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The lead(Il) coordination properties of the tetrapodal ligand
DOTAM [1,4,7,10-tetrakis(carbamoylmethyl)-1,4,7,10-tetra-
aza-cyclododecane] have been investigated both in the solid
state and in solution in order to ascertain the stereoactivity
of the lone pair and to rationalize the structural effects of a
cyclen-based scaffold on the metal uptake kinetics. The crys-
tal structure of the free base shows that the pendant acet-
amide groups are not equivalent: two are folded over the
macrocycle and maintained by an intramolecular hydrogen
bond involving an amide hydrogen atom and a neighboring
tertiary amine of the cyclen ring, while the other two are ex-
tended and point away from the macrocyclic cavity. The
spontaneous reaction between Pb?* and DOTAM, even un-
der mild acidic conditions, leads to a mononuclear complex.
The crystal structure of [Pb(DOTAM)](NO3),-3.5H,0 reveals
that the eight-coordinate metal cation is trapped inside the

core of the ligand, interacting with the four cyclen nitrogen
and the four amide oxygen atoms. The helical layout of the
folded arms leaves no significant gap in the coordination
sphere of Pb2*, thus leading to a holodirected structure that
is characteristic of a stereochemically inactive 6s? electronic
lone pair. While the coordination scheme is maintained in
solution, variable temperature NMR studies enabled charac-
terization of the dynamics related to the inversion of configu-
ration of the amide substituents. Finally, the lead(Il)-binding
mechanism in aqueous solution has been investigated over a
wide p[H] range (1-7) by means of classical and stopped-
flow spectrophotometry. The complexation reaction proceeds
in a single rate-limiting step according to an Eigen-Winkler
mechanism.

(© WILEY-VCH Verlag GmbH & Co.
Weinheim, Germany, 2008)
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Introduction

For many years, efforts have been devoted towards the
synthesis of highly specific sequestering agents for metal ion
immobilization, extraction, or in vivo decorporation.!!3
Because of their toxicity, heavy metals are the principal tar-
gets of this research. Among them, lead is one of the most
toxic elements and a widespread inorganic pollutant in the
environment.[* Therefore, lead(Il) is easily ingested by hu-
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man beings through the gastrointestinal track, skin, or
lungs. Once absorbed, it can cause many diseases and is
particularly harmful to children.>-*! Among the various pa-
thologies due to lead(II) poisoning, the most frequent is
anemia. This disease results from the inhibition of 3-amino-
levulinic acid dehydratase, a cytosolic zinc enzyme involved
in the first step of heme biosynthesis, through the displace-
ment of the Zn?*-active site by a Pb>* cation.[>7-91 Besides
anemia, lead-induced enzymatic inhibition causes a range
of other pathologies. One can quote, for example, the re-
placement of calcium by lead in synaptogamin!>!% or osteo-
calcin (bone Gla protein),[!'~13 which induces nervous sys-
tem aftereffects or delays osseous growth, respectively.
From the viewpoint of either lead poisoning prevention
and treatment, or remediation of contaminated liquids or
environments, the design of highly specific lead(II)-chelat-
ing agents with respect to other relevant metal cations rep-
resents a real challenge. To reach that ultimate goal, the
basic principles of chemical engineering provide some use-
ful guidelines for a rational design of polydentate chelators
that fulfill both the electronic and stereochemical require-
ments of the targeted species.['* 2% Relying on the interme-
diate character of lead(II) in Pearson’s HSAB classifica-
tion,?'23 mixed ligands that combine soft (e.g., sulfur) or
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intermediate bases (e.g., neutral carbonyl oxygen atoms)
with a harder base like an amino nitrogen atom appear to
be particularly adapted to sequester Pb>* .[21:24-26] This ra-
tionale is found behind all currently approved drugs used in
chelation therapy for treating chronic lead overloads.[?7-31]

From a stereochemical point of view, the Pb>" ion pos-
sesses an electronic lone pair (6s2) that can be either stereo-
chemically active, as a consequence of the hybridization of
the 6s with the unoccupied 6p° orbitals, or inactive accord-
ing to the Valence Shell Electron Pair Repulsion (VSEPR)
formalism.*?! The activity of this electronic pair primarily
depends on the nature and the number of the donor atoms
bound to Pb>*.33 For low coordination numbers (n < 6),
the lone pair is active and exhibits a p character. Complexes
featuring stereoactivity are characterized by (i) a hemidi-
rected structure, (ii) lead—donor atom bond lengths gen-
erally shorter than 2.6 A when the donor is opposite to the
gap found in the coordination sphere, (iii) a more covalent
character of the interaction, (iv) only very weak interactions
of the lone pair with its environment, and (v) a contraction
of the ionic radius of the Pb?* ion.[?*3%] In contrast, inac-
tivity of the 6s? lone pair results in a holodirected arrange-
ment of the donor atoms around the metal center and is
usually found for lead(IT) complexes with high coordination
numbers (n > 8). In the case of hexa-, hepta-, or octacoor-
dinate lead(IT) complexes, the prediction is less reliable, as
both types of arrangement can be observed depending on
the nature of the ligand.[f]

