes of neighbouring zinc(II) and
nickel(II) ions due to an optimal size of the cyclam skeleton
for the complexation of the copper(II) ion. Although the
stability constants of H4L3 complexes are lower than those
of H4L1, the complexes with transition-metal ions are fully
formed in slightly acidic or neutral solutions as can be seen
from distribution diagrams in Figure 3 and in the Support-
ing Information (Figures S2 and S3).

Solution structures of the complexes of H4L3 formed in
the titrations should be analogous to those observed for
complexes of H4L1, i.e. corresponding to the low-tempera-
ture kinetic isomers.[24–26,28] In the [M(L3)]2– species, the di-
valent metal ions [except copper(II), see below] should be
coordinated by four nitrogen atoms of the ring and one
oxygen atom of each phosphonate group in the octahedral
environment. The structure of the protonated species de-
pends on affinity of the particular metal ion for nitrogen
or oxygen donor atoms.[28] As dissociation constants of the
[M(HxL3)]x–2 species with first-row transition-metal ions
(Table 4) are very similar or lower than phosphonate pKA
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Figure 3. Distribution diagrams of metal-containing species in the MII–H4L3 systems with cL = cM = 0.004  for MII = CuII (A), ZnII

(B) and CdII (C) and CaII (D).

values of the ligand (7.2 and 6.3, Table 2), these complex
species should be protonated on phosphonate pendant
arms. For the corresponding complexes of calcium(II) and
lead(II) with higher pKA values and more (tri)protonated
species (Table 4), proton(s) in the protonated species should
be also bound on nitrogen atoms of the ring; this is sup-
ported by the solid-state structure of the [Pb(H2L1)] species
isolated from a slightly acidic solution.[28] These complexes
are formed only after at least a partial deprotonation of the
phosphonate pendant arms. In the case of the CaII–H4L3

system, the reverse order of pKA values of [Ca(H2L3)] and
[Ca(HL3)]– was observed, as a result of easier (metal-
assisted) deprotonation of [Ca(HL3)]– species. The mecha-
nism of this effect can be viewed as upon deprotonation of
[Ca(H2L3)] species the metal ion moves closer to the macro-
cyclic cavity and it is (probably) coordinated by part of the
macrocycle; therefore, the dissociation of the remaining
protonated amino group is strongly preferable due to elec-
trostatic repulsion, and occurs more easily compared to the
previous deprotonation. The pKA values of cadmium(II)
complexes lay between these two limits. Therefore, one can
expect that there can be some equilibrium between proton-
ated phosphonate arm(s) and macrocycle nitrogen atom(s)
in the [Cd(H2L3)] species; such a conclusion can be sup-
ported by a much lower pKA of the phosphonate found
in the kinetic experiments (vide infra). The stability of the
magnesium(II) complex is too low to be determined by the
method used. The copper(II) species is pentacoordinate
analogously as it was found in the solid state (vide supra).
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The first proton should be bound to the non-coordinated
arm and the second one to the coordinated phosphonate
group.[26] Examples of the distribution diagrams are shown
in Figure 3 [CuII–, ZnII–, CdII– and CaII–H4L3 systems]
and in the Supporting Information [Figures S2 and S3;
CoII– and NiII–H4L3 systems].

Table 4. Dissociation constants [pKA(hlm)][a] of the metal complexes
with H4L3.

Equilibrium Ca2+ Co2+ Ni2+ Cu2+ Zn2+ Cd2+ Pb2+

[M(HL3)]– h [M(L3)]2– + H+ 10.4 7.08 7.27 6.89 7.01 7.14 7.90
[M(H2L3)] h [M(HL3)]– + H+ 11.21 4.6 5.1 5.05 4.2 6.65 6.82
[M(H3L3)]+ h [M(H2L3)] + H+ 6.7 – – – – – 5.6

[a] pKA(hlm) = logβhlm – logβ(h–1)lm.

Complexes of H4L3 are much more stable than those of
tmc (Scheme 1) for all the metal ions investigated due to the
presence of additional binding groups (forming additional
chelate rings) and the higher overall ligand basicity
(Table 5). The very high stabilities of the copper(II) com-
plexes observed for the ligands confirm the good fit of the
cyclam ring for this metal ion. However, the newly studied
ligand H4L3 is more selective for copper(II) complexation
than was observed for H4L1 and for the commonly used
H4teta; the thermodynamic selectivity is similar to that of
tmc. By comparing the distribution diagrams shown in Fig-
ure 3, it can be seen that the copper(II) ion is fully com-
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Table 5. Comparison of stability constants (β011) of complexes of H4L3 and related ligands.

Cation H4L3 H4L1[26,28] Cyclam[43] tmc[43] H4teta[43,44b] H8tetp[45,46]

Ca2+ 3.98 5.26 – – 8.42 –
Co2+ 15.66 19.28 – 7.58 16.6 –
Ni2+ 15.55 21.99 22.2 8.65 19.91 –
Cu2+ 24.03 (pc)[a] 25.40 (pc),[a] 26.50 (trans)[b] 28.1 18.3 21.74 25.99
Zn2+ 17.56 20.35 15.2 10.4 16.62 17.6
Cd2+ 15.89 17.89 11.3 9.0 18.25 16.7
Pb2+ 12.79 14.96 10.9 – 14.3 15.5

[a] pc means kinetic pentacoordinate species. [b] trans means thermodynamic trans-O,O-octahedral species.

plexed below –log [H+] ≈ 4, where zinc(II) or cadmium(II)
ions just start to be complexed; so, pH ≈ 4 is suitable for a
fully selective formation of the copper(II)–H4L3 complex.

Formation Kinetics

As the rate of complexation is a central point for any
possible radiopharmaceutical applications, the formation
kinetics for copper(II), zinc(II) and cadmium(II) complexes
were studied. The formation of the copper(II) complex was
monitored directly. The indirect indicator method (com-
monly employed in the chemistry of macrocyclic ligands[47])
was used to visualize a course of the reactions as there is
no UV/Vis absorbing group or species in the ZnII–H4L3 or
CdII–H4L3 systems; however, this leads to somewhat less
precise results compared with conventional direct meth-
ods.[48] At pH higher than ca. 5, the stopped-flow technique
was employed as the complexation reactions were notice-
ably faster.

