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Abstract

The stability constants of complexes of the macrocyclic ligand do3a-pic*” (H,do3a-pic = 2,2',2"-{10-[(6-
carboxypyridin-2-yl)methyl]-1,4,7,10-tetraazacyclododecane-1,4,7-triyl }triacetic acid) with several divalent
metal ions (Pb**, Cd**, Zn®*, Cu®*, Ca*", and Mg*") have been determined by using pH-potentiometric
titrations (1= 0.1 MKCI, 25 °C). The stability of these complexes follows the trend Cu®*>
Cd** =~ Pb*" =~ Zn** >> Ca®* >>Mg?. A particularly high stability constant has been determined for the
Cu? complex [log Ky = 23.20(4)]. Analysis of the titration curves indicate the presence of protonated
forms of the complexes in solution, with protonation constants of log Kygix) = 6.9-2.0 (x =1, 2, or 3). The
structure of the complexes in solution has been investigated by using *H and **C NMR spectroscopy and
DFT calculations performed in aqueous solution at the TPSSh/6-31G(d) level. In the case of the Pb** and
Cd** complexes, relativistic effects were considered with the use of relativistic effective core potentials.
Calculations show that the complexes with the largest metal ions (Pb*" and Ca?*) are nine-coordinate, with
their coordination polyhedra being best described as capped twisted square antiprisms. The Cd* and
Mg”" complexes are seven-coordinate, with the metal ions being bound to the four nitrogen atoms of the
cyclen unit and the three acetate pendant arms. Finally, in the Cu?* and Zn®* complexes, the metal ions are
six-coordinated, with the metal ions being asymmetrically placed inside the macrocyclic cavity of the ligand,
and the coordination polyhedra can be described as an octahedron and a trigonal prism, respectively.
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Introduction

Selective complexation of metal ions is an important requirement for the use of metal complexes for a range
of applications in medicine. Indeed, chronic intoxication with a range of metal ions can be treated with the
administration of a suitable chelating agent.! Chelates for application in the treatment of metal ion
intoxication must form stable complexes with the target metal ion while providing a clear selectivity for the
metal ion to be removed with respect to those essential for vital processes (for instance Ca®*, Zn*" or Cu*").1

Metal ion complexes also have important implications in the fields of magnetic resonance imaging (MRI)
and positron emission tomography (PET). In MRI, image contrast is normally improved with the
administration of a contrast agent, often a paramagnetic complex of Mn?* or Gd* .l It has been shown that
the toxicity of such contrast agents depends not only on the thermodynamic stability of the chelate, but also
on the selectivity of the particular ligand for the paramagnetic metal ion over endogenous ions such as
Zn?* B Additionally, a high kinetic inertness of the complex towards metal ion dissociation is also very
important to avoid the undesirable release of the metal ion." Significant progress has also been achieved in
the last years in nuclear medicine to prepare new imaging and therapeutic agents containing radioactive
copper ions such as®Cu and ®Cu.”’ The use of these radioisotopes for PET imaging requires the
development of specific ligands that are able to form highly stable complexes with the radioactive metal ions
and good selectivity over Zn?* to avoid their transchelation in biological media.™

Macrocyclic ligands are endowed with a certain degree of rigidity that often results in superior selectivity for
the complexation of specific metal ions when compared with non-macrocyclic analogues. Among the
different macrocyclic platforms designed for metal ion complexation, tetraazamacrocycles such as cyclen
(cyclen = 1,4,7,10-tetraazacyclododecane) play an important role. Furthermore, cyclen can be easily
functionalized with different types and number of pendant arms, ranging from one to four, which allows a
wide variety of systems to be designed for specific applications. The cyclen-based ligand containing four
acetate pendant arms H,dota [1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid, Scheme 1] remains
one of the more efficient chelators for large metal ions such as the lanthanide ions, Y** and Pb*".2% On the
other hand, cyclen-based ligands containing one or two pendant arms have been shown to provide very stable
complexes with different transition-metal ions including Cu?*.0!

In recent papers, we have reported a series of macrocyclic™™** and non-macrocyclic™*® ligands containing
picolinate units that show interesting coordination properties towards divalent metal ions such as Pb**. Some
of these ligands showed an significant degree of selectivity for Pb* over endogenous metal ions such as
Zn?" and Ca?" ™" which paves the way for their application in chelation treatment of metal ion intoxication.
As a continuation of these works, herein we report a detailed characterization of the complexes with the
macrocyclic ligand do3a-pic* and the divalent metal ions Pb?, Cd**, zZn**, Cu®*, Ca*", and Mg*. The
thermodynamic stability constants of the different complexes have been determined by using pH-
potentiometry, whereas the structure of the complexes in solution has been investigated by using NMR
spectroscopy and density functional theory (DFT) calculations.