Cyclic and open-chain polyamines are well known to be
good chelating agents of divalent heavy metals and lead(II)
in particular.l'-3¢-401 Derivatization of the primary or sec-
ondary nitrogen atoms by appending coordinating
groupsi*!l is a further means to fine-tune both the affinity
and selectivity. In 1995, Maumela et al.* reported the as-
tonishing stability of the cadmium(II) and lead(I) com-
plexes formed with DOTAM, the N,N',N'',N'"'-tetraacet-
amide derivative of cyclen (Scheme 1, n = 0), as they retain
their integrity even under strongly acidic conditions (e.g.,
0.5m HCI). Thus, only a lower limit for the binding con-
stant has been estimated from competitive titration experi-
ments (logf10 > 19; I = 0.1 m; T = 298 K). The extreme
binding affinity of DOTAM contrasts with that observed
for the cyclam-based analog TETAM (Scheme 1, n = 1), as
the corresponding lead(IT) complex is destabilized by more
than 10 orders of magnitude upon enlarging the ring size
from 12 to 14 atoms.['>] As a consequence, the latter ligand
was considered as an easily regenerable extracting agent for
lead removal from tap water by grafting the macrocycle
onto the surface of silica gel.['443]

Recently, Hancock et al. described the crystal structure
of the [Pb(DOTAM)](ClO,),+4.5H,O complex, in which a
water molecule is vertically aligned with the metal center at
a Pb-+O distance of 3.52 A.[*4l The authors concluded that
the electronic lone pair is stereochemically active and orien-
tated in such a way that it might allow a weak interaction
between one water hydrogen atom and the lead center, al-
though they ruled out the possibility of hydrogen bond for-
mation.
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Scheme 1. n = 0: DOTAM; n = 1: TETAM.

In order to clarify this situation and to get a deeper in-
sight into the lead(II) coordination chemistry of DOTAM,
we present herein the crystal structures of the free ligand
and of the complex obtained with lead nitrate, [Pb(DO-
TAM)](NO3),:3.5H>0. A detailed analysis of the coordina-
tion polyhedron provides new evidence for the stereochemi-
cal inactivity of the 6s® lone pair. Structural properties were
further explored by means of multinuclear ('H, '3C, and
297Pb) NMR spectroscopy both in the solid state and in
solution. The configuration inversion mechanism of the
[Pb(DOTAM)J** cation, which exists as a racemic mixture
of two enantiomers, was probed by variable-temperature
NMR studies. Finally, the complexation kinetics of Pb?>* by
DOTAM in aqueous solution is presented. The reaction
rates measured by classical or stopped-flow absorption
spectrophotometry are compared to the previously pub-
lished values pertaining to the cyclam-based analog
TETAM.3!

Results and Discussion

X-ray Crystal Structure and CPMAS NMR Studies of
DOTAM

Although the X-ray crystal structure of unprotonated
DOTAM has been disclosed by Lloyd and Luckay in a
short note,*! we provide herein a more detailed descrip-
tion. Relevant crystal data and refinement details are given
in the Experimental Section. DOTAM crystallizes free of
water as colorless prisms in the monoclinic P2,/c space
group with two molecular units per unit cell. The structure
consists of discrete centrosymmetric molecules; hence the
asymmetric unit corresponds to a half molecular unit. An
ORTEP view of the molecule with the atomic labeling
scheme is shown in Figure 1. An exhaustive listing of bond
lengths and angles has been deposited as Supporting Infor-
mation. Average C(sp’)-N [1.469(9) A], C(sp?)-NH,
[1.338(6) A], and C(sp?)-O [1.234(4) A] distances are typical
for tertiary amines*®*’ and primary amides, ! respectively.