At the first stage, it was proved that the collected data
correspond to a first-order process with respect to the metal
ion; it was found that the dependence of the observed
pseudo-first-order rate constant fMkobs (measured at con-
stant pH) is a linear function of the metal ion concentra-
tion, i.e. fMkobs = fMk2 � [M2+], giving a slope of logarith-
mic analysis equal to one. Examples of such experimental
data are shown in the Supporting Information (Figure S4).
Therefore, the presence of complexes with higher metal/
ligand ratio (e.g. M2L) in the mechanism can be excluded.

According to the distribution diagram of the free ligand,
three differently protonated species (see Experimental Sec-
tion and Figure S1) are present in solution in the investi-
gated pH range. In principle, each of these ligand species
can take part in the complexation reaction with the metal
ions to form the final [M(HnL3)]n–2 (n = 0–2) complexes. A
generally accepted mechanism of complex formation (rel-
evant for the MII–H4L3 systems) is shown in Scheme 3. The
constants K3 and K4 are particular consecutive protonation
constants of the corresponding ligand species (H2L3)2– and
(H3L3)– {see Table 2, e.g. log K3 = pKA[(H3L3)–]}, and K211

and K111 are protonation constants of the [M(HL3)]– and
[M(L3)]2– complexes, respectively {see Table 4, e.g. logK211

= pKA[M(H2L3)]}. From this general scheme, the depen-
dence of the second-order formation constant fMk2 on pro-
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ton concentration can be derived as given by Equation (1)
[for details of evaluation of Equation (1), see Supporting
Information].

(1)

Scheme 3. General mechanism of complex formation.

The obtained second-order formation rate constants fMk2

(calculated from the observed rate constant fMkobs by fMk2

= fMkobs/[M2+]) were treated as a function of proton con-
centration [according to Equation (1)], by testing various
kinetic models with a set of partial rate constants (corre-
sponding to the reactivity of the differently protonated li-
gand species) in order to obtain the best fit for the experi-
mental data. However, involvement of only some proton-
ated species led to a good fit, and corresponding constants
for the protonated ligand species are given for CuII in
Table 6 and for CdII in Table 8. The best fitting results
{modified by involvement of the [Zn(OH)]+ species, see
below} are shown in Figure 4.

In the case of the zinc(II) complexation, the fit according
to Equation (1) was in good agreement with the experimen-
tal data only at pH � 5; the acceleration at pH � 5.5 could
not be successfully described by Equation (1). Therefore, an
additional reaction pathway had to be taken into account.
The acceleration can be attributed to the reaction of the
monohydroxido [Zn(OH)]+ species as, in general, hydroxido
species are more reactive than aqua ions,[48] although their
concentration is very low {at given pH range, the abun-
dance of [Zn(OH)]+ in the Zn2+–OH– system reaches 0.1–
0.8 %}. Therefore, Scheme 3 should be modified by in-
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Table 6. Second-order formation rate constants fCuk (mol–1 dm3 s–1) for the reaction of CuII ions with H4L3 and similar ligands (25 °C).

Ligand fCukH4L
fCukH3L

fCukH2L
fCukHL

fCukOH

H4L3 0.04(2) 2.8(4)� 103 2.8(6)�106 – –
H4L1[26] 0.17 1.38�103 1.97�105 – –
cyclam – – 0.135 (ref.[53]) 0.39 1.05�106 (ref.[53]) –

(ref.[54]) 0.076 (ref.[52]) 1.8�106 (ref.[54])
8.0�106 (ref.[52])
2.6 �105 (ref.[50])

1-Mecyclam[50] – – – 1.2�107 –
1,11-Me2cyclam[50] – – – 2.8�106 –
tmc[50] – – – 2.9�105 –
5,12-Me2cyclam[55] – – 9.1�102 6.44�105 1.17 �107

cyclen – – 0.6 (ref.[54]); 0.180 2.9�106 (ref.[54]); –
(ref.[56]) 1.84�106 (ref.[56])

H4dota[47] – – 5�103 1.2�109 –

Table 7. Second-order formation rate constants fZnk (mol–1 dm3 s–1) for the reaction of ZnII ions with H4L3 and similar ligands (25 °C).

Ligand fZnkH4L
fZnkH3L

fZnkH2L
fZnkHL

fZnkOH

H4L3 0.30(14) 2(1) 3(1)� 102 1.0(1)�1010 [a] 1.1(1)�107[b]

H4L1 [28] 0.16 7.4 3.3�102 2.5�1010 [a] 1.0�105

cyclam – – 1.0 (ref.[57]) 7.5� 104 (ref.[57]) 5.0�104 (ref.[54]) –
tmc[58] – – – 4.5�103 –
5,12-Me2-cyclam[55] – – 1.43�105 1.01�108 2.40�109

H4teta[47] – – – 1.6�108 –
cyclen – – 3.9 (ref.[57]) 1.3 �105 (ref.[57]) 3.3�104 (ref.[54]) –
H4dota[47] – – – 1.1�107 –

[a] Estimated value for the [Zn2+ + (HL1,3)3–] pathway when the “Zn(OH)+ + (H2L1,3)2–” contributions were neglected [i.e. fit with
Equation (S11) (see Supporting Information) with fixed values of other rate constants]. [b] Calculated for fixed values of rate constants
fZnkH4L and fZnkH3L, which were determined from fitting of data at pH � 5.5 (see text).

Figure 4. The pH dependence of the second-order rate constant
fMk2 for the formation of the H4L3 complexes. The curves show the
best results of fitting by Equation (1) for (a) CuII (full diamonds)
and (c) CdII (empty triangles) and (b) fitting by Equation (2) for
ZnII (full squares).

clusion of the hydroxido complex pathway (Scheme S1) to
give Equation (2) [for details of evaluation of Equation (2),
see Supporting Information]. It should be noted that for-
mally the same scheme and equation can be obtained with
involvement of the (HL3)3– species due to a proton ambigu-
ity. However, involvement of the hydroxido species is more
suitable as the ligand species (H2L3)2– is highly basic
(Table 2) and, thus, the concentration of (HL3)3– in the
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given pH range is negligible. On the contrary, the abun-
dance of the [Zn(OH)]+ complex is higher than that of the
hydroxido species of CuII and CdII in the given pH region
which clearly explains the increase of the rate of ZnII com-
plexation compared to the other ions [see especially ZnII vs.
CdII in Figure 4]. Furthermore, the participation of (hy-
droxido)metal species was also suggested in the complex-
ation of other macrocyclic ligands.[28,49] Thus, data for the
ZnII–H4L3 system (similarly to the ZnII–H4L1 system[28])
were treated according to Equation (2), where β–101 is the
stability constant for formation of the [Zn(OH)]+ species,
and the results are compiled in Table 7.