Results and Discussion

Stability Constants of the [M(do3a-pic)]>~ Complexes

The stability constants of the do3a-pic*” complexes formed with different divalent metal ions (Mg, Ca**,
Cu®, zZn*, Cd*, and Pb*) were determined by pH-potentiometric titrations. The relatively fast
complexation kinetics of do3a-pic*” complexes with the divalent metal ions allowed the determination of
stability constants by using direct potentiometric titrations, in contrast to those formed with the
lanthanide(IIT) ions, which required the use of the “out-0f-cell” technique.'” The protonation constants of



do3a-pic* in 0.1 M KCI have been reported previously (log K; = 10.91, log K, = 9.41, logK; = 4.89, and
log K, = 3.79).1 Al titrations were performed with solutions containing equimolar amounts of ligand and
the corresponding divalent metal ion. No evidence for the formation of complex species with different
stoichiometry was obtained from analysis of the 1:1 titration curves. Furthermore, high-resolution mass
spectra (ESI) recorded from aqueous solutions containing equimolar amounts of ligand and divalent metal
ion (pH 5.4-6.9) show intense peaks due to the [M(L)Na] and [M(LH)] entities, whereas no peaks
attributable to complex entities with different metal/ligand ratios were detected. This confirms the formation
of 1:1 complexes in solution (see Figures S1-S5 in the Supporting Information).
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Scheme 1. Ligands discussed in the present work.

The stability constants of the metal chelates and the protonation constants of the complexes are expressed in
Equations (1) and (2), respectively.
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The constants and standard deviations are given in Table 1, which also lists the stability constants of metal
complexes with related ligands (Scheme 1).



Table 1. Stability constants of the [M(do3a-pic)]* complexes
(1=0.1 MKCI, 0.1 M KNO; or 0.1 M Me;,NNO; 25 °C) and related systems.

M do3a-pic*- do3a-sa* do3a® dota* bp12c4* bal2c4?
0.1 M: KCI™ Kcit! KcI®! Me,NNO, kI KNO,®  KcCI™ Me,NNO,%
Mg  log KuqL 10.44(7) 11.87(4) 11.64(3) 11.91 11.15 5.62
logKwgue  6.89(11)  10.93(3) 3.92
log Kpgroe  6.37(8)
Ca logKea 14.82(4) 13.68(3) 12.57(1) 17.23 16.37 10.0 12.09 8.50
logKear  4.59(5) 10.64(2) 4.60(9)  3.54 3.60 3.76
log Keaa ~ 4.32(10)  5.20(3) 4.19
cu™  log KeyL 23.20(4) 26.27(6) 25.75(7) 22.25 22.72 19.56 15.95
logKewe — 4.17(2) 10.14(1) 3.65(2)  3.78 4.45 6.52
logKege  3.31() 3.97(2)  1.69(6)  3.77 3.92
logKense  1.97(7)  2.00(2)
Zn  log Kz 20.25(3) 21.79(2) 21.57(1) 21.09 15.78  18.12 12.28
logKzm — 4.42(2) 10.29(2) 3.47(1)  4.18 2.31

log Kzpmo  3.06(1) 3.74(2) 2.07(1) 3.52
log Kznna  1.98(10)  2.99(1)
Pb log Kpp. 21.04(1) 23.69 24.3 15.44 12.43
log Kpphi 4.29(1) 3.86 3.3 2.52
log KpphaL 3.11(1)
log Kppps 2.13(2)

Cd  logKcaL 21.33(5) 21.31 16.84 14.09
10g KCdHL 424(3) 4.39
log Kegra  2.94(2) 3.03

log Kegra  2.59(2)

[a] This work. [b] Ref. 24a. [c] Ref. 18,19. [d] Ref. 20. [e] Ref. 12. [f] Ref. 21. [g] Ref. 22. [h] Determined by

simultaneous fitting of UV/Vis and pH-potentiometric data (AA = 0.0103). The following fitting parameter values were

observed for 40-165 data pairs fitted: 3.47 x 107> cm® (Mg?"), 2.73 x 10~ cm? (Ca®"), 5.08 x 10~* cm® {for the

3Cu2+3syste2m, but only the deprotonation of [Cu(Hdo3a-pic)]" can be assumed}, 0.99 x 10~ cm® (Pb?*) and 3.68 x 10~
cm® (Cd*).