Intramolecular hydrogen bonds between the amide pro-
tons H131 and H131’, and the neighboring tertiary amines
N2 and N2’ [HI31-N2 = 2.1722)A, NI3-+N2 =
3.023(2) A, N13-H131+-N2 = 156.2(2)°] are responsible for
the folding over of the macrocyclic cavity of the acetamide
groups borne by N1 and N1’, one above and the other be-
low the mean ring plane. Furthermore, these hydrogen-
bonding interactions have a significant effect on the confor-
mation of each equivalent acetamide group, as they enforce
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Figure 1. ORTEP view of the deprotonated ligand DOTAM. Ellip-
soids are at the 50% probability level. Nonrelevant hydrogen atoms
have been omitted for clarity.

an almost planar arrangement of the entire arm. Deviations
from the least-squares mean plane are: 0.005(1) (N1),
-0.008(1) (C11), 0.004(1) (C12), 0.002(1) (O12), and
—0.004(1) A (N13) with a root mean square deviation
(rmsd) of 0.0048 A. The planarity is also reflected by the
values of the relevant N1-C11-C12-N13 and NI1-Cl1-
C12-012 torsion angles, 1.3(2) and —179.6(1)°, respectively.

Conversely, the two opposite acetamide chains appended
to N2 and N2’ are extended and point away from the cycle.
They form an intermolecular hydrogen-bond network in-
volving both amide hydrogen atoms and the oxygen atoms
of two different adjacent molecules [H231---O12 =
2.01(2) A, N23--012 = 2.899(2) A, N23-H231-+012 =
176.4(2)°; H232--022 = 2.16(2) A, N23--022 = 3.015(2) A,
N23-H232--022 = 160.1(2)°]. Although this set of side
chains is also planar [rmsd = 0.0032 A; the individual devi-
ations from the least-squares plane are: —0.0016(4) (C21),
0.006(1) (C22), —0.0022(5) (022), and —0.0018(4) A (N23)],
the intermolecular interactions maintain them tilted with
respect to the 12-membered ring, as evidenced by the values
of the N2-C21-C22-N23 [-151.3(1)°] and N2-C21-C22—
022 [29.8(2)°] dihedral angles and by the large deviation of
the N2 atom [0.630(3) A] that was not included in the mean
plane calculation.

In the case of the cyclam analog TETAM, the four
macrocyclic nitrogen atoms are hydrogen-bonded to amide
hydrogen atoms, the four amide substituents being folded
on the top of the cyclam ring.['1 As both DOTAM and
TETAM possess four identical acetamide groups, the ste-
reochemical differences between these ligands can only arise
from the tethering effect imposed by the semi-rigid tetraaza-
macrocyclic scaffold. The 12-membered ring of DOTAM
enforces higher constraints than the more flexible 14-mem-
bered skeleton of TETAM. These constraints do not only
affect the number of intramolecular bonds, but also the
atoms involved in these weak interactions.

The macrocyclic ring conformation is most adequately
described in terms of torsion angle sequences according to
the definition of corners and pseudocorners introduced by
Dale.[*39 Assigning 7, to the N1-C1-C2-N2 torsion an-
gle, the following sequence for 7,-7¢ is found: 74, —153.4,
87.9,-80.3, 159.2, and -92.4°. Thus, the cyclen ring displays
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a quasitetragonal shape delimited by two genuine (C1 and
C1") and two pseudocorners (C3 and C3’), the Cl--C3
(3.759 A) and Cl1-+C3’ (3.780 A) edges being almost per-
pendicular to each other (CI--C3--Cl1’ = 84.1° and
C3--C1--C3’ = 95.9°). In order to distinguish the different
stereoisomers, which may arise when the macrocycle con-
tains heteroatoms at different relative locations, we have ex-
tended Dale’s nomenclature by adding a capital letter to the
series of digits corresponding to the number of chemical
bonds counted between two genuine corners.[*®! Accord-
ingly, the ring takes a [6,6]-B conformation where each ni-
trogen atom is located one bond away from a vertex.

Alternatively, the same arrangement might be classified
as a type III structure following the widely used stereo-
chemical classification proposed by Bosnich et al.,’'l which
relies entirely on the directionality (i.e., chirality) of the four
exocyclic N-R bonds with respect to the four-nitrogen-
atom plane (N4). As previously pointed out,!®? there is a
direct correspondence between the formalisms of Dale and
Bosnich, although the latter neglects a priori the three-di-
mensional layout of the ethylenediamine fragments con-
necting the four amine nitrogen atoms. Indeed, their chiral-
ity is unique and imposed by the overall ring conformation
when the amine is not occupying a corner or pseudocorner
position. Thus, tetrasubstituted cycloalkanes displaying a
centrosymmetric [6,6]-B ring conformation like DOTAM
are constrained to adopt a type III configuration for which
one pair of adjacent N-substituents is oriented above the
mean macrocyclic plane and the other pair below. Con-
versely, the [3,3,3,3]-B arrangement observed for the parent
tetraamine cyclen3! enforces all four substituents to point
towards the same side of the plane (Bosnich’s type I config-
uration), thus preorienting the appended groups in a more
favorable position to bind a metal ion.’*>]