(2)

Formation Kinetics of the Copper(II) Complex

The rate of copper(II) complexation is of paramount im-
portance in the design of new ligands for copper isotopes.
The data for H4L3 and similar ligands are presented in
Table 6. Although electroneutral species H4L1 and H4L3

have low and comparable reactivity, the negatively charged
di- and triprotonated forms of the title ligand anion
[(H2L3)2– and (H3L3)–, respectively] are more reactive than
the analogously protonated forms of H4L1; the correspond-
ing constants for the title ligand are ca. 2 times (fCukH3L)
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or ca. 14 times (fCukH2L) higher than those for H4L1. The
difference can be explained by weaker intramolecular hy-
drogen bonds between phosphonate groups and protonated
amino groups in anionic species of the title ligand com-
pared to those of H4L1 as a result of lower basicity and/or
higher steric hindrances of the methylated macrocycle
amino group in H4L3 [this difference is even more pro-
nounced in the diprotonated species (H2L3)2– and
(H2L1)2–]. For both ligands, such intramolecular hydrogen
bonds were found in the solid state as well as proving to be
present in solution.[23,28] A similar effect was observed in
the case of cyclam and its N-methylated derivatives. The
presence of one or two methyl groups led to an acceleration
by a factor of about 100 and 10 (probably as a result of
the less symmetrical and weaker hydrogen-bond interaction
between the macrocycle nitrogen atoms), whereas for
1,4,8,11-tetramethylcyclam (tmc) the same reactivity was
observed as for cyclam itself (probably for steric
reasons).[50]

Reactivity of both diprotonated phosphonate ligands
(H2L1)2– and (H2L3)2– is much higher than those of dipro-
tonated cyclam and cyclen (the diprotonated forms of the
ligands are protonated on two ring nitrogen atoms). This
clearly shows a rate enhancement brought by the presence
of strongly coordinating negatively charged phosphonate
pendant arms. An analogous effect was observed in similar
systems having a carboxylate substituent as the side group,
compared to the non-substituted macrocycle and the analo-
gous amino group derivative.[51] The pendants are involved
in the fast formation of an outer-sphere (out-of-cage) com-
plex and assist a rate-limiting (slow) translocation of the
metal ion to the macrocyclic cavity with a simultaneous re-
moval of proton(s). Overall, the reactivity of both phos-
phonate ligands is comparable; a small difference between
the observed formation rate constant (slightly faster com-
plexation of the H4L1 ligand) can be found in strongly
acidic media as a result of a higher stability of the CuII–
H4L1 complex in this region (Figure S5). A rate enhance-
ment caused by the presence of coordinating pendant arms
was also observed in the case of H4dota complexation,[47]

but it is not so pronounced as in the case of these phos-
phonate ligands. A similar effect was also observed even
when complexation proceeded in the presence of a coordi-
nating (acetate) buffer, which compensates the positive
charge of the metal ion by formation of weak acetate com-
plexes and drops overall repulsion between the metal ion
and the positively charged protonated macrocyclic back-
bone.[52]

Because of the slow rate of complexation observed in the
case of some ligands, the reaction could be monitored at
relatively high pH values, which enable one to determine the

Table 8. Second-order formation rate constants fCdk (mol–1 dm3 s–1) for reaction of CdII ions with H4L3 and similar ligands (25 °C).

Ligand fCdkH4L
fCdkH3L

fCdkH2L
fCdkHL

H4L3 – 50(10) 2.8(3)�103 –
H4L1[28] 0.15 9.1 1.3�102 –
Cyclen[57] – – 1.8 3.5�105
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rate constant fCukHL associated with the monoprotonated
ligand species pathway. Typically, this rate constant is of
similar order of magnitude as the rate constants observed
for the diprotonated ligand species of the phosphonate li-
gands (Table 6), proving again the rate enhancement due
to the presence of the strongly coordinating phosphonate
pendants.

Formation Kinetics of the Zinc(II) Complex

The efficient increase of reactivity of the ligand to the
zinc(II) ion observed at pH � 5.5 can be successfully de-
scribed by inclusion of the partial reaction [Zn(OH)]+ +
(H2L3)2– into the reaction scheme (Scheme S1) and is re-
flected by a high value of the corresponding partial rate
constant fZnkOH. However, to keep the low number of fitted
parameters for a reasonable estimation of standard errors,
the rate constants fZnkH4L, fZnkH3L and fZnkH2L were fitted
by using data for pH � 5.5. After a successful fit, the values
of fZnkH4L and fZNkH3L were fixed, and the rate constants
fZnkH2L or fZnkOH were calculated with inclusion of data
obtained for pH � 5.5. The increased reactivity of zinc(II)
(compared to the other metal ions) towards macrocyclic li-
gands at higher pH values is normal, and a pathway em-
ploying monoprotonated ligand species [Zn2+ + (HL3)3–]
has been suggested for several ligands.[54,57] This partial re-
action affords formally the same rate law, but different par-
tial rate constants. Therefore, we also fitted the experimen-
tal data using Equation (S11), which was derived including
this pathway to obtain the corresponding rate constant
fZnkHL for comparative purposes. The results are also com-
piled in Table 7. The tentative value fZnkHL =
1.0� 1010 mol–1 dm3 s–1 was obtained, which is of the same
order of magnitude as the corresponding constant calcu-
lated analogously for the ZnII–H4L1 system (Table 7) but
much higher than rate constants observed in other systems.
Overall, the reactivity of both phosphonate ligands is fully
comparable (Figure S6).

