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Abstract

Reaction of 2,9-dioxo-1,4,7,10-tetraazabicyclo[1.10.1]Thexadeca-1(11),13,15-triene-4,7-diacetic acid (H,L1) with CuCl, - 2H,O in
ethanol at pH 6 led to the monomeric benzodioxochlorocomplex [Cu(L'1)CI] (1) (HL'1 = monoethylesther of H,L1). X-ray struc-
tural analysis has shown that in complex 1 the Cu is five-coordinated by two nitrogen and two oxygen atoms of the macrocycle and
by a chloride, displaying a square pyramidal coordination geometry. One of the acetate arms does not coordinate to the Cu and has
suffered an in situ ethanolic esterification reaction. The protonation constants of H,L1 and the stability constants of its complexes
with Cu?", Ni?", Zn**, Cd*" and Pb>" were determined by potentiometric methods and in some cases by 'H NMR spectroscopy.
The stability constants of the complexes follow the trend [Ni(H_,L1)]” >[Cu(H_,L1)]” > [Pb(H_,L1)]” > [Zn(H_,L1)]” >
[Cd(H_,L1)]", probably due to steric requirements. Spectroscopic measurements (absorption and EPR) at different pH values have

shown the effect of the pH on the coordination sphere of the Cu complexes.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Due to their participation in a great number of
important biological processes, all organisms accumu-
late certain levels of copper, zinc, nickel and iron, in or-
der to survive. However, an excess of these metals is very
toxic and macrocyclic polyamine ligands have been ex-
plored as possible sequestering chelators. The stability
and kinetic inertness of d-transition complexes with
macrocyclic polyamines, when compared with those
formed with the corresponding linear ligands, make
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the macrocyclic polyamine complexes interesting for
application in a wide variety of areas, such as catalysis,
biomimicry, metallotherapy and diagnostic or therapeu-
tic applications in Nuclear Medicine. In this specific
field, copper is a very interesting d-transition element
due to the large number of radionuclides with physical
properties suitable for imaging (*°Cu, ®'Cu, **Cu and
%Cu) or therapy (**Cu and ¢’Cu) [1].

As a part of our ongoing research work on the synthe-
sis and characterisation of complexes with d- and f-tran-
sition metals, potentially interesting for radio diagnostic
and/or radiotherapy [2-5], we have been exploring the
chemistry of the previously described benzodioxotetra-
azamacrocyclic 2,9-dioxo-1,4,7,10-tetraazabicyclo [1.10.1]
hexadeca-1(11),13,15-triene-4,7-diacetic acid (H,L1)
(Fig. 1) [6,7].
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Fig. 1. 2,9-Dioxo-1,4,7,10-tetraazabicyclo[1.10.1]hexadeca-1(11),13, 15-
triene-4,7-diacetic acid (H,L1) and its monoethylesther (HL'1).

In this work, we describe the new monomeric and neu-
tral chlorocomplex [Cu(L'1)CI] (1) (HL'1 = monoethy-
lesther of H,L1: 4-methylethylesther-2,9-dioxo-1,4,7,
10-tetraazabicyclo[1.10.1]hexadeca-1(11),13,15-triene-7-
acetic acid (C13H»3N4O¢)). The structural differences
between 1 and the dimeric Cu complex, previously de-
scribed [7], led us to study more deeply the acid—base
equilibrium of compound H,L1 as well as the stability
constants of its complexes with Cu®*, Ni**, Zn**, Cd**
and Pb>*, which will be also reported therein.

2. Experimental
2.1. Materials

Reactions were run under nitrogen atmosphere with
magnetic stirring. Bulk solvent removal was done by ro-
tary evaporation under reduced pressure and trace sol-
vent removal from solids was done by vacuum pump.
Solvents were either used as purchased or dried accord-
ing to the standard literature procedures. Ethylenedi-
aminetetraacetic dianhydride and o-phenylenediamine
were obtained from the Aldrich Chemical Co. Copper
salts were obtained from Baker’s Analyzed. All reagents
for synthesis and analyses were of analysis grade.

The benzodioxotetraazamacrocycle- NV, N'-diacetic
acid (H,L1) was synthesised as previously described
[6]. The purity of the compound was checked by the
usual characterisation techniques.

2.1.1. Synthesis of [Cu™(L'1)Cl] (1)

A solution of CuCl, - 2H,0 (0.11 g, 0.651 mmol in
2cm’ of ethanol) was added to a solution of H,LI1
(0.237 g, 0.651 mmol in 8 cm® of ethanol). The resulting
brown mixture was refluxed for 2 h. After cooling to room
temperature, the solution was filtered through diatoma-
ceous earth and washed with methanol. X-ray-quality
green single crystals were obtained by slow diffusion of
methanol. Anal. Calc. for C;3H,3CICuN4O6.H>0: C,
42.44; H, 5.14; N, 11.00. Found: C, 42.45; H, 4.63; N,
11.02%. UV: 704nm (54 mol ' dm*cm™"), 382nm
(133 mol ' dm?* em ™).