The titration data obtained for Ca* and Mg* ions were fitted to a model in which only mononuclear
complexes were assumed. However, the fitting considerably improved (by lowering the fitting parameter
close to 0.003 cm®) when protonated (mono and di protonated) complexes were included in the model. The
fitting of the titration data obtained for Cu*", Zn*", Cd*, and Pb*" ions indicated large differences between
the fitted and measured titrations curves in the acidic pH range (pH 1.80-2.60), which indicates that a third
protonated form of the complex (tri protonated [M(H,L)]) must be taken into account. The Mg?" complex
form protonated complexes that are characterized by high protonation constants [log Kygn = 6.89(11) and
log Kygha = 6.37(8)] compared with those obtained for the other systems investigated (log Kyn < 4.6).
These high protonation constants can only be explained by protonation of the N atoms of the macrocycle,
which reflects a weak coordination of these donor atoms to Mg?*.

For the Cu®*—do3a-pic* —H" system, the titration data indicated the absence of free metal ion at the beginning
of the titration (at pH = 1.754 in our case), hence only the lower limit of the stability constant can be
estimated from pH-potentiometric data, which turned out to be log Kcy(doza picy = 23.0 (this value would result
in 5 % of the total Cu®* present in uncomplexed form at this actual pH). A slightly higher stability constant of
the [Cu(doSa-pic)]Z‘ complex log Kicyozapicy) = 23.20(4) was obtained by simultaneous fitting of the UV/Vis



(batch samples in which the acid concentrations were varied so that UV/Vis spectra were obtained in the pH
range of 1.80-10.94) and pH-potentiometric data measured at two different total concentrations (1.93 and
2.97 mM). By studying the equilibrium in the Cu®*:do3a® system, Kaden et al. pointed out that the stability
constant of the [Cu(do3a)] complex was highly dependent on the equilibrium model used for the
fitting.!” By considering only [Cu(L)]", [Cu(HL)], and [Cu(H,L)]" species, a stability constant of
log K([Cu(do3a)]) = 23.1 was calculated, whereas when the triprotonated [Cu(HsL)]*" complex was
included, a stability constant of log K([Cu(do3a)]") = 26.49 was obtained. Besides these, the triprotonated
Cu*complex was also detected recently for a do3a derivative ligand incorporating a sulfonamide pendant
arm.” Similarly, for the Cu?:do3a-pic* system, the fitting of pH-potentiometric data by considering
[Cu(L)]*, [Cu(HL)], and [Cu(H,L)] species resulted in a stability constant of log K[Cu(do3a-pic)]* =
22.32(9), with an acceptable fitting parameter (0.0088 cm?®). However, the formation of the tripotonated
complex in acidic samples with pH< 1.80 (the usual starting point of the pH-potentiometric titrations)
containing mostly [Cu(H,do3a-pic)] was evident when the given sample was acidified further (Figure 1, see
also Figures S6 and S7 in the Supporting Information). Lowering the pH of a sample containing equimolar
amounts of Cu** and do3a-pic* ligand at pH 2.0 results in an increase in the color intensity, which indicates
the formation of a triprotonated species under these conditions. The decomplexation ([Cu(H.do3a-pic)] +
H* [Irarr2] Cu** + Hido3a-pic’) would lead to a decrease in absorption due to the much lower molar
absorption coefficient of the Cu?  aqua ion in comparison to the molar absorption coefficient of the
[Cu(H,do3a-pic)] species. The formation of the [Cu(H,do3a-pic)] complex from [Cu(Hsdo3a-pic)]* resulted
in a blue hypochromic shift of the absorption maxima (of ca. 15-16 nm), whereas further deprotonations
resulted in pure hyperchromic shift of the band maxima. These results suggest that in [Cu(H,do3a-pic)] and
[Cu(Hdo3a-pic)] complexes protonation most likely occurs at the sidearms that are not coordinated to the
Cu® ion. However, it is difficult to propose the third protonation site in the [Cu(Hsdo3a-pic)]" complex.
Indeed, protonation of Cu®* complexes with concomitant decoordination of a pendant arm often results in
significant shifts of the absorption maximum associated with d-d transitions.’?® The redshift in the absorption
maximum observed for the [Cu(Hsdo3a-pic)]” complex is close to that found for the axial displacement of a
carboxylate donor group (19 nm) in [Cu(nta),]* (nta = nitrilotriacetic acid), which suggests that the
protonation is very likely affecting the donor atom coordinated in the axial position of the complex.®!

Figure 1. Absorption spectra of the Cu?*—do3a-pic system as a function of pH recorded at pH 0.25-10.95
([HCIJ+[KCI] = 0.1 M, [Cu?®*] = [do3a-pic] = 2.0 mM, | = 1 cm, 25 °C).