Formation Kinetics of the Cadmium(II) Complex

Unfortunately, there is little literature data dealing with
CdII complexation in relevant systems. However, compared
to the parent H4L1 ligand, it can be seen that the reactivity
of the methylated ligand H4L3 is noticeably higher than that
of H4L1, as a consequence of lower basicity of the nitrogen
donor groups which enables easier removal of a proton
from the macrocyclic rim and accelerates the coordination,
and the relatively high stability of the protonated complexes
(vide supra) (Table 8, Figure S7).

The enhanced copper(II) selectivity is not demonstrated
for the uncharged species H4L (compare values in Table 6,
Table 7 and Table 8) for both bis(phosphonate) ligands
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H4L1 and H4L3, whereas the charged (H3L)– and (H2L)2–

species are responsible for the kinetic selectivity of cop-
per(II) complexation, and it is similar for both ligands.
Comparisons of formation rate constants are shown in Fig-
ures S5–S7. However, the observed order of formation rates
CuII �� CdII � ZnII corresponds well with the rate of
water exchange in the corresponding (aqua)metal com-
plexes.[59] This fact roughly corresponds with the expected
Eigen–Wilkins mechanism.[48,60]

Decomplexation Kinetics

As sufficient kinetic inertness is of main importance for
in vivo utilizations, we studied acid-assisted dissociation ki-
netics for selected complexes to establish particular rate
constants of dissociation steps.

Dissociation Kinetics of the Copper(II) Complex

The acid-assisted dissociation kinetics of the copper(II)
complex was investigated in 0.1–1.25  HClO4 and an ionic
strength 5  (Na,H)ClO4 at room and elevated tempera-
tures. The experimental data were successfully fitted by
using Equation (3), which corresponds to a commonly ac-
cepted mechanism shown in Scheme 4. The best fits are
shown in Figure 5. An analogous dissociation mechanism
is commonly suggested for dissociation of the macrocyclic
complexes and was used for the CuII–cyclam complex
itself.[61] Contrary to this, over-protonation of the reaction
intermediates had to be suggested for the related complex
of H4L1 giving, in the numerator, a polynomial of higher
order than that in the denominator.[26] However, this latter
type of the rate law had to be used in the case of dissoci-
ation of ZnII and CdII complexes (vide infra).

(3)

The calculated values of the rate constants and the acti-
vation parameters are presented in Table 9. The dissociation
is associated with a protonation step proceeding with
logKCu ≈ 1.5 (Table 9), which corresponds to the first pKA

of the phosphonate group.[24,26] Contrary to this, in the case

Scheme 4. Reaction mechanism proposed for the dissociation of the CuII–H4L3 complex.

Table 9. Kinetic parameters of acid-assisted dissociation of copper(II) complexes of H2L3.

Rate/equilibrium constants Temperature Activation/thermodynamics parameters
293.2 K 298.2 K 303.2 K 308.2 K

dCuk [s–1] 4.73(15)�10–3 6.70(9)�10–3 9.36(16)�10–3 15.9(2)�10–3 Ea = 60(5) kJmol–1[a]

∆H# = 57(5) kJmol–1 [b]

∆S# = –95(18) JK–1mol–1[b]

KCu [mol–1dm3] 35(4) 31(2) 26.5(1.6) 25.1(1.0) ∆H = –17(2) kJmol–1 [c]

∆S = –30(6) JK–1 mol–1[c]

log(KCu) 1.54 1.49 1.42 1.40

[a] Arrhenius model [lnk = –(Ea/RT) + lnA]. [b] Eyring model [ln (k/T) = –(∆H#/RT) + (∆S#/R) + ln (kB/h)]. [c] lnKCu = –(∆H/RT) +
(∆S/R).
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Figure 5. Dependence of the dissociation rate constants of the
CuII–H4L3 complex on proton concentration and temperature.
20 °C – open diamonds; 25 °C – full triangles; 30 °C – open
squares; 35 °C – full circles. The lines correspond to the best fits
according to Equation (3).

of the corresponding H4L1 complex, the dissociation was
preceded by a protonation step with much lower pKA

(≈ 0.3).[26] From these facts, one can conclude that the reac-
tive intermediate of the CuII–H4L3 complex has a lower de-
gree of protonation than that of the analogous CuII–H4L1

complex. However, as the activation parameters of the
dissociation step are comparable for both systems
(Table S1), the mechanism of dissociation is probably very
similar. The only difference is that, in the case of the CuII–
H4L3 system, the less protonated complex undergoes a dis-
sociative pathway similar to the analogous CuII–H4L1 sys-
tem. The much lower inertness of the copper(II) complex
with H4L3 compared to those of H4L1 and cyclam [e.g. half-
lives of the corresponding pentacoordinate complexes in
1  HClO4 and at 25 °C are 19.7 min for the CuII–H4L1

complex[26] and 2.5 min for the CuII–H4L3 complex] can be
caused by a more opened structure as the coordination
bonds of tertiary amino groups (Cu–N) are longer than
those formed by the secondary amino groups and, thus, the
transfer of protons from the pendant arm to the macrocycle
nitrogen atom can proceed more easily. For visual compari-
son of the observed dissociation rate constants of the cop-
per(II) complexes of H2L1 and H2L3, see Figure S8.
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Dissociation Kinetics of the Zinc(II) and Cadmium(II)
Complexes

The dissociation kinetics of the zinc(II) and cadmium(II)
complexes was studied in the pH range 3.6–5.9 for the zin-
c(II) complex and 4.5–6.1 for the cadmium(II) complex. In
these regions, the equilibrated systems contain free met-
al(II) ions as well as the di-, mono- and non-protonated
complexes, [M(H2L3)], [M(HL3)]– and [M(L3)]2– (see distri-
bution diagrams shown in Figures 3b and c). Only
[M(H2L3)] and [M(HL3)]– species are present at high con-
centrations; the concentrations of fully deprotonated spe-
cies, [M(L3)]2– of both metal(II) complexes, are negligible.
One can suppose that, at low pH, further protonation oc-
curs producing thermodynamically unstable species
[M(H3L3)]+. Such a protonation should proceed with a con-
stant comparable to those found for analogous protonation
of copper(II) (log K311 = 1.21 or 1.52)[26] or nickel(II)
(logK311 = 1.15)[24] complexes of H4L1. Therefore, the con-
centration of [M(H3L3)]+ should be also very low in the
used pH region. According to these suggestions, a general
reaction scheme can be drawn (Scheme 5) giving the depen-
dence of the observed dissociation rate constant on pH ex-
pressed by Equation (4). Equation (4) formally corresponds
to the equation used for fitting of dissociation data for the
pc-[Cu(H4L1)]2+ complex.[26] Here, the constants K111–K311

correspond to the protonation equilibrium of the complexes
and should be numerically equal to inverted dissociation
constants {i.e. log K111 = pKA(111) and logK211 = pKA(211)

from Table 4, and logK311 = pKA of the triprotonated
[M(H3L3)]+ species}.