2.2. X-ray crystal analyses

Suitable green crystals (0.25x 0.20 x 0.06 mm) were
mounted in air on a goniometer head. Data were col-
lected at room temperature with the crystal mounted
in a glass capillary. An Enraf-Nonius CAD4 diffrac-
tometer equipped with graphite monochromatised
Mo Ka radiation (4=0.71069 A) in the ®-26 scan
was used for measurements. Lorentz, polarisation
effects and empirical absorption correction based
on psi-scans [8] were applied to the collected
intensities.

The structure was solved by direct methods using
s1rR97 [9] and refined by full-matrix least-squares on F~
methods using the program sHELXL97 [10] and the
WINGX software package [11]. All non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were
placed in calculated positions. Molecular graphics were
prepared with Ortep3 [12].

The crystal data and structure refinement details for 1:
Empirical formula, C;gH»3N4O06CICu; M =490.39
gmol*l, Orthorhombic, P2;2:2;, a=10.6410(13),
b =13.0690(16), ¢ = 14.505(2) A, V'=2017.2(4) A3, Z =
4, Deye=1615gem™>, p=1260mm~!, FO000)=
1012; 271 parameters, no restraints, 2372 unique reflec-
tions measured, of which 2216 observed [I>2a(])],
R; =0.0624, wR,; = 0.1130, Highest peak and deepest
hole 0.574 and —0.282e¢ A3, 0 range: 2.37-25.97°, Lim-
iting indices, —13 <A< 13, 0<hk <16, —17<I1<0,
Goodness-of-fit = 1.061.

2.3. Spectroscopic studies

"H and ">C NMR spectra were recorded with a Bru-
ker AMX-300 spectrometer at probe temperature in
D0, using 3-(trimethylsilyl)-propanoic acid-d4-sodium
salt as internal reference in the "H and dioxane in the
13C spectra.

Electronic spectra were measured with a Cary 500
Version 8.01 spectrophotometer using aqueous solutions
~1x10*moldm™> of the copper complexes and
~2 x 107* mol dm of the nickel complexes, at different
pH values: =3, =6 and 10 for copper and ~4, ~8 and
~11 for nickel complexes. The choice of the pH values
was based on the species distribution diagram for each
metal, selecting the maximum pH of formation of the
species: [ML], [M(H_;L)]_ and [M(H_,L)],_.

EPR spectroscopic measurements of the copper
complex were recorded with a Bruker ESP 380 spec-
trometer equipped with continuous-flow cryostats for
liquid nitrogen, operating at X-band. The complexes
(A2 x 10> moldm™® in 1:1 DMSO:H,O solution)
were prepared at pH 3.51, 6.37 and 10.26 and were
recorded at 96 K. The EPR spectrum of a 1:1
DMSO/H,O solution of 1 (at pH 3.23) was also
recorded.
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2.4. Potentiometric measurements

2.4.1. Reagents and solutions

Metal ion solutions were prepared at about
2.5%x 107> mol dm ™2 from the nitrate salts of the metals
and were titrated using standard methods [13]. Deion-
ised (Millipore/Milli-Q System) distilled water was used.
Carbonate-free solutions of the KOH titrant were ob-
tained, maintained and discarded when the percentage
of carbonate was about 0.5% of the total amount of
base [14].

2.4.2. Equipment and work conditions

The equipment was used as described before [2-4,15].
The temperature was kept at 25.0 £ 0.1 °C, atmospheric
CO, was excluded from the cell during the titrations by
passing purified nitrogen across the top of the experi-
mental solution in the reaction cell. The ionic strength
of the solutions was kept at 0.10 mol dm > with KNOs.

2.4.3. Measurements

The [H*] of the solutions was determined by the
measurement of the electromotive force (emf) of the
cell, E=E>+ QlogH'|+ E;. E*, Q, E; and K, =
([H'JJOH]) were obtained as described previously [2—
4,15]. The term pH is defined as —log[H"]. The value
of K,, was found equal to 107"*% (mol dm~??. The
potentiometric equilibrium measurements were made
on 20.00 cm® of ~2.00 x 10> mol dm * ligand solutions
diluted to a final volume of 25.00 cm?, in the absence of
metal ions and in the presence of each metal ion for
which the Cy:Cy ratio was 1:1. A minimum of two rep-
licate measurements was taken.

The emf data were taken after additions of 0.050 cm?
increments of standard KOH solution, and after stabil-
isation in this direction, equilibrium was then ap-
proached from the other direction adding standard
nitric acid.

In the cases of copper (II) and nickel (II), the degree
of complex formation of the metal complexes was too
high to prevent the use of the direct potentiometric
method. Metal-metal competition titration methods
were used. Lead (II) and cadmium (II) were the second
metals used, respectively.

2.4.4. Calculation of equilibrium constants

Protonation constants K}' = [H,L]/[H; L][H] were
calculated by fitting the potentiometric data for the free
ligand to the HYPERQUAD program [16]. Stability con-
stants of the various species formed in solution were
obtained from the experimental data corresponding to
the titration of solutions of different ratios of the li-
gand and metal ions, also with the aid of the HYPER-
QuAaD program. The initial computations were
obtained in the form of overall stability constants or

Bwm, L, values:

M, H, L,
M]"[L)'[H]"

ﬁM,,,H,,L, =

The hydrolysis constants of the metal ions were taken
from the literature and kept constant for the calcula-
tions [17].