The solid-state structure of powdered DOTAM was fur-
ther investigated at room temperature by CPMAS NMR
spectroscopy. In agreement with the symmetry found in the
crystal structure, the ’N CPMAS NMR spectrum exhibits
four resonances that divide into two sets. The first one cor-
responds to the nonequivalent tertiary amines (—340.6 and
—343.7 ppm), while the second pair of lines is assigned to
the amide nitrogen atoms (—270.8 and —272.3 ppm). The '3C
CPMAS NMR spectrum shows five resonances between ¢
= 53.5 and 62.5 ppm but the intensity of the peak at J =
55.8 ppm is twice that of the others. These lines are easily
attributed to the nonequivalent methylene carbon atoms be-
longing to the 12-membered cyclen ring and acetamide dan-
gling side chains. It is worth noting that each CH, reso-
nance features a shoulder with approximate 1:2 intensity
ratio due to a heteronuclear dipolar interaction between the
14N and '3C nuclei that is not completely averaged out by
magic angle spinning.’®! Two doublets are also observed
between 175.5 and 177.3 ppm, which correspond to both
nonequivalent carbonyl groups as predicted by the struc-
ture. The splitting of both lines with an apparent 1:1 inten-
sity ratio may also be due to the dipolar interaction between
the 13C and "N nuclei of the neighboring NH, groups, as
already observed for various nitroanilines.>”!
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Synthesis, Spectroscopic Characterization, and X-ray
Crystal Structure of [Pb(DOTAM)]|(NOs),:3.5H,0

Slow evaporation at room temperature of an equimolar
amount of DOTAM and Pb(NOs), in a methanol/water
mixture (10:1 v/v) afforded colorless crystals of [Pb(DO-
TAM)](NOs),:3.5H,0. MALDI-TOF mass measurements
revealed the molecular ion peak with the correct isotope
pattern together with signals assigned to the free ligand and
its adducts with sodium and potassium. Laser-induced de-
metalation during the desorption process is a typical behav-
ior for this type of compound.['”] Infrared spectroscopy
provided structural evidence for the binding of the carbonyl
oxygen atoms to Pb?*, as bond strength weakening upon
complexation results in a 30 cm™! bathochromic shift of the
carbonyl stretching mode.

The crystal structure was solved in the same space group
as the deprotonated ligand (P2,/c), but revealed some de-
gree of disorder associated with both counteranions and
some cocrystallized water molecules (Table 7). Thus, both
NOj; anions in the asymmetric unit are disordered between
two positions exhibiting site occupation factors (sof) of
0.70:0.30 and 0.50:0.50, respectively. This arrangement is
related to the disorder observed for two water molecules.
While one of the water molecules shares in a complemen-
tary way both positions taken by one nitrate anion (sof of
0.30:0.70), the second one is located also on a position left
vacant by the second nitrate anion, although only one of
the two possible sites is occupied (sof of 0 and 0.5, respec-
tively). Thus, along with two ordered water molecules, a
total of 3.5 water molecules are cocrystallized per complex.
The fast degradation of the crystals when they are kept in
air at room temperature is probably related to the above-
mentioned disorder. Indeed, the holes created in the crystal
lattice by the missing water molecule in one over two unit-
cells, together with the introduction of smaller molecules
(H>0O) in some of the positions otherwise occupied by the
bulkier NO;  anions, are responsible for a weakening of
the cohesive forces and might explain the high desolvation
propensity of the crystals.

An ORTEP drawing of the octacoordinate lead complex
is shown in Figure 2, while a selection of relevant bond
lengths and angles is summarized in Table 1. As expected,

Figure 2. ORTEP view of the [Pb(DOTAM)]** complex in the crys-
tal structure of [Pb(DOTAM)](NO3),:3.5H,0. Ellipsoids are drawn
at the 50% probability level. Hydrogen atoms have been omitted
for clarity.
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the strength of the carbonyl double bonds is weakened
upon binding to lead [C-O,, = 1.25(1) vs. 1.234(4) A for
the complex vs. the free ligand], in agreement with a shift of
about 30 cm™! to lower wavenumbers of the corresponding
infrared stretching mode. Concomitantly, the sp> character
(i.e., the m conjugation) of the amide nitrogen atoms is sig-
nificantly enhanced, as evidenced by the shortening of the
average C(sp?>)-NH, bond length in the complex [1.31(1)
vs. 1.338(6) A]. The Pb-N distances are fairly regular and
average 2.625(6) A, whereas the oxygen atoms give rise to a
larger dispersion in bond lengths with a mean Pb-O dis-
tance of 2.75(7) A. A close examination of the metric data
collected in Table 1 reveals the formation of two pairs of
alternating shorter [2.71(7) A] and longer [2.80(2) A] Pb-O
bonds, located trans to each other, involving O12 and 032
for the former, and 022 and O42 for the latter.