(4)

Scheme 5. The reaction mechanism proposed for dissociation of
the zinc(II) and cadmium(II) complexes with H4L3.

The experimental data of pseudo-first-order rate con-
stants, dMkobs, for both metal(II) complexes were fitted
through the experimental points by using Equation (4).
However, as the value of K311 can only be estimated on the
basis of values reported for CuII[26] and/or NiII[24] com-
plexes of H4L1, the overall value of product dMk2 �K311

was fitted. In the case of the ZnII complex dissociation, all
rate constants can be reliably calculated, and K211 was fixed
to the value obtained by potentiometry (104.2, Table 4).
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However, in the case of CdII complex dissociation, only the
value of dMk2 �K311 can be reliably calculated. In addition,
the value of K211 had to be fitted too, as its fixing to the
value obtained by potentiometry (106.65, Table 4) led to a
very poor fit. The large discrepancy between the values ob-
tained from the kinetic study (104.99) and potentiometry
(106.65) can be attributed to a partial protonation of nitro-
gen atoms in the equilibrated system (vide supra) which in-
creases the apparent overall pKA associated with the
[Cd(H2L3)]/[Cd(HL3)]– deprotonation. Contrary to this, in
the kinetic study, the [Cd(L3)]2– complex with the fully en-
capsulated metal ion was added to acidic media and the
protonation is, therefore, associated with the non-coordi-
nated oxygen atoms of the pendant arm(s) as all nitrogen
atoms are coordinated to the cadmium(II) ion. The best
fits of the experimental data are given in Figure 6 and the
resulting values in Table 10.

Figure 6. Dependence of dissociation rate constants of zinc(II) and
cadmium(II) complexes with H4L3 on pH. The curves show the
best fits according to Equation (4).

Table 10. Summary of partial dissociation rate constants deter-
mined for zinc(II) and cadmium(II) complexes with H4L3 and their
comparison with complexes of H4L1 (25 °C, 0.1  KCl).

Rate constant H4L3 H4L1 (ref.[28])
ZnII CdII ZnII CdII

dMk0 3.3(2)�10–3 – – –
dMk1 6.4(1.0)�10–3 – 3�10–3 �3�10–4

dMk2�K311 19(5) 4.6(5)�103 18 2.48�103
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The same order of the corresponding partial rate con-

stants for both related ligands (Table 10) reflects a similar
mechanism and closely similar geometry of the complex
species. However, the observed dissociation pathway of
[Zn(HL3)]– species (i.e. dZnk0) leads to a much lower kinetic
inertness of this complex at neutral pH (compare dZnkobs

of both ligands, see Figure S9). Such a behaviour can be
attributed to a higher steric strain of the methyl substitu-
ents, which prevents an optimal encapsulation of the metal
ion and leads, in the case of the ZnII–H4L3 complex, to
longer coordination bonds and a more open structure com-
pared to the ZnII–H4L1 complex. The dissociation rates of
CdII complexes of both ligands are very similar (Fig-
ure S10) and much higher than the rates observed for the
corresponding ZnII complexes, as a result of the larger
metal ion, not optimally fitting the ligand cavity.

It can be supposed that the logarithm of protonation
constant logK311 for all complexes should be about 1–2
and, therefore, the concentration of the triprotonated reac-
tion intermediates is at a trace level under the experimental
conditions used in this study. However, the product
dMk2 �K311 is several orders of magnitude larger than dMk1

(and it is more pronounced for the CdII complexes com-
pared to the ZnII ones). It reflects a much higher reactivity
of the triprotonated species over the diprotonated ones.
Such a higher reactivity is probably caused by the fact that
the third proton is very easily transferred from the pen-
dant(s) to a ring nitrogen atom leading to a very fast de-
composition. Generally, the ZnII–H4L1,3 complexes are ki-
netically much more inert than the cadmium(II) complexes.
This observation is related to the size and conformation of
the macrocyclic ring cavity, which accommodates the
smaller metal cations such as CuII or ZnII more easily than
the larger ones, e.g. CdII.

Conclusions

A novel synthetic approach for the introduction of a
methylphosphonic acid pendant arm was developed. It is
based on the reaction of quarternized cyclam-formaldehyde
aminal with a sodium salt of diethyl phosphite. The phos-
phite anion selectively opens the weak C–N bond of the
quarternized amine. The prepared tmc analogue forms ther-
modynamically stable complexes with transition-metal ions
showing very high selectivity for the copper(II) ion. In the
solid state, the CuII–H4L3 complex is pentacoordinate with
an intermediate arrangement between square-pyramidal
and trigonal-bipyramidal (τ = 0.43 and 0.48) and one pen-
dant arm non-coordinated. Although the CuII–H4L3 com-
plex is kinetically still relatively inert (e.g. half-life in 1 

HClO4 at 25 °C is ca. 2.5 min), it is kinetically much more
labile than the copper(II) complexes of the analogous non-
methylated bis(phosphonic acid) ligand, H4L1 (τ1/2 =
19.7 min for pc-CuII–H4L1 complex under the same condi-
tions[26]). The overall kinetic inertness of the complexes de-
creases in the order CuII �� ZnII � CdII. This trend is
related to the size of metal ions (fitting to the macrocyclic
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cavity) and to their affinity for nitrogen or oxygen atoms
(strength of the appropriate metal–atom bonds). Although
the kinetic lability of the CuII–H4L3 complex prevents its
medicinal in vivo use, the studied ligand shows a high po-
tential of dialkyl-bis(methylphosphonic acid) cyclams as
promising building blocks of materials/resins for a selective
complexation of copper(II). Isolation of copper radioiso-
topes from a mixture with the other metal isotopes can be
realized due to a high selectivity for CuII complexation at a
suitable pH range of 3–4 (compare Figure 3, Figure S2 and
Figure S3) where the CuII ion can be separated from the
other ions. After that, the CuII ion can be released from the
resin by elution with a strong acid due to the low kinetic
inertness of the given complex.