For ligand H,L1, the first protonation constant was
determined by "H NMR titration, due to its high value.
For this determination, a solution of H,L1
(~0.01 mol dm~?) was prepared in D,O and the pD
was adjusted by addition of DCI or CO,-free KOD with
an Orion 420A instrument fitted with a combined Ingold
405M3 microelectrode. The —log[D*] was measured di-
rectly in the NMR tube, after the calibration of the
microelectrode with buffered aqueous solutions. The fi-
nal pD was calculated from pD = pH* + (0.40 = 0.02),
where pH* corresponds to the reading of the pH meter
[18,19].

3. Results and discussion

The benzodioxotetraazamacrocycle H,L1 has been
synthesised and characterised as previously described
[6]. Reaction of H,L1 with CuCl, - 2H,O in ethanol, at
pH 6 in 1:1 (Cu: H,L1) molar ratio, resulted in a brown
solution, upon refluxing for 2 h. This solution was fil-
tered at room temperature and a small portion of meth-
anol added. Slow diffusion of MeOH led to green
monocrystals suitable for X-ray crystallographic analy-
sis. By X-ray diffraction analysis, the complex formed
was formulated as [Cu(L’1)CI] (1). This is a monomeric
Cu?* complex anchored by a modified benzodioxotetra-
azamacrocycle. In complex 1, the Cu is five-coordinated
by two nitrogen atoms of the macrocyclic backbone,
two oxygen atoms, one from one amide group and the
other from an acetate arm, and a chloride atom occupies
the fifth position. The second acetate arm of the macro-
cycle does not coordinate to the Cu and it has experi-
enced an in situ ethanolic esterification reaction. The
ORTEP drawing of 1 is shown in Fig. 2, and selected
bond lengths and angles are listed in Table 1.

The Cu(Il) centre displays a five-coordination envi-
ronment, which can be described as a square pyramidal
polyhedron (SP). The basal plane is defined by the N(3),
0(2), O(5) and the chloride atoms, while the apical posi-
tion is occupied by the N(4) atom.

Most of the Cu(Il) five-coordinate complexes known
display either distorted square pyramidal (SP) or dis-
torted trigonal bipyramidal (TBP) coordination geome-
tries. To evaluate the degree of distortion from the ideal
polyhedron mainly two methods have been developed.
The simplest method, which can be applied when there
is an apical bond distance longer then the others, is
based on the ratio of the two basal angles of the square
plane, which is given by the expression 7 =[(0 — ¢)/
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C13

Fig. 2. ORTEP view of the complex 1; thermal ellipsoids are drawn at
40% probability level.

Table 1

Selected bond lengths (A) and angles (°) for 1

Bond lengths

Cu-0O(5) 1.942(4) 0(2)-C(12) 1.265(7)
Cu-0(2) 1.964(4) O(5)-C(14) 1.264(8)
Cu-N(3) 2.100(6) 0(6)-C(14) 1.225(8)
Cu-N(4) 2.420(5) 0O(3)-C(16) 1.246(9)
Cu-Cl 2.2540(19) O(1)-C(7) 1.220(8)
0(2)-C(12) 1.258(6) 0O(4)-C(16) 1.319(10)
Bond angles

0O(5)-Cu-0(2) 172.66(18) Cl-Cu-N(4) 96.17(14)
O(5)-Cu-N(3) 89.30(17) C(13)-N4)-C(9) 111.1(5)
0O(2)-Cu-N(3) 83.60(17) C(13)-N(4)-C(8) 107.4(5)
O(5)-Cu-Cl 96.10(14) C(9)-N(4)-C(8) 111.9(5)
0(2)-Cu-Cl 91.12(13) C(13)-N(4)-Cu 99.3(3)
N(3)-Cu-Cl 173.54(17) C(9)-N(4)—Cu 100.7(4)
O(5)-Cu-N4) 81.25(18) C(8)-N(4)—Cu 125.6(4)
0(2)-Cu-N(4) 99.27(17) C(12)-0(2)-Cu 112.2(4)
N(4)-Cu-N(3) 81.10(18) C(14)-O(5)—Cu 119.7(4)

60] x 100 (%), being T = 0 for an ideal SP and t = 100 for
an ideal TBP coordination geometries [20]. For complex
1, the angles considered were Cl-Cu-N(3) and O(2)-
Cu-O(5), and the value calculated for t was 1.46%.
The square plane is folded along the axis defined by
Cl, Cu and N(3), yielding a dihedral angle between the
planes [Cl, N(3), O(5)] and [O(2), Cl, N(3)] of
5.65(23)°. The angle between basal plane and the apical
line Cu-N(4) is 78.91(15)°. The copper is 0.0217(24) A
above the basal plane and the apical N(4) atom is
2.348(6) A below this plane, yielding a Cu-N(4) apical
bond distance of 2.420(4) A, which is longer than the
copper nitrogen bond distance in the basal plane (Cu-
N(3), 2.100(6) A). The dihedral angle between the aro-
matic ring and the plane defined by the nitrogen atoms
of the macrocyclic backbone is 14.45(30)°, being the
copper atom 1.6750(31)A above this plane. The Cu-
N(3) bond distance is in the expected range of 1.99—

2.08 A, normally found for five-coordinated Cu(II) com-
plexes stabilised by amines [20a, 21].

In complex 1, the Cu-O(2) and Cu-O(5) bond lengths
are 1.964(4) and 1.942(4) A, respectively. As in other
five-coordinated Cu(Il) complexes, the bond Cu-O,pige
is slightly longer than Cu-Ocarboxylate- The Cu—Cl bond
length of 2.254(2) A in 1 is in the expected range [22].