Table 1. Selected bond lengths and angles in the complex [Pb(DO-

Bond lengths [A]

Bond angles [°]

Pb-N1 2.617(8) NI-Pb-N2 69.4(3)
Pb-N2 2.625(9) N2 Pb-N3 70.2(3)
Pb-N3 2.628(8) N3-Pb-N4 69.1(3)
Pb-N4 2.630(9) N4-Pb-N1 69.3(3)
Pb-012 2.657(6) 012-Pb-022 80.9(2)
Pb-022 2.785(5) 022 Pb-032 82.8(2)
Pb-032 2.756(6) 032-Pb-042 84.4(2)
Pb-042 2.819(5) 042-Pb-012 83.7(2)

The ORTEP side view displayed in Figure 2 evidences
the structural rearrangement undergone by the ligand upon
metal binding. The Pb?>* ion is bound to the four macro-
cyclic amine nitrogen atoms and to the four amide oxygen
atoms provided by the side chains, which project towards
the same face of the capping ring. To achieve this four-
branched sugar-tong-type architecture, which is classical for
cyclen derivatives bearing chelating groups,#6-3831 the
macrocycle switches from a [6,6]-B to a [3,3,3,3]-B confor-
mation where C1, C3, C5, and C7 define the corner posi-
tions. The lateral chains adopt a chiral right- (A) or left-
handed (A) four-blade propeller-like layout, which in turn
imposes the same puckered conformation to each of the
four five-membered chelate rings belonging to the macro-
cycle, introducing an additional element of chirality. Ac-
cording to Corey and Bailar’s nomenclature, which relies
on the sign of the N-C—C-N dihedral angles (d for a posi-
tive and A for a negative sign),l°%! the tetraazamacrocyclic
moiety may occur either as the clockwise (8,6,6,0) or anti-
clockwise (A,A,A,A) enantiomeric form. Analysis of the co-
ordination polyhedron indicates that the crystal lattice con-
tains pairs of discrete A-(6,5,0,0) and A-(A,AAL) [Pb-
(DOTAM)J?>* enantiomers, as evidenced by the average val-
ues of the N-C-C-N [58.8(6)°] and N-C-C-O [21(1)°] tor-
sion angles. Hence, the homochiral stereochemistry around
the central lead cation is best described as a distorted in-
versed or twisted square antiprism (TSAP) of approximate
C4 symmetry (Figure 3).
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Figure 3. Schematic representation viewed down the C, axis of the
two A-(9,0,0,0) and A-(A,AAL) enantiomeric forms of the [Pb-
(DOTAM)I** complex.

The four nitrogen and four oxygen atoms form a set of
two quasiparallel planes (v = 0.42°) twisted by an average
angle of ¢ = 26(1)° along the pseudo C, axis and charac-
terized by a CtyCto distance of 2.518 A (Figure 4). The
nitrogen atoms deviate by no more than 0.0009 A from the
N4 mean plane, whereas the planar arrangement of the oxy-
gen atoms is somewhat less regular, having deviations at-
taining =0.01 A. In spite of the significantly longer Pb-O
distances, the lead center is located closer to the plane de-
fined by the oxygen than by the nitrogen atoms (Pb:-O,4 =
0.964 A vs. Pb-+N, = 1.554 A) and sits only 0.008 A away
from the line joining both Cty and Ctg centroids. It follows
that the eight donor atoms in the [Pb(DOTAM)](NO;),
3.5H,0 complex occupy two opposite calottes of a hypo-
thetical sphere centered on the Pb>* cation. This arrange-
ment, combined with the typical and regular Pb—N and Pb-
O bond lengths, strongly suggests a holodirected structure
with a stereochemically inactive 6s lone pair.[*3

Figure 4. Structural parameters used to describe the coordination
polyhedron of [M(DOTAM)J** complexes. Cty and Ctg stand for
the centroid of the four nitrogen and oxygen atoms, respectively.