Experimental Section
General: 1,8-H4

Me2te2p·6H2O (H4L3·6H2O) was synthesized ac-
cording to a method described elsewhere[23] or a novel procedure
(vide infra). The bis(quarternary) salt 1 (Scheme 2) was prepared
according to a literature procedure.[62] NMR spectra were recorded
with a Varian NMRS300 spectrometer operating at 300 MHz (1H),
100.6 MHz (13C) and 161.9 MHz (31P) (internal references for 1H
and 13C: TMS for CDCl3 solutions and tBuOH for D2O solutions;
external reference for 31P: 5% H3PO4 in D2O). Chemical shifts δ
are given in ppm and coupling constants J are reported in Hz.
Abbreviations s (singlet), d (doublet), t (triplet), quint (quintet) and
m (multiplet) are used in order to express the signal multiplicities.
For potentiometric titrations, metal nitrates (recrystallized from de-
ionized water) were used, and their stock solutions were standard-
ized by titration with Na2H2edta according to the recommended
procedure.[63] The stock solution of nitric acid (ca. 0.03 mol dm–3)
was prepared from recrystallized KNO3 on cation-exchange resin
(Dowex 50). Carbonate-free KOH stock solution (ca. 0.2 moldm–3)
was standardized against potassium hydrogen phthalate and the
HNO3 solution against the ca. 0.2 moldm–3 KOH solution. The
analytical grade chemicals employed in the kinetic studies were
purchased from Lachema (CuCl2·2H2O, ZnCl2, CdCl2·6H2O,
KOH, CH3COOH, ClCH2COOH) or Fluka (2-morpholineethane-
sulfonic acid, MES). The indicators, bromocresol green (Lachema),
bromocresol blue (Merck) and 4-(2-pyridylazo)resorcinol (PAR,
Lachema), were of the highest available purity. The freshly pre-
pared solutions of CuCl2, ZnCl2 and CdCl2 were standardized by
chelatometry.[63]

Synthesis of Tetraethyl 4,11-Dimethyl-1,4,8,11-tetraazacyclotetra-
decane-1,8-bis(methylphosphonate) (2): Sodium metal (0.184 g,
8 mmol, 4 equiv.) was dissolved in diethyl phosphite (DEP, 5.53 g,
40 mmol, 20 equiv.) in a 100-mL round-bottom flask. The mixture
was diluted with dry dmf (30 mL), and bis(quarternary) compound
1 (1.016 g, 2.0 mmol, 1 equiv.) was added portion-wise. The origi-
nally formed suspension dissolved over ca. 10 min, and the 31P{1H}
and 31P NMR of the reaction mixture showed clear conversion
to the final product {Na+[–OP(OEt)2] 145.3 ppm, 8%; product 2
27.2 ppm, 10%; DEP 10.1 ppm, 80%; HP(O)(ONa)OEt 6.1 ppm,
2%}. The reaction mixture was diluted with aqueous ethanol
(10 mL) and poured onto a column of the strong cation exchange
resin (Dowex 50, 100 mL, H+-form) pre-washed with ethanol. The
excess of phosphite was eluted with ethanol, and the product was
collected by using a concd. aq. NH3/EtOH (1:10) mixture as the
eluent. The fractions containing product were combined and the
solvents evaporated to dryness to afford the product as a colourless
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oil. Yield 1.03 g (98%). 1H NMR (CDCl3): δ = 1.26 (t, 3JH,H =
7.0 Hz, 12 H, CH2CH3), 1.55 (quint, 3JH,H = 6.6 Hz, 4 H,
CH2CH2CH2), 2.13 (s, 6 H, NCH3), 2.36 (m, 8 H, CH2CH2N),
2.68 (m, 8 H, CH2CH2N), 2.82 (d, 2JP,H = 9.9 Hz, 4 H, CH2P),
4.08 (m, 8 H, OCH2) ppm. 13C NMR (CDCl3): δ = 16.5 (d, 3JP,C

= 6.1 Hz, 4 C, CH2CH3), 24.3 (s, 2 C, CH2CH2CH2), 43.1 (s, 2 C,
NCH3), 50.5 (d, 1JP,C = 158 Hz, 2 C, PCH2), 52.2 (d, 3JP,C = 9.4 Hz,
2 C, PCH2NCH2), 52.5 (d, 3JP,C = 5.5 Hz, 2 C, PCH2NCH2), 54.0
(s, 2 C, CH2CH2), 54.7 (s, 2 C, CH2CH2), 61.7 (d, 2JP,C = 7.2 Hz,
4 C, OCH2). 31P NMR (CDCl3): δ = 25.8 (pseudo-sept, 2JP,H ≈
3JP,H ≈ 8.5 Hz) ppm.