The formation of the monomeric complex 1, de-
scribed herein, is certainly related with the reaction con-
ditions used for the synthesis and recrystallisation of this
complex (1:1 H,L1:CuCl, - 2H,0, pH 6, ethanol, 2 h re-
flux, slow diffusion of MeOH), which certainly were also
responsible for the in situ sterification of one carboxylic
acid arm. In fact, a dimer copper complex, isolated by
Fernando and co-workers [7], has been obtained by
reacting H,L.1 with CuCl, - 2H,O in basic aqueous con-
ditions and monocrystals were formed by the slow con-
centration of this solution. In the dimer, the Cu atom is
six-coordinated by two oxygen atoms of the carboxylate
arms, an oxygen from an amide group and two nitrogen
atoms from the macrocyclic backbone; the sixth coordi-
nation position being occupied by an oxygen atom of a
carboxylate arm from an adjacent molecule.

Taking into account that different complexes can be
formed using different reaction conditions and also the
potential interest of copper for biological applications,
we decided to study the coordination chemistry of this
ligand, including the determination of the stability con-
stants of H,L1 with Cu and also with other metals, such
as Ni, Zn, Cd and Pb, which also have biological inter-
est, due to their high toxicity. Spectroscopic measure-
ments were also performed in order to understand the
structure of some of the complexes in aqueous solution.

3.1. Acid-base behaviour

The acid-base behaviour of compound H,L1 has
been studied by potentiometry and by '"H NMR spec-
troscopy. Only four protonation constants were deter-
mined. From the remaining two constants, one is very
high (corresponding to the amide centre) and the other
very low to be determined. Indeed, in our work condi-
tions only one amide centre can be deprotonated, and
even this one at very high pH values, then the corre-
sponding constant was determined by '"H NMR spec-
troscopy. The protonation constants of H,L1 are
shown in Table 2 as well the values published in litera-
ture for other related tetraazamacrocyclic ligands shown
in Fig. 3.

Taking into account the structure of H,L1, results
published in the literature and our 'H NMR data
(see below), the values in Table 2 indicate that the first
protonation occurs at one amide nitrogen atom, as al-
ready mentioned. The second constant corresponds to
the protonation of an amine nitrogen, which in spite
of being a low value it is the usual number found for
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Table 2

Protonation constants (log units) for H,L1 and other similar ligands

Overall protonation constants H,L1* H,L1° H,L2%¢ H,L3%¢
[stepwise constants]

B 12.81(20) [12.81]

B 18.84(1) [6.03] 6.07 [6.07] 6.50 [6.50] 6.41 [6.41]
BRI 22.24(1) [3.40] 9.34 [3.27] 10.04 [3.54] 9.81 [3.40]
BHE 24.35(3) [2.11]

2 This work, 25.0 °C, 7=0.10 mol dm > KNOs, values in parentheses are standard deviations in the last significant figures.

 25°C, I=0.1 mol dm~> KCI, [7].
¢ 25°C, I=0.1 mol dm~> KCI, [23,24].

9 The f values shown were calculated based on the stepwise stability constants given by the authors.
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Fig. 3. Tetraazamacrocyclic ligands related with H,L1: H,L2 (2,9-
dioxo-1,4,7,10-tetraazacyclododecane-4,7-diacetic acid), H,L3 (2,9-
dioxo-1,4,7,10-tetraaza-cyclotridecane-4,7-diacetic acid), H,L4
(1,4-dioxa-7,10-diazacyclododecane-7,10-diacetic acid), L5 (1,4,7,10-
tetraazacyclododecane; cyclen), H4L6 (1,4,7,10-tetraazacyclodode-
cane-1,4,7,10-tetraacetic acid; dota), L7 (1,4,8,11-tetraazacyclotetrade-
cane; cyclam), H4L8 (1,4,8,11-tetraazacyclotetradecane-1,4,8,11-
tetraacetic acid; teta).

the protonation of amine centres in close proximity of
one electron-withdrawing amide group [25,26]. The
third constant corresponds to the protonation of the
acetate arm bound to the non-protonated amine nitro-
gen [25] and finally, the fourth constant can be attrib-
uted to the protonation of the remaining amine
nitrogen or the remaining acetate or both
simultaneously.

The first determined protonation constant is so high
that only could be determined by 'H NMR titration in
the pD range 8-15, Fig. 4.

pD

8 ppm

Fig. 4. "H NMR titration curves of H,L1: proton Hy, (O) and proton
H. (O).