In 2004, Hancock et al. reported the crystal structure of
the [Pb(DOTAM)](C10,4),+4.5H,0 complex, which contains
two independent but similar [Pb(DOTAM)]** cations.*4
One has a water molecule placed 3.52 A away from the lead
center above the mean O, plane, while in the other there is
an amide nitrogen atom in the same position at a distance
of 4.1 A. Based on these observations and on the presence
of a small gap in the oxygen coordination calotte, they con-
cluded that the lone pair is stereoactive and located on the
Pb—Oyater 0 Pb—Nypige fourfold symmetry axis. However,
it can be argued that hydrogen atoms belonging to the water
molecule could not be localized in the Fourier map and
thus they were placed at calculated positions, the closest
being approximately 3.3 A away from the Pb2* cation. The
authors considered several possible orientations of these hy-
drogen atoms and for all of them they concluded that one
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proton was held in the vicinity of the lead center by means
of an agostic interaction, even if it was not directly pointing
to it, thus supporting the stereoactivity of the lone pair.

Moreover, superposition of the crystal structure pre-
sented herein with those solved by Hancock et al. shows
that the [Pb(DOTAM)J** cations are essentially identical
(Figure 5), the root mean square deviation calculated by the
Chem3D software between non-hydrogen atoms being
equal to 0.17 and 0.11 A. Remarkably, the major differences
are only seen for the carbon atoms, while the N4O4 donor
sets overlay almost perfectly. This is a clear indication that
the occurrence of an exogenous water molecule or an amide
nitrogen atom along the fourfold rotation axis has no influ-
ence on the positioning of the carbamoyl oxygen centers
and therefore their presence cannot be viewed as a criterion
to assess the activity of the lone pair. In addition, typical
Pb-O and Pb-N distances for inactive lead compounds are
observed for both nitrato and perchlorato species, whereas
an active lone pair requires shorter Pb-L distances in the
hemisphere opposite to the lone pair, where L stands for
any donor atom.

European Journal
of Inorganic Chemistry

Figure 5. Chem3D overlays of the lead(Il) complexes from
[Pb(DOTAM)]|(NO3),:3.5H,O (this work) and [Pb(DOTAM)]-
(ClOy4),*4.5H,0 obtained by Hancock et al.[*4]

In our view, the small gap in the coordination sphere of
the Pb>* ion is more likely explained in terms of van der
Waals contacts and steric repulsion between oxygen atoms
rather than electronic properties of the 6s> lone pair. CPK
representations of several DOTAM metal complexes viewed
down the rotation axis (Table 2) clearly show that the metal
ions are entrapped in a molecular cage formed by the cyclen
ring and the four acetamide pendant arms.[*?) Obviously,
the conformational outcome of the N-substituents (i.e., ex-
tent of folding) is directly related to the ionic radius of the
encapsulated cation. Indeed, the average metal-donor atom
bond lengths increase as ion size growths. Larger metal
ions, which are less well encapsulated in the macrocyclic
cavity, get closer to the mean plane defined by the four
amide oxygen atoms and the gap in the coordination sphere
becomes more apparent. Accordingly, it might be antici-
pated that the tetraamine ring size also has a direct influ-
ence on the position of the donor atoms around the metal
center. This is indeed the trend followed when the cyclen
tether is replaced by a larger tetraazamacrocycle. For exam-
ple, with TETAM, the lead atom, which is located in be-
tween the four nitrogen and oxygen atom planes at almost
identical distances (Pb+N, = 1.320 A, Pb-+-0, = 1.206 A),
penetrates more deeply into the cavity than with DO-
TAM,U4 while an intermediate situation is encountered in
the case of the 13-membered analog TRITAM.[®! As a con-
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Table 2. Structural properties and CPK views down the axis passing through the centroids of the Ny and O, planes of several DOTAM
metal complexes.

Ca2+[a] Pb2+[b]

Cd2Hal

Zn2*el

r; [AJE 0.74 1.10 1.12 1.29
Coordination number 6 8 8 8
M-N[A] 2.25(4) 2.44(2) 2.59(3) 2.625(6)
M-Ogor [A] 2.10(6) 2.34(3) 2.396(1) 2.71(7)
M-Oop [A] 3.18(17) 2.64(1) 2.418(8) 2.80(2)
M-=N, [A] 0.94 1.26 1.51 1.55
M-y [A] 1.54 1.32 1.09 0.96

[a] Ref.[*?]; atomic coordinates were retrieved from the Cambridge Structural Database. [b] This work. [c] Ionic radius; ref.[3

sequence, the acetamide arms can fold more easily over the
cavity, leading to a more protective holodirected environ-
ment around the entrapped Pb?* ion.