Synthesis of 4,11-Dimethyl-1,4,8,11-tetraazacyclotetradecane-1,8-
bis(methylphosphonic acid) (1,8-H4

Me2te2p, H4L3): The product ob-
tained above was dissolved in 6  aq. HCl, and the mixture was
heated to reflux for 24 h. Isolation according to the reported pro-
cedure[23] afforded the title compound as H4L3·6H2O in 96% yield.
Characterization data were identical with those reported pre-
viously.[23]

X-ray Studies: Selected crystals were mounted on glass fibres in
random orientation and cooled to 150(1) K. The diffraction data
were collected by employing a Nonius Kappa CCD diffractometer
(Enraf–Nonius) using Mo-Kα (λ = 0.71073 Å) at 150(1) K (Cryos-
tream Cooler Oxford Cryosystem) and analyzed by using the HKL
DENZO program package.[64] The structures were solved by direct
methods and refined by full-matrix least-squares techniques
(SIR92[65] and SHELXL97[66]). The used scattering factors for neu-
tral atoms were included in the SHELXL97 program. The crystal-
lographically relevant data are compiled in Table 11. The sample
of H4L3 was dissolved in 6  HCl, and the solution was concen-
trated to dryness. The residue was dissolved in water, and single
crystals of (H6L3)Cl2·4H2O were formed upon a slow concentration
of the resulting solution. In the structure of (H6L3)Cl2·4H2O, a
structurally independent unit is formed by one half of the ligand
molecule, one chloride anion and two solvate water molecules. All
non-hydrogen atoms were refined anisotropically. All hydrogen
atoms were localized in the electron-density difference map. How-
ever, the hydrogen atoms attached to carbon atoms were fixed in
theoretical positions, and hydrogen atoms attached to nitrogen and
oxygen atoms were fixed in the original positions by using Ueq(H)
= 1.2Ueq(X). Single crystals of the CuII–H4L3 complex were pre-
pared in the following way: H4L3·6H2O (50 mg, 0.095 mmol) and

Table 11. Crystallographic parameters of the studied compounds.

Parameter (H6L3)Cl2·4H2O [Cu(H3L3)][Cu(H2L3)]PF6·3H2O

Empirical formula C14H44Cl2N4O10P2 C28H71Cu2F6N8O15P5

Mr 561.37 1155.86
Colour, habit colourless, prism blue, rod
Crystal system triclinic monoclinic
Space group P1̄ P21

a [Å] 7.5927(3) 9.8304(2)
b [Å] 9.5545(4) 14.8183(3)
c [Å] 10.1917(4) 15.3437(4)
α [°] 104.810(2) 90
β [°] 107.686(2) 93.1543(14)
γ [°] 99.781(3) 90
V [Å3] 655.95(5) 2231.73(9)
Z 1 2
Dcalcd. [g cm–3] 1.421 1.720
µ [mm–1] 0.422 1.230
Unique refl. 2300 10194
Obsd. refl. [I � 2σ(I)] 2117 9467
R; R� [I � 2σ(I)] 0.0287; 0.0321 0.0321; 0.0377
wR; wR� [I � 2σ(I)] 0.0699; 0.0721 0.0702; 0.0730
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Cu(NO3)2·3H2O (36 mg, 0.149 mmol) were dissolved in distilled
water (5 mL), and NH4PF6 (16 mg, 0.098 mmol) was added. Blue
crystals were deposited from this solution upon standing for several
days. From the bulk solid, a single crystal was selected and sub-
jected to the X-ray structure determination, showing a composition
of [Cu(H3L3)][Cu(H2L3)]PF6·3H2O. The elemental analysis of the
bulk matter corresponds well with the expected composition with
partial loss of the solvate water molecules {[Cu(H3L3)][Cu(H2L3)]-
PF6·H2O; Mw = 1119.83; calcd. (found) C 30.03 (30.03), H 6.03
(6.06), N 10.01 (9.61)}. In the structure of [Cu(H3L3)][Cu(H2L3)]-
PF6·3H2O, an asymmetric unit consists of two complex molecules
in different protonation states, one hexafluorophosphate anion and
three solvate water molecules. The first complex molecule is tripro-
tonated, i.e. having an overall charge of 1+, and the second one
is diprotonated, i.e. non-charged. The positive charge of the first
molecule is compensated by the hexafluorophosphate anion. All
non-hydrogen atoms were refined anisotropically except for the
oxygen atom of one solvate water molecule, which was refined iso-
tropically disordered in two positions with relative occupancy
62:38%. All hydrogen atoms were localized in the electron-density
difference map; the hydrogen atoms belonging to the carbon atoms
were fixed in theoretical positions and those attached to the oxygen
atoms were fixed in the original positions using Ueq(H) =
1.2Ueq(X). CCDC-728457 [(H6L3)Cl2·4H2O] and -728458 {[Cu-
(H3L3)][Cu(H2L3)]PF6·3H2O} contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Potentiometry: In general, the experiments followed a well-estab-
lished procedure.[28] The equilibrium in metal(II)–H4L3 systems
with all metal ions except for CuII and NiII was established quickly
in each titration point (less than 2 min) and, thus, they were studied
by conventional titrations. A precipitate [probably Mg(OH)2] was
formed with MgII in the alkaline region, and no difference from
the free ligand titration curve was seen before the precipitation.
The titrations were carried out in a thermostatted vessel at
25.0� 0.1 °C, at a constant ionic strength I(KNO3) = 0.1 moldm–3,
by using a PHM 240 pH-meter, a 2-mL ABU 900 automatic piston
burette and a GK 2401B combined glass electrode (all Radiome-
ter). The ligand concentration in the titration vessel was ca.
0.004 moldm–3. The metal/ligand ratio was 1:1 in all cases except
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for CaII where a 5:1 ratio was used to obtain a reasonable abun-
dance of the complex species; in some systems with transition-
metal ions, a 2:1 ratio was also titrated but no M2L species could
be successfully included in the chemical model during fitting of
data. The initial volume was ca. 5 mL. The measurements were
taken with HNO3 excess added to the initial mixture. The mixtures
were titrated with the stock KOH solution in the region of –log [H+]
= 1.6–12.0. Titrations for each system were carried out at least four
times. Each titration consisted of ca. 40 points. The inert atmo-
sphere was provided by a constant passage of argon saturated with
water vapour. Copper(II) solutions were titrated under the above
conditions except that the waiting time (to obtain a stable poten-
tial) was about 15 min for the first point and about 3 min for the
next 15 points. The complexation reaction was too slow to be moni-
tored by standard titrations for systems with NiII. The system was
studied by the “out-of-cell” method. The data were collected for
2�25 solutions (two parallel titrations); each solution was mixed
separately in the test tube (each sample volume ca. 1 mL) and an
appropriate amount of the KOH solution was added to each test
tube to simulate the common titration; the region of –log [H+] was
1.8–9.0. The tubes were tightly closed and left to equilibrate at
room temperature for three weeks (in a separate preliminary experi-
ment, it was found that the titration curves taken after three and
six weeks of equilibration were identical). Then, the potential at
each titration point (i.e. in each tube) was determined with a freshly
calibrated electrode. The constants with their standard deviations
were calculated by using the OPIUM program package.[67] The pro-
gram minimizes the criterion of the generalized least-squares
method using the calibration function given in Equation (5).