The '"H NMR spectra of compound H,L1 exhibit
four resonances for the entire pD range. At high pD val-
ues, the spectra show two multiplets assigned to the aro-
matic protons (Hgq and H,) and two singlets, integrating
for four and two protons, assigned to the Hy, H, and
H,, respectively. At low pD values, the spectra show
only one multiplet resonance for the four aromatic pro-
tons (Hq/H.) and three singlets of equal intensity (2H)
for the H,, Hy, and H, protons.

The variation of chemical shifts (6) of the Hy, and H,
protons in function of pD values were used to determine
the first protonation constant. As can be seen in Fig. 4,
the ¢ are downfield shifted when the pD value increases.
The shifts are small, because the centre to be protonated
is far from Hy, or H, but significant enough to be used
for calculations. Based on these data, two pKp values
were determined independently, converted in pKy, and
the final pKy given by the average of these. The conver-
sion of the pKp values in pKy was made using the cor-
relation pKp =0.11 + 1.10pKy determined for polyaza
and polyoxa-polyaza macrocyclic compounds by Del-
gado et al. [18]. The average pKy value found was
12.81(4). However if all the experimental errors for the
determination of this value were taken into account a
standard deviation of about 0.2 should be indicated as
more realistic.
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The values determined in this work (see Table 2) for
the second and the third stepwise protonation constants
are comparable to the values previously reported by
Cathala et al. [6] and Fernando and co-workers [7]. It
was possible to determine the protonation constant of
one amide centre for H,L1, and not in the case of
H,L2 and H,L3 and many other similar cyclic amide
complexones studied by Fernando and co-workers
[23,24,26], due to the presence of the benzene ring in
H,L1 that turn the adjacent amide more acidic. How-
ever, the inclusion of this constant, and also the fourth
one, led to an overall basicity for H,L1, which is about
15 log units higher than the previously described value
with the consequent repercussions on the stability con-
stant values of its metal complexes.

Potentiometric studies of H,L1 with Cu®*, Ni**,
Zn**, Cd** and Pb*" were performed also at 25.0 °C
and 0.10 M ionic strength in KNOs, in order to deter-
mine the corresponding stability constant. The values
found are shown in Table 3, together with those taken
from literature for the related H,L2 and H,L3
macrocycles.

Only mononuclear species were formed with the stud-
ied metal ions, namely [M(H_;L1)]", [MLI1] and
[M(H_,L1)]>". The [M(HL1)]" species only appears
with Ni**, while [M(H_3L1)]>~ is formed with Cu**
and Cd**.

At physiological pH, the [M(H_;L1)]” complex is
formed at about 100% for Cu®" and Ni**, while for
Pb>* and Zn*" this species is the main complex only at
pH > 9, and for Cd** the amount of [Cd(H_,L1)]”
formed is low at physiological pH, being [ML1] always
present. This information suggests that Ni** and Cu**
easily deprotonate the first amide centre, while the other
studied metal ions only manage to do it at higher pH
values. Even though the thermodynamic stability con-
stants do not give structural information, being impossi-
ble to ascribe the acid—base reactions that occur at high
pH values to amide deprotonation or to the hydrolysis
of water molecules directly coordinated to the metal cen-
tre. Based in these experiments is also impossible to real-
ize if a structural arrangement occurs upon
deprotonation of the amide centre for the nickel and
copper complexes. However a slow reaction occurs after
the deprotonation of the first amide centre for the case
of nickel, because it was found completely different
potentiometric curves when the solution containing the
metal and ligand in a 1:1 ratio is titrated with base (for-
mation of complexes) or with acid upon the complete
formation of complexes which clearly suggests a struc-
tural rearrangement (supplementary material).

The Ni(IT) complex [M(H_;L1)]” exhibits the highest
thermodynamic stability constant followed by Cu(Il)
being the corresponding values significantly lower for

Table 3
Stability constants (log units) for complexes of H,LL1 and other related ligands with several divalent metal ions (charges were ignored)
Ton Equilibrium quotient H,L1?* H,L1° H,L2°¢ H,L3%¢
Niz+ [MLY[M] x [L] 17.73(8) 9.4 11.27 10.08
[M(HL)J[M] x [H] x [L] 22.81(3) 12.82 11.68
[M(H,L)J/[M] x [H]? x [L] 27.04(6)
[M(H_, L)J[M] x [H]"" x [L] 8.76(5) 2.5 1.97 —0.60
[M(H_,L)J[M] x [H] 2 x [L] ~11.93 ~10.38
Cu** [MLY/[M] x [L] 17.13(5) 9.04 11.34 10.46
[M(HL)J[M] x [H] x [L] 21.72(4) 12.63 11.55
[M(H_, L)J[M] x [H] " x [L] 8.54(6) 4.51 4.04 3.08
[M(H _,L)J/[M] x [H] 2 x [L] ~2.70(7) 433 ~6.37 297
Zn** [ML}/[M] x [L] 13.23(4) 7.56 8.98 9.13
[M(HL)J/[M] x [H] x [L] 20.40(2) 10.45 11.49
[M(H_,L)/[M] x [H] " x [L] 2.68(6) 0.42 —0.58 —0.84
[M(H_,L)J[M] x [H] 2 x [L] ~10.84 —12.52 ~12.08
Cd?* [MLY[M] x [L] 12.68(5) 73 7.4
[M(HL)J[M] x [L] x [H] 19.84(2) 9.9 9.6
[M(H_,L)J[M] x [H] ' x [L] 2.48(6) -3.1 -32
[M(H_,L)J[M] x [H] 2 x [L] —9.42(4) —15.4 ~15.2
Pb2* [MLJ/[M] x [L] 13.43(2)
[M(HL)J/[M] x [H] x [L] 20.88(1)
[M(H_,L)J[M] x [H] ' x[L] 3.60(3)