The stability constants shown in Table 1 indicate that the stability of the complexes formed with do3a-pic*

are somewhat lower than the stability of analogous [M(dota)]*>" complexes. This can be explained in terms of
lower overall basicity of the do3a-pic* ligand (Zlog K" = 29.0) in comparison to dota* (Zlog K;" = 30.4).
However the stability constant of the [Cu(do3a-pic)]* complex is approximately 1 log K unit larger than that
reported for the [Cu(dota)]* complex. The explanation for this is not yet clear, but it is very likely that the
published stability constants of the [Cu(dota)]>” complex are underestimated. There are some published data
available supporting this explanation: the stability of the [Pb(dota)]*> complex determined by Pippin and co-
workers by UV/Vis measurements turned out to be 1.5-2.0 log K units higher than that of [Cu(dota)]*.®! On
the other hand, the less basic do3a®ligand also seems to form more stable complexes with the Cu®" ion than
dota* (log Kcu. = 25.75 vs. log Key = 22.25 for do3a® and dota*, respectively).*#!

The log Ky, determined for the Cu®* complex is approximately 2 log K units higher than those of the
Pb* and Cd*" complexes, and 3 log K units higher than that of the Zn**analogue. The stability constants
determined for the Ca? and Mg complexes are considerably lower. However, the comparison of the
complexometric ability of ligands with different basicity is not correct if the competition of the ligands for
the proton is not taken into account. Thus, we have calculated the residual free M?" concentration in solution
at physiological pH, defined as pM =—log [M*]see With [M*] =1 uM and [do3a-pic*] = 10 uM. The results
are shown in Figure 2 and Table 2. The pM values calculated for the complexes of bal2c4® are clearly lower
than those obtained for do3a-pic*", dota*, and bp12c4?, which reflects a lower stability of the complexes of
the former ligand. The do3a-pic*, dota*, and bp12c4? ligands provide similar pM values for all complexes
investigated of a particular metal ion, with the notable exception of the Cu®* complex of dota*’, which shows
a pM value lower than expected taking into account that determined for do3a-pic*. Furthermore, the trends
observed for the pM values obtained for do3a-pic* and bal2c4? are very similar, with the highest pM value
being observed for Cu?*. These results appear to confirm the hypothesis that the reported stability of the
Cu®* complex of dota* has been underestimated. We also notice that the stability of the Pb** complex of
dota* is slightly higher than that of the Cd*" analogue, whereas this situation is reversed for do3a-pic*,
bpl2c4®, and bal2c4®. The results presented in Figure 2 indicate that ligands based on 12-membered
macrocycles such as 1,7-diaza-12-crown-6 and 1,4,7,10-tetrazacyclododecane do not provide a significant
discrimination between Zn*, Cd**, and Pb** ions, but show clear selectivity for any of those over Ca*" and
Mg,

Table 2. Comparison of the pM values calculated for do3a-pic*” complexes and related systems.®

do3a-pic* ' do3a-sa* !  do3a* dota* [ bp12c4® ! ba12c4* M
Mg 6.3 6.3 6.3 6.3 - 6.01
Ca 10.3 7.5 8.9 11.2 9.6 7.0
Zn 15.7 15.2 15.8 15.1 15.3 10.8
Cd 16.8 - - 15.3 16.4 12.6
Pb 16.5 - - 16.5 15.0 10.9
Cu 18.6 19.6 20.0 16.2 - 14.4

[a] pM =—log [M]sree at pH 7.4 for [M?*] =1 uM, [L] = 10 uM. [b] this work, I = 0.1 M KCI.
[c] Ref. 24a. [d] Ref. 18,19 0.1 M Mes,NNO:s. [e] Ref. 12 0.1 M KNOs. [f] Ref. 22 0.1 M
MeyNNO3.
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Figure 2. pM values calculated for the complexes reported in this work and related systems.

NMR Spectra

The *H and **C NMR spectra of diamagnetic [M(do3a-pic)]* complexes (M = Mg, Ca, Zn, Cd, Pb) were
recorded in D,O solution at 298 K (pD 7.4). The *H NMR spectra of Pb**, Cd**, Ca*", and Cd*" complexes
(Figure 3) show broad signals for the proton nuclei of the cyclen unit at approximately 2.0-4.0 ppm. This
indicates the presence in solution of intramolecular dynamic exchange processes. In the case of the Ca** and
Pb?* complexes, our DFT calculations (see below) provide nine-coordinate minimum energy conformations
that correspond to the A(AMAL)/A(8668) enantiomeric pair, with other minimum energy geometries presenting
considerably higher energies. Thus, the intramolecular dynamic exchange processes observed for these
complexes are probably related to the A(AAAL)«<>A(5000) enantiomerization process, which requires both
rotation of the pendant arms and inversion of the cyclen unit.?? For the Cd*" complex, similar
interconversion processes, most likely involving six- or seven-coordinate species, are also responsible for the
line broadening observed in the *H NMR spectra. The situation is probably different for the Mg®* complex,
which presents a significant population of a protonated complex species at the pH values used for NMR
measurements (Figure S9).