E = E0 + S� log [H+] + j1 � [H+] + j2 � KW/[H+] (5)

The term E0 contains the standard potentials of the electrodes used
and the contributions of inert ions to the liquid-junction potential.
The term S corresponds to the Nernstian slope, and the terms
j1 � [H+] and j2 �KW/[H+] = j2 � [OH–] are contributions of the H+

and OH– ions to the liquid-junction potential. It is clear that j1 and
j2 cause a deviation from a linear dependence of E on –log [H+]
only in strongly acid and strongly alkaline solutions. The cali-
bration parameters were determined from a titration of the stan-
dard HNO3 solution with the standard KOH solution just before
and after each titration of the ligand/metal ion system to give cali-
bration/titration pairs used for calculations of stability constants.
The protonation constants βh of H4L3 were taken from the litera-
ture[23] and are concentration constants defined as βh = [HhL]/
[H]h � [L]; they can be transferred to the pKA values [pK1 = logβ1

and in general pKA(HhL) = logβh – log β(h–1)]. The concentration
stability constants βhlm are defined as βhlm = [HhLlMm]/{[H]h �

[L]l � [M]m}. The water ion product pKW (13.78) and the stability
constants of metal hydroxido complexes included in the calcula-
tions were taken from the literature.[43,68,69]

Kinetic Measurements: In general, the experiments were run ac-
cording to published procedures.[28] The formation kinetics experi-
ments were arranged under pseudo-first-order conditions with at
least a ten-fold excess of the particular metal ion (chloride salts,
cM = 1�10–3 , cL = 1�10–4 ) except for the experiments where
dependences of fMkobs on the metal ion concentration was moni-
tored [cM = (1–10)�10–3 , cL = 1�10–4 ]. The acidity was con-
trolled by HCl, or the solutions were slightly buffered (0.005 ) by
chloroacetate, acetate or MES acid/salt buffers. The measurements
were done at 25� 0.2 °C and at an ionic strength I = 0.1  (H,K)-
Cl. A conventional diode-array spectrophotometer HP 8453A
(Hewlett Packard, USA) was used for measurements in the range
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where the reaction was slow (pH 1.5–3.6 for CuII; 4.0–5.5 for ZnII;
5.3–5.7 for CdII). When the formation reaction was fast (10τ �

10 min), a Bio Sequential SX-17 stopped-flow spectrometer (Ap-
plied Photophysics, UK) was used (pH = 4.1–6.0 for CuII; 6.0–6.8
for ZnII; 5.9–7.0 for CdII). In these pH regions, the (H5L3)+, H4L3,
(H3L3)– and (H2L3)2– species are present in solution (for the ligand
distribution diagram, see Figure S1), and these species were consid-
ered in the fitting procedure (vide infra). In all cases, the (H5L3)+

species could not be successfully included into fits; thus, for CuII

and CdII, the formation reaction was characterized by rate con-
stants fMkH4L, fMkH3L and fMkH2L [Scheme 3, Equation (1)]. In the
case of ZnII complexation, the reactivity of the [Zn(OH)]+ complex
had to be also included for successful fits of data at pH � 5.5,
giving an additional rate constant fZnkOH [Scheme S1, Equa-
tion (2)]. For the colourless ZnII and CdII complexes, the indicator
technique was used for detection of the reaction course;[47] the
2�10–5  solutions of indicators [bromocresol green (pH � 5.2)
or bromocresol blue (pH � 5.2)] were used for visualization. The
complexation of CuII was monitored directly by an increase of the
CT band (λ = 310 nm). The dissociation kinetics of [Cu(L3)]2– were
studied in the [H+] range 0.05–1.25 , at an ionic strength of I =
5.0  (H,Na)ClO4, with a starting CuII–H4L3 complex concentra-
tion c = 1 �10–4  and in the temperature range 20–35 °C. The
reaction was monitored by a decrease of the intensity of the CT
band (λ = 310 nm) of the complex with time. Dissociation of the
[Zn(L3)]2– and [Cd(L3)]2– complexes (c = 1�10–3 ) were measured
in the pH range 3.5–6.1 at 25 °C (I = 0.1  KCl). A copper(II) ion
(chloride salt, cCu = 1 �10–3 , λ = 310 nm) was used as a ligand
scavenger in decomplexation kinetics of both complexes. The ki-
netic measurements were carried out with a diode-array spectro-
photometer HP 8453A (Hewlett Packard, USA) for slow kinetics
(10τ � 10 min) and a Bio Sequential SX-17 stopped-flow spectrom-
eter (Applied Photophysics, UK) for fast kinetics (10τ � 10 min).
The measured values of absorbance were corrected for the back-
ground analytical signal. The values of kobs were calculated from
the experimental data by a single-exponential model with HP soft-
ware and Excel[70] software with identical results. Fitting of pH and
temperature dependences of rate constants was performed by using
the MicroMath Scientist program[71] with typically the 1/y2 weight-
ing scheme.

Supporting Information (see footnote on the first page of this arti-
cle): Distribution diagram of free ligand H4L3. Distribution dia-
grams of CoII– and NiII–H4L3 systems. Examples of dependence
of fCukobs (measured at constant pH) on copper(II) concentration
and logarithmic analysis of experimental data. pH dependence of
the second-order rate constants for the formation of CuII–, ZnII–
and CdII–H4L1 and –H4L3 complexes. The dependence of the ob-
served rate constants dMkobs for the dissociation of CuII–, ZnII–
and CdII–H4L1 and –H4L3 complexes on [H+] or pH. Derivation
of the equations used for fitting of formation kinetics data. Com-
parison of kinetic parameters of acid-assisted dissociation of cop-
per(II) complexes of H2L1 and H2L3.
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Hermann, Dalton Trans. 2008, 5378–5386; and unpublished re-
sults.

[33] S. Füzerová, J. Kotek, I. Císařová, P. Hermann, K. Binnemans,
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