4 This work; 25.0 °C, I=0.10 mol dm > KNOs, L is H_;L1°", the resulting species upon three successive deprotonation reactions of H,L1,
including the deprotonation of one amide group, see text; values in parentheses are standard deviations in the last significant figures.

 25°C, I=0.1 mol dm™* KCl, [7].

©25°C, I=0.1 mol dm—* KCl, [23,24].

9 The f values shown were calculated based on the stepwise stability constants given by the authors.
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the other three metal ions, Pb, Zn and Cd. The trend
[Ni(H_,L1)]” > [Cu(H_;L1)]” > [Pb(H_,L1)]” > [Zn
(H_{L1)]” > [Cd(H_{L1)]” does not follow the usual Ir-
ving—Williams order of stability [27]. However, analo-
gous trends have already been reported. In general,
steric requirements of the ligands on complex formation
(macrocyclic type or other) or coordination geometry
preferences are on the basis of the inversion of stability
for the nickel and copper complexes [28].

The stability constant values of H,L1 with all the
metals studied are higher than the previously reported
[7], which is expected on the basis of the different pro-
tonation values presented. The direct comparison of
values of this work and the previously reported ones
can be made by the calculation of pM (—log[M**])
values. In Table 4 are shown the pM values for the
different complexes together with those calculated
from the potentiometric data for other related ligands
(see Fig. 3), at physiological pH [29]. The pCu and
pZn values for H,L1 calculated using our stability
constants are identical, but the pNi is higher, than
the reported ones.

The discrepancy found for Ni probably results from
the very high value of its stability constant added to
its slow kinetic formation. Indeed this constant, as
well as that for the copper complex, was determined
by a competition reaction (see Section 2) because the
complex is completely formed at the beginning of
the titration, this means at very low pH values, see
Fig. 5. The ligand H,L3 presents lower pM values
when compared with those of H,L1, except for zinc.
The lower values for H,L3 are expected due to the lar-
ger cavity size of this macrocycle, although the high
value presented for Zn is not expected. The pM values
for H,L1 and H,L2 are very similar suggesting that
the introduction of the benzene ring into the frame-
work of H,L1 has a minor influence on complex for-
mation, or that the donor atoms involved in the
coordination to the metal are not specially affected
by the presence of the benzene ring.

Table 4
PM (—log[M>*])® values determined for metal complexes of H,L1 at
physiological pH

Ion H,L1* H,L1° H,L2° H,L3°
Ni2* 12.32 9.99 11.67 10.04
Cu** 11.73 11.91 11.64 11.83
Zn** 8.00 7.99 8.93 9.09
cd* 7.45 7.88 7.90
Pb>* 8.33

2 This work.

® Ref. [7].

¢ Ref. [23,24].

4 The values were calculated for 100% excess of free ligand, using
the program Hyss [29], Cp. =2Cy = 1x 107> mol dm™>, and the sta-
bility constants given in Table 2.
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Fig. 5. Species-distribution diagrams for the Pb**, Cu®" and Ni**
complexes with H,L1 in water, Cp. = Cy = 4.201 x 107> mol dm 3.

3.2. Spectroscopic studies in solution

The UV-Vis-near IR spectra of the Ni(I) and the
Cu(II) complexes, and the X-band EPR spectra of the
Cu(II) ones were recorded at pH values of about 3, 6.5
and 10 for the copper complexes and about 4, 8 and
11 for the nickel ones. The selected pH values corre-
spond to the maximum percentage of [ML], [M(H_{L)]™
and [M(H_,L)]*~ species, respectively, with minimum
percentage of the other species present, as shown on
the species distribution diagrams, see Fig. 5.

3.3. UV—Vis-near IR spectra
The electronic spectra of the Ni/H,L1 complexes ex-

hibit at all pH values three main bands typical of dis-
torted octahedral or square pyramidal geometries: one
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in the range 1008-952 nm (broadband), the second in
the range 597-562 nm and the third at about 380 nm,
(Table 5). The spectra were recorded upon full stabilisa-
tion (about 18 h) of solutions at each pH. Indeed the
slow kinetics, already verified in the potentiometric mea-
surements, was confirmed, the final spectra displaying
important differences in number of bands and absorp-
tion maxima from those recorded immediately upon
preparation.