The "H NMR spectrum of the Zn®* complex is well resolved, and could be assigned with the aid of standard
homonuclear 2D COSY and heteronuclear 2D HSQC and HMBC experiments (Table 3). Both the *H and **C
NMR spectra are in agreement with an effective C; symmetry of the complex in solution, which points to a
fast interconversion between the A and A optical isomers arising from the different orientations of the
pendant arms. As a result, the signals of the methylenic protons H7, H10, and H14 are observed as singlets in
the 'H spectrum, instead of the AB spin patters normally observed when the arm rotation process is slow on
the NMR timescale.'” In contrast, the proton nuclei of the cyclen unit are diastereotopic, indicating that the
ring inversion process leading to a (AAMAA)«>(3309) interconversion is slow on the NMR timescale. These
results point to the presence in solution of two diastereoisomers, A(AAL) and A(AMAL), in fast exchange
within the NMR timescale. This fast interconversion is related to a low energy barrier for the arm rotation
process, which is probably related to the non-coordination of one of the pendant arms of the ligand.?®
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Figure 3. 'H spectra [500 MHz] of [M(do3a-pic)]* complexes recorded in D,O solution at 298 K and pD 7.4.

Table 3. *H and **C NMR spectroscopic data [ppm] for [Zn(do3a-pic)]*" at 298 K and pD 7.4.1"

lH 13C
H3 3.77 C1 173.0
H4 7.84 C2 Lb]
H5 7.56 C3 122.9
H7 3.93 C4 138.4
H8 2.93 C5 127.3
2.64 C6 153.6
H9 2.95 c7 60.4
2.79 c8 50.6
H10 3.13 C9 54.0
H12 3.24 C10 58.1
3.11 C11 178.0
H13 3.07 C12 58.1
2.80 C13 51.8
H14 3.21 C14 59.7
C15 176.6

[a] See Scheme 1 for labeling. The assignments were supported by COSY,
HSQC, and HMBC experiments; *Jys s = 7.6 Hz; *Jys 144 = 7.6 HZ; “Jpis s
=1.1 Hz. [b] Not observed.



DFT Calculations

With the aim of obtaining information on the structure in solution of the [M(do3a-pic)]* complexes (M =
Mg, Ca, Zn, Cu, Cd, or Pb) we have performed DFT calculations based on the TPSSh model. A syn
conformation of the ligand in these complexes implies the occurrence of two helicities: one associated with
the layout of the picolinate pendant arms (absolute configuration A or A), and the second to the four five-
membered chelate rings formed by the binding of the cyclen moiety (each of them showing absolute
configuration & or 1).%! Different studies have shown that the four five-membered chelate rings formed upon
coordination of the cyclen moiety present the same helicity, which leads to two possible macrocyclic
conformations: (AMAA) or (3000). Thus, we have explored the conformational space for the different [M(do3a-
pic)]* complexes taking into account the A(0368) and A(8836) isomers [or their corresponding enantiomeric
forms AQML) and AQMMA)]. The X-ray structures of Cu®* complexes with protonated forms of do3a®
derivatives revealed mixed conformations of the macrocyclic moiety [(SA0A) and (3AAA)], with the ligands
providing a trans-N,O, coordination.”® Thus, we have also performed DFT calculations for these mixed
configurations to explore whether these conformations stabilize the complexation of the small cations.

Considering the different ionic radius and coordination properties of the divalent metal ions investigated in
this work, it is very likely that the complexes will present different coordination humbers ranging from six to
nine. Indeed, both six-% and seven-coordinate® complexes of Zn* and six-coordinate!® complexes of
Cu*? with cyclen-based ligands have been reported. Seven- and eight-coordinate Pb?* complexes with ligands
containing cyclen units have been also published,® but Pb* complexes with higher coordination numbers
are not rare.® Thus, in our DFT calculations we have considered different coordination numbers ranging
from nine, where all available donor atoms of the ligand coordinate to the metal ion, to six, where only the
nitrogen atoms of the macrocycle and two acetate pendant arms are involved in coordination to the metal ion
(Scheme 2).