Hancock et al. suggested the use of a plot of the Pb-L
bond lengths versus the L-Pb—Lp angles made between the
Pb-L bonds and the hypothetical position of the lone pair
(Lp) as a convenient means to detect a distortion or a gap
in the coordination sphere and so to discern an active 6s>
lone pair from an inactive one (Figure 6).*4 Hemidirected
geometries (i.e., stereoactive lone pair) were sought to pro-
duce plots evidencing large scattering and an increase in
bond lengths when the L-Pb-Lp angle tends to zero.

the rotation axis passing through the metal and the centroid
of the four amine nitrogen atoms (Cty).

The second issue is the bias introduced in the original
plot by Hancock et al.l* In addition to the eight almost
uncorrelated data points corresponding to the directly
bonded atoms, they took into account the point related to
the water molecule located at 3.52 A above the lead atom
(O-Pb-Lp = 0°). Inclusion of this datum affords a graph
with a decaying exponential shape (Figure 6), which was
considered as a sufficient criterion sustaining stereochemi-
cal activity of the lone pair. However, if the latter point is
excluded, the reverse conclusion could be reached. There-
fore, the crystal structure of [Pb(DOTAM)](NO3),:3.5H,0

404 ! determined in the present work offers a unique opportunity
= ! to test the validity of the approach proposed by Hancock
g 358 i et al. as the same complex was crystallized under different
g N E conditions and in the presence of a different counteranion.
'g 30¢ \\\ o : In the nitrate salt, the cloosest atom (O3w belonging to a
2 \ﬁ‘\%t"% water molecule) sits 5.07 A away from the Pb?* ion (Cty—
é 2.5 j ¢ o ~°';"" Pb-O3yw = 176.4), at a distance where any interaction with

o the lone pair can be ruled out. Thus, the scatter plot shown

20 . . : in Figure 6 definitively shows that the graphical approach

0 30 60 90 120 150 180
L-Pb-Ax angle [°]

Figure 6. Plot of Pb-L bond lengths against the supposed L-Pb-
Ax angle for [Pb(EDTA-N,)** (©),1°?1 [Pb(acac),] (A),%3 [Pb(18-
crown-6)(SCN),] (#),[ and [Pb(DOTAM)]>* complexes (@, nitrate
salt, this work; O, perchlorate salt; the dashed line is drawn as
an eye guide and is supposed to differentiate holodirected from
hemidirected structures according to ref.*#). Atomic coordinates
were retrieved from the Cambridge Structural Database.

The first issue with this approach is obviously related to
the impossibility of precisely locating the position of the
lone pair in a crystal structure. Hence, experimentalists have
to presume stereoactivity and rely on their own judgment
to localize the pair and estimate approximate values of the
L-Pb—Lp angles. In the case of [Pb(DOTAM)J**, a reason-
able assumption was to localize the putative lone pair on
272
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to detect stereoactivity is meaningless if remote nonbonded
atoms are considered.

Because donor atoms located opposite an active lone
pair usually form much shorter bonds (L-Pb-Lp — 180°)
than those closer to the equatorial plane (L-Pb-Lp —
90°),133 it seems more reasonable to consider only the di-
rectly bonded donor atoms to detect a distortion of the co-
ordination polyhedron. Therefore, the structural descriptors
of typical holo- and hemidirected lead(II) complexes are
compared in Figure 6 with those of [Pb(DOTAM)J**. These
examples were chosen according to the facility to visually
pinpoint the axis, noted Ax in Figure 7, along which the
lone pair is supposed to be expanded.

The crystal structure of the complex formed with the
hexadentate ligand N,N,N’,N’-tetra(carbamoylmethyl)eth-
ylenediamine (EDTA-N,) reveals a hemidirected distribu-
tion of the donor atoms, while the lone pair is easily local-
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[Pb(EDTA-N,)*

[Pb(acac),]

Figure 7. Definition of the Ax axis in several holo- and hemidirected lead(I) complexes. Atomic coordinates were retrieved from the

Cambridge Structural Database.

ized because of the presence of a vacant hemisphere.[®?l This
holds also for the bis(acetylacetonate) (acac) complex.[®3]
However, a completely different situation is encountered
when Pb?" is bound to 18-crown-6.4 In the latter com-
pound, the metal center is octacoordinated in the equatorial
plane by the six oxygen atoms belonging to the macrocycle
and by two thiocyanate anions on the axial positions. Be-
cause of the absence of a gap in the first coordination shell,
it can thus be inferred that the structure is holodirected and
that the 6s” lone pair is stereochemically inactive.