The visible and especially the near-IR bands shift to
higher energies (of about 50 nm for the first and 35 nm
for the second one), when the pH increases from 3.76
to 11.39. The observed blue shift indicates an increase
of the ligand field, suggesting the coordination of an
additional donor atom to the metal centre. The increase
of the molar absorptivity accounts to a more distorted
geometry of the complex.

The electronic spectra of the copper complexes are
not especially informative about the adopted geometry
in solution, however the band in the near-IR region
points to a distorted geometry, and the blue shifts
of the visible band with the increase of the pH were
also observed, see Table 5. However, a faster kinetics
of formation of the copper complex in comparison
with that of nickel was noted, as already mentioned
above.

3.4. EPR spectroscopy of copper complexes

The EPR spectra of copper complexes in solution at
different pH indicated the presence of only one species,
while the EPR spectrum of the solution obtained by dis-
solving the crystals of 1 in DMSO/H,O indicated the
presence of two species, see Fig. 6. All spectra showed
the expected four well-resolved lines at low field, due
to the interaction of the unpaired electron spin with
the copper nucleus. The hyperfine coupling constants
(A) and g values obtained by the simulation of the spec-
tra [30] are shown in Table 6, together with those of
other copper (II) complexes taken from literature for
comparison. The simulation of the spectra indicates
three different g values with g. > (g + g,)/2 and the low-

Table 5
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Fig. 6. X-band EPR spectra of copper complexes of H,L1 in
~2x 107> mol dm™ and 1:1 H,O/DMSO solutions (black lines) and
its simulated spectra (grey lines) at different pH values: (a) pH 3.51; (b)
pH 6.37 and (c) pH 10.26. The spectrum of a solution of 1 in 1:1 H,O/
DMSO (pH 3.23) is also shown (d). All the spectra were recorded at
96 K, microwave power of 2.0 mW and modulation amplitude of
I mT. The frequency was 9.405, 9.407, 9.408 and 9.407 GHz,
respectively.

est g = 2.04, which is characteristic of mononuclear
copper (II) complexes having rhombic-octahedral with
elongation of the axial bonds or distorted square-based
pyramidal symmetries, and d,._,» ground state.

At the three pH studied, the complexes have g. and
A. parameters consistent with different type of donor
atoms close lying the metal. At pH 3.51, these parame-
ters are consistent with N,O, equatorial coordination
sphere [31]. The differences between them can be visual-
ised in the diagram g. versus 4. presented in Fig. 7, and
rationalised in terms of different axial field for each
complex. Indeed, the g; and A, values are related to
the electronic transitions by the factors derived from
the ligand-field theory [32,33]: the g; values increase

Spectroscopic UV-Vis-near IR data for the Ni** and Cu** complexes of H,L1 at several pH values in aqueous solution and 25 °C

Complex pH Jmm (e/mol~" dm® cm™1)
Ni?*/H,L1 3.76 1008 (27), 597 (8), 375 (19)
8.02 1151 (28), 1036 (sh., 26), 959 (30), 842 (sh., 20), 595 (20), 363 (sh., 34), 339 (sh., 40)
11.39 1147 (27), 1017(sh., 31), 952 (39), 850 (sh., 30), 562 (24), 342 (sh., 65)
Cu*'/H,L1 3.51 752 (65), 487 (sh., 24), 382 (69)
6.63 1020 (sh., 22), 670 (61), 444 (sh., 60), 375 (450)
10.10 643 (sh., 160), 560 (186), 384 (197)
1* 3.23 704 (54), 382 (133)

& Crystals of 1 dissolved in aqueous solution.
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Table 6
Spectroscopic EPR parameters for the copper (II) complexes of H,L1 and other related ligands taken from literature (4; x 10* cm™!)
Ligand/complex (pH) gy g 8- A A, A:
H,L1 (3.51)* 2.060 2.088 2.338 1.7 7.9 155.1
H,L1 (6.37)* 2.050 2.080 2.293 3.1 12.8 161.4
H,L1 (10.26)* 2.039 2.064 2.194 2.5 13.5 186.8
1 (3.23)* A 2.060 2.088 2.336 1.4 6.4 153.6
B 2.050 2.081 2.293 2.5 11.9 163.8
H,L1 (6.6)° 2.035 2.090 2.290 165.1
H,L1 (12.0)° 2.040 2.195 190.2
H,L3 (<7)° 2.039 2.073 2.336 147.0
H,L3 (>7)° ~2.0 2.190 188.0
H,L4 ¢ 2.045 2.073 2.251 5.4 16.6 187.8
L5°¢ 2.057 2.198 24.1 184.2
L7¢ 2.049 2.186 38.7 205.0
H,L6° 2.062 2.300 150.3
H,L8° i 2.050 2.249 168.0
Cu(H,0)¢' 2.08 2.4 134.0
# This work.
® Ref. [7].
¢ Ref. [23].
9 Ref. [36a].
© Ref. [36b,36¢].
T Ref. [36d].
210 1 . .
o A. parameters suggest that the crystals of 1 in solution
200 1 have a different structure than in the solid state, as the
190 1 & _ chloride atom is probably replaced by an oxygen of a
150 4 A water molecule. The resulting parameters are consistent
E with a mixture of the spectrum of H,L1 at pH 3.51 (spe-
= . . .
< 1707 ° N cie A) and of H,L1 at pH 6.37 (specie B), being the first
= . . . . .
= 160 1 be® in a higher proportion (about 75%). This suggests that
1504 N an equilibrium between the two corresponding struc-
o tures is responsible by the observed EPR spectrum.
1407 5 The A. versus g. diagram shown in Fig. 7, together
130 , , , , , , with the known geometries of some of the complexes ta-
2.15 2.20 2.25 2.30 2.35 2.40 2.45