The relative free energies of the different isomers of [M(do3a-pic)]* complexes obtained from DFT
calculations are shown in Figure 4. The most stable form in the case of the Ca®*and Pb** complexes
corresponds to the NsO,4-A(8888) isomers, in which the metal ions are nine-coordinate. The coordination
polyhedron around the metal ions can be described as a capped twisted-square antiprism, which can be
considered to be comprised of two virtually parallel pseudo-planes: the four amine nitrogen atoms define the
lower plane (Pna), While the three oxygen atoms of the acetate groups coordinated to the metal ion and the
nitrogen atom of the pyridine unit define the upper plane (Pnos). The oxygen atom of the picolinate moiety
involved in coordination to the metal ion caps the upper plane (Figure 5). The mean twist angles between the
upper and lower planes (20.7 and 24.1° for the Pb? and Ca®*complexes, respectively) are close to those
expected for a regular twisted square antitiprism (22.5°). An inverted-antiprismatic coordination environment
has also been found for [Ca(dota)]* in the solid state.

The bond lengths of the metal coordination environment in [Pb(do3a-pic)]* (Table 4) are characteristic of
the so-called holodirected compounds, in which the 6s lone-pair of Pb®*is not stereochemically
active.**I This is confirmed by an analysis of the natural bond orbitals (NBOs), which shows that the
Pb* lone pair orbital possesses a nearly exclusive 6s character with only a minor 6p contribution:
$[99.82 %]p[0.17 %]. Calculations performed on the Cd**, Zn**, Cu**, and Mg** complexes (Figure 5) lead to
minimum energy conformations for which the picolinate pendant arm is not coordinated to the metal ion. In
the case of the Mg* and Zn®* complexes, the minimum energy conformations correspond to the A(5833)
forms, whereas for the Cd** complex the most stable geometry corresponds to the A(8888) [or A(MAL)]
form. For the Cu* complex, two minimum energy conformations [A(8888) and A(5888)] with virtually
identical energies have been obtained. Both Mg and Cd** are seven-coordinate, being directly bound to
three oxygen atoms of the acetate groups and the four nitrogen atoms of the cyclen unit. For [Zn(do3a-pic)]*
and [Cu(do3a-pic)]*, the metal ions are however six-coordinate, because the calculated M—N1 distances



(3.14 A for Zn and 3.17 A for Cu) are too long to be considered as bond lengths. The ligand conformation
observed for the Zn*" complex seems to favor a distorted trigonal prismatic coordination in which the upper
pseudo-plane of the prism is defined by the three oxygen atoms of the acetate pendant arms [O(2), O(3) and
O(4)] and the lower pseudo-plane is defined by the three coordinated nitrogen atoms of the cyclen moiety
[N(2), N(3) and N(4)]. The mean twist angle, w, between these parallel triangles amounts to (26.4°), which
indicates a significant distortion of the coordination polyhedron from the trigonal prism (ideal value 0°) to an
octahedron (60°). A different situation is observed in the case of the Cu** complex, in which a distorted
octahedral coordination is observed as a result of the rotation of the aforementioned pseudo-planes about
the C; perpendicular axis. In this case, the mean twist angle, w, between the parallel triangles amounts to
(44.4°), which is also indicative of a significant distortion of the polyhedron. The equatorial plane of the
octahedron is defined by two of the nitrogen atoms of the cyclen unit [N(2) and N(4)] and two oxygen atoms
of the coordinated acetate pendant arms [O(3) and O(4)] [deviation from planarity (0.245 A)]. The apical
positions are occupied by the oxygen atom of the remaining acetate pendant arm [O(2)] and one nitrogen
atom of the cyclen unit [N(3)]. Both bond lengths [Cu-O(2): 2.387 A and Cu-N(3): 2.576 A] are very long,
as expected for a tetragonal elongation due to a strong Jahn—Teller distortion (ca. 0.3-0.5 A longer than the
distances to the donor atoms of the equatorial plane).
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Scheme 2. Structures of the [M(do3a-pic)]*” complexes considered for DFT calculations. The different forms are
identified by the donor set involved in metal ion coordination, with cis and trans denoting the relative positions of
coordinated acetate groups. Noncoordinated pendant arms are shown in gray. For each form, two diastereoisomers
[A(8666) and A(8888)] have been considered. For the trans-N,O,form, A(3A5L) and A(6A3)L) conformations have been
also considered.
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Figure 4. Relative free energies of the different isomers of [M(do3a-pic)]* complexes obtained from DFT calculations
performed in aqueous solution. Two of the forms investigated, trans-NsO3 and cis-N4O,, present very high energies and
are not represented.

Figure 5. Minimum energy conformations obtained for [M(do3a-pic)]*> complexes from DFT calculations performed in
aqueous solution.



Table 4. Bond lengths of the metal coordination environments [A] obtained for the [M(do3a-pic)]*
complexes from DFT calculations in aqueous solution; see Figure 5 for labeling.