For the clearly hemidirected complexes, the axis can be
easily defined by the line passing through the Pb?>* ion and
either the centroid of the O, plane for [Pb(acac),], or
through the centroid of the N-N pair on the opposite side
of the gap in the case of [Pb(EDTA-N,)]**. For the holo-
directed [Pb(18-crown-6)(SCN),] species, the axis was arbi-
trarily set along the S-Pb-S direction, as all donor atoms
are symmetrically distributed in the coordination sphere.
From a visual inspection of Figure 6, it becomes evident
that there is no clear-cut difference between a holo- and a
hemidirected arrangement. Nevertheless, it can be noticed
that L-Pb—Ax angles for the hemidirected complexes are
always higher than or equal to 90°, while they span the
0-180° range for the holodirected [Pb(18-crown-6)(SCN),]
complex, indicating that donor atoms are located in both
hemispheres around the metal center. It is noteworthy that
data points pertaining to [Pb(DOTAM)]** are distributed
on both sides of the 90° threshold, further suggesting that
the lone pair most likely remains inactive both in the per-
chlorato as well as in the nitrato salts. If one can safely
conclude that the graphical tool proposed by Hancock et
al. is merely useless, a slight emergence of the 6s electron
pair due to a moderate charge transfer to the 6p orbital
cannot be definitively excluded.[®]

Solution NMR Studies

As only broad 'H and '*C NMR signals could be ob-
served at room temperature, suggesting dynamic behavior
of [Pb(DOTAM)J** in D,O or [D;]DMF solution, the spec-
tra were assigned on the basis of two-dimensional 'H-'H
COSY 45, 'H-'H NOESY, and 'H-'*C HETCOR corre-
lation maps recorded at 276 K in D,O (see Supporting In-
formation). By cooling the sample from 300 K down to
276 K, the three broad lines seen at room temperature be-
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tween 2.5 and 4 ppm resolve into six multiplets assigned to
the three sets of nonequivalent methylene protons, which
could be easily paired with the help of a 'H-'3C HETCOR
experiment. These observations are consistent with a time-
averaged C,, symmetry in which all four acetamide arms
are equivalent but where all the methylene protons become
diastereotopic at temperatures close to the freezing point of
D,0. The large anisochrony affords strong evidence for the
unidirectional orientation of the four amide substituents
that differentiates both sides of the cyclen ring. A NOESY
experiment enabled discrimination between the geminal cy-
clen protons directed towards the amide chains and those
pointing away from them. Rapid exchange by a concerted
flip-flop motion of each pair of geminal protons belonging
to the twisted ethylenediamine chelate rings results in the
coalescence above 300 K of each pair of diastereotopic sig-
nals. In order to visualize the N-terminal amide protons, a
spectrum was also recorded in [D;]DMF that shows two
singlets at 0 = 8.32 and 8.81 ppm. The large peak separation
(Ao = 0.5 ppm) together with the C4, symmetry suggests
ligation of the carbonyl oxygen atoms to Pb?*, as observed
by X-ray crystallography.

Additional insight into the solution structure of the
[Pb(DOTAM)]?* cation was gained by means of 2°/Pb
NMR spectroscopy. Together with a nuclear spin of Y%, this
isotope possesses a high receptivity, natural abundance
(22.6%), and polarizability. It can thus be considered as a
highly sensitive probe of the coordination environment,
having chemical shifts spanning a range of more than
16000 ppm.[6%661 The presence of a single resonance at § =
1938 ppm for a solution of about 5X 102 M of [Pb(DO-
TAM)](NO3), in D,O confirms the presence of a single lead
species and supports the coordination of lead(Il) by four
nitrogen and four neutral oxygen atoms in solution. Indeed,
the observed chemical shift is in good agreement with the
value reported by Claudio et al. for [Pb(EDTA-N,)** (6 =
1764 ppm), the tetraacetamide analog of EDTA.I6? Li-
gation of two additional nitrogen atoms with respect to
EDTA-N, might account for the 174-ppm downfield shift.

Whereas the 'H and 2°’Pb NMR spectra are in agree-
ment with the eight-coordinate inverted square antipris-
matic structure of [Pb(DOTAM)J** found in the crystal, VT
NMR spectroscopic data indicate that the complex un-
dergoes intramolecular interconversion between both enan-
tiomeric forms. As already pointed out, helicity reversal of
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the ethylenediamine chelate cycles interchanges the axial
and equatorial positions of the diastereotopic methylene
ring protons that become equivalent above 300 K. As
stressed by Maumela et al.,*?! this motion is concerted,
with the inversion of configuration of the bound acetamide
arms (