gz

Fig. 7. Diagram A. vs. g. EPR parameters for the copper (II)
complexes studied (x) and others from literature formed with the
following ligands: ® a H,L1 (pH 3.51), ¢ h H,L1 (pH 6.37), ® ¢ H,L1
(pH 10.26), @ d 1 (specie A), ® e 1 (specie B), + H,L1 (pH 6.6) [7], ®
H,L1 (pH 12) [7], @ H,L3 (pH > 7) [23], O H,L3 (pH < 7) [23], —
H,L4 [36a], © L7 [36b,36¢], A L5 [36b,36¢], A H4L6 [36b,36¢], ® H L8
[36b,36c] and * Cu(H,0)e [36d].

and the A; values decrease as the equatorial ligand field
becomes weaker or stronger the axial ligand field and
this occurs with the simultaneous red-shift of the d-d
absorption bands in the electronic spectra (see Tables
5 and 6) [33-35]. Herein, when the pH increases a
blue-shift is observed, and simultaneously the g. de-
crease and the A. values increase, which is consistent
with the increase of the equatorial field. These features
are also consistent with the potentiometric results, which
have shown that the deprotonation of one amide nitro-
gen atom occurs at pH ~ 6.

The EPR spectrum of crystals of 1 showed that two
species are present in different proportions. The g. and

ken from the literature [36], allow the following consid-
erations: (1) the right region of the diagram, having
higher g. and lower A. values, is occupied by complexes
with oxygen atoms in the equatorial plane, such as
Cu(H;0)¢ (¥); (2) in the middle region of the diagram
complexes with octahedral geometry are found, having
the four nitrogen atoms of the macrocycle forming the
equatorial plane and oxygen atoms in the axial positions
(@ H4L8); (3) the complexes having four nitrogen atoms
of the macrocyclic ring at the equatorial plane are lo-
cated in the left part of the diagram and exhibit
square-planar (© L7) or square pyramidal (A L5) geom-
etries. The parameters of the copper complexes of H,LL.1
change considerably with the increase of the pH, with
the decrease of g., the increase of 4. and a correspond-
ing blue shift, accounting a stronger equatorial ligand
field. Indeed, at pH 3.5 these parameters are consistent
with a N,O, coordination sphere, while those for the
complexes at pH ~ 6 and ~10 point to arrangements
with stronger equatorial ligand fields, in agreement to
the presence of an increased number of nitrogen as do-
nor atoms.
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4. Concluding remarks

Although H,L1 was reported before, the present
study allowed to extend the knowledge of its behaviour
and of its metal complexes in solution and in the solid
state. Our potentiometric and "H NMR studies revealed
that the deprotonation of one of the amides occurs at a
pH lower than usual due to the presence of the benzene
ring into the macrocyclic backbone, allowing its deter-
mination. It was also verified that the nickel complex
has a thermodynamic stability higher than the copper
one, and therefore the usual Irving-Williams trend of
stability is not found, probably due to steric strain im-
posed by the ligand.

By reacting H,L1 with [CuCl,] - 2H,0, in EtOH at
pH 6 and using the 1:1 M/L molar ratio, the monomeric
complex 1 was obtained. This complex is quite different
from the dimeric Cu®>" complex isolated previously by
Fernando and co-workers [7].

Based on the electronic data, it was possible to pre-
dict that at low pH values (pH 3.51) two amine nitro-
gen atoms and two oxygen atoms from the acetate
arms or from the amides of the framework are in-
volved in the coordination sphere of the Cu, as the
EPR parameters are consistent with a N,O, donor
atoms close lying the metal [31] and the X-ray structure
of 1 also suggests. At higher pH values (about 6), the
EPR parameters are consistent with a N3O equatorial
coordination sphere for the copper, in agreement also
with the blue shift of the band in the visible region.
This means that the deprotonation of the amide of
the macrocyclic backbone, which occurs in this pH
range, leads to a rearrangement of the complex with
the repositioning of the Cu atom towards the centre
of the macrocycle for the coordination to this amide
nitrogen. This probably also happens with the nickel
complex, and in this case the rearrangement is kineti-
cally slow, as observed by our potentiometric and
UV-Vis results. At high pH values is impossible to pre-
dict, based only on our potentiometric experiments, if
the deprotonation of the second amide of the macrocy-
cle occurs or if the proton that is titrated in this region
derive from the hydrolysis of a water molecule directly
coordinated to the metal ion. However, the EPR spec-
tra showed unambiguously that, at least for the copper
complex, the increase of the strength of the equatorial
ligand field at high pH can only be ascribed to the con-
tribution of the fourth nitrogen of the macrocycle on
the metal coordination.
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