Pb Ca Cd Zn Mg Cu
M-N1 2.991 2.947 2.569 La] 2.445 Lel
M-N2 2.837 2.808 2.461 2.282 2.338 2.052
M-N3 2.843 2.806 2.555 2.195 2.593 2.063
M-N4 2.950 2.908 2.505 2.451 2.511 2.576
M-N5 2.825 2.658 @l fal fal fal
M-01 2.697 2.526 Lal La] Lel Lel
M-02 2.578 2.464 2.321 2.041 2.114 1.943
M-03 2.514 2.427 2.290 2.167 2.079 2.387
M-04 2.730 2.504 2.264 2.008 2.050 1.942

[a] The distance is too long to be considered as a bond length.

Conclusions

The do3a-pic* ligand forms stable complexes with several divalent metal ions in aqueous solution. Among
the metal ions investigated in this work, the complex formed with Cu®*turned out to be particularly stable,
with the stability constant of the [Cu(do3a-pic)]* complex being one order of magnitude higher than that
reported for the [Cu(dota)]*>. The complexes of do3a-pic* with Cu*, Zn*, Cd*, and Pb** present very
similar stabilities, which are clearly higher than those of the Ca® and Mg®* analogues. A detailed
conformational investigation using DFT calculations provided nine-coordinate geometries for the Pb* and
Ca”*" complexes, the coordination number being reduced to seven for the Mg** and Cd*complexes and to six
for Zn?* and Cu?* analogues. The Zn**, Mg, and Cu®* complexes of do3a-pic* are somewhat less stable
than the [M(do3a)] derivatives, which is related to: (i) the lower overall basicity of do3a-pic* (Zlog K" =
29.0) in comparison to do3a® (Zlog K;" = 31.3), and (ii) the lack of coordination of the picolinate unit to the
metal ion, as suggested by DFT calculations. However, the [Ca(do3a-pic)]> complex is two orders of
magnitude more stable than the do3a® analogue, which can only be explained by the contribution of the
picolinate donor atoms to the overall stability of the complex. Unfortunately, no stability constant has been
reported for the Pb*" complex derived from do3a®’; according to our DFT calculations, it is expected that in
the [Pb(do3a-pic)]*> complex the coordination of the picolinate donor atoms should increase the stability, as
observed in the calcium analogue.

Experimental and Computational Section

Solvents and Starting Materials

All chemicals were purchased from commercial sources and used without further purification, unless
otherwise stated. The H,do3a-pic ligand was prepared as previously reported.™*”

Physical Methods

'H and ®*C NMR spectra were recorded at 25 °C with a Bruker Avance 500 MHz spectrometer. For
measurements in D,0, tert-butyl alcohol was used as an internal standard with the methyl signal calibrated
at 5 = 1.2 (*H) and 31.2 ppm (**C). Samples of the Mg, Ca,Zn, Cd, and Pb complexes of do3a-pic* for NMR



measurements were prepared by dissolving equimolar amounts of the ligand and the corresponding hydrated
perchlorate M(CIO,4), (M = Mg, Ca, Zn, Cd or Pb) in D,O, followed by an adjustment of the pD with
ND,OD and DCI (Aldrich) solutions in D,O. High-resolution ESI-TOF mass spectra were recorded with an
LC-Q-g-TOF Applied Biosystems QSTAR Elite spectrometer in the negative mode.

Potentiometric Measurements

Stock solutions of MgCl,, CaCl,, ZnCl,, CuCl,, Cd(NO3),, Pb(NOs),, and Pb(CIO,), (used for the UV/Vis
experiments) were prepared from analytical-grade salts in double distilled water. The concentrations of the
stock solutions were determined by complexometric titrations using a standardized Na,H,EDTA solution in
the presence of eriochrom black T (MgCl,), murexide (CaCl, and CuCl,) and xylenol orange [ZnCl,,
Cd(NO3),, Pb(NOs), and Pb(ClO,),] as indicators. The stock solution of the ligand was prepared by
dissolving the solid ligand in double distilled water and the ligand concentration was determined by pH-
potentiometry on the basis of the titration curves obtained in the absence and presence of high (ca. 50 fold)
excess of Ca*". The difference in the inflection points of the two titration curves corresponds to 2 equiv. of
the ligand (the protons of the two macrocyclic ring nitrogen atoms). The pH of the sample solutions were set
to approximately 1.70-1.80 before each titration with a known volume of standardized strong acid (either
HCI or HNOs). The pH-potentiometric titrations were carried out with a Metrohm 785 DMP Titrino titration
workstation with the use of a combined pH glass electrode (Metrohm 6.0233.100). For the calibration of the
pH-meter, KH-phthalate (pH 4.005) and borax (pH 9.177) buffers were used, and the H* concentrations were
calculated from the measured pH values by applying the method of Irving et al.B”) The titrations were
performed in a N, atmosphere using total volumes of 6.00 mL and KOH kept also under N,atmosphere. The
equilibrium was sufficiently fast for the titrations to be acquired in a direct titration mode by allowing 1 min
for the samples to be equilibrated after each addition. The software PSEQUADP was used to process the
titration data; that is, to calculate the protonation and stability constants expressed by Equation (1) and
Equation (2). The reliability of the constants are characterized by the calculated standard deviation values
shown in parentheses and the fitting of parameter values [AV, which is the difference between the
experimental and calculated titration curves expressed in mL of the titrant (for pH-potentiomety) or AA,
which is the difference between the measured and calculated absorbance (for the UV/Vis method)].

UV/Vis Method

The spectrophotometric measurements were performed with a Cary 1E spectrophotometer at 25.0+0.1 °C,
using quartz Hellma semi-micro cells of 1.0 or 2.0 cm path length. The molar absorption coefficients of the
CuCl,, and [Cu(do3a-pic)]* complex were determined at 13 wavelengths (630—750 nm range) by recording
the spectra of 2.50 x 107, 5.00 x 107, 7.50 x 103, and 1.00 x 10> M (CuCl,) or 1.93 x 1072, 2.50 x 103, and
2.97 x 10 M {[Cu(do3a-pic)]* } solutions, respectively. The molar absorption coefficients of the protonated
species ([Cu(Hdo3a-pic)]"), [Cu(H,do3a-pic)], and [Cu(Hsdo3a-pic)]” were derived by simultaneous fitting
the pH-potentiometric data (1.66 x 10> M and 2.97 x 10~* M complex solutions in the pH range of 1.70-6.0)
and the UV/Vis spectra (in the pH range of 1.40-11.42 by using 1.93 x 10 M and 2.50 x 10> M complex
concentrations). The stability constant of the [Cu(Hsdo3a-pic)]* complex was determined by using batch
samples prepared in the acid concentration range of 0.5621-0.01358 M (the sample with 0.5621 M H" was
not taken into account because of some precipitate formation). The equilibrium involving the Pb®* ion was
also studied by using UV/Vis spectrophotometry to judge the reliability of the stability constants obtained by
pH-potentiometric titrations. The effect of the pH on the UV-spectra of the complex was followed by using a
0.242 mM solution of the [Pb(do3a-pic)]* complex in the pH-range of 1.25-5.90 and was compared to the
equilibrium distribution curve calculated by using the stability constants obtained with the use of pH-
potentiometric titration data (Figure S8 in the Supporting Information).



Computational Methods

All calculations presented in this work were performed by employing the Gaussian 09 package (Revision
B.01).B¥ Full geometry optimizations of the [M(do3a-pic)]*” systems (M = Mg, Ca, Cu, Zn, Cd, or Pb) were
performed in aqueous solution employing DFT within the hybrid meta generalized gradient approximation
(hybrid meta-GGA), with the TPSSh exchange-correlation functional.” In the case of the Mg, Ca, and Zn
complexes, we used the standard all electron 6-31G(d) basis set, whereas for the Cd and Pb systems,
relativistic effects were considered through the use of relativistic effective core potentials (RECP). In
particular, we used the energy-consistent ECP28MDB and ECP60MDF RECPs of the Stuttgart family™! for
Cd and Pb, which replace the 1s-3d and 1s-4f cores, respectively, and their associated
(12512p9d3f2g)/[6s6p4d3f2g] basis sets.l*>**] The standard 6-31G(d) basis set was used for C, H, N and O
atoms. Symmetry constraints were not imposed during the optimizations. Calculations on the Cu complexes
were performed by using an unrestricted model with an assigned spin state S(S+1) = 0.75. The default values
for the integration grid (“fine”) and the SCF energy convergence criteria (10°%) were used. The stationary
points found on the potential energy surfaces as a result of the geometry optimizations have been tested to
represent energy minima rather than saddle points by frequency analysis. The relative free energies of the
different conformations calculated for each system include non-potential-energy contributions (that is, zero
point energy and thermal terms) obtained by frequency analysis. Throughout this work, solvent effects were
included by using the polarizable continuum model (PCM) with the integral equation formalism (IEFPCM)
variant as implemented in Gaussian 09.4

Supporting Information

Figures S1-S5 showing HRMS of [M(do3a-pic)]* complexes, Figures S6-S7 and Figure S8 showing
absorption spectra of the Cu"and Pb" complexes, respectively, as a function of pH, and Cartesian
Coordinates [A] of [M(do3a-pic)]* complexes (M = Pb, Cd, Cu, Zn, Ca, or Mg) and [M(dota)]* complexes
(M = Pb and Ca) obtained from DFT calculations performed in agueous solution.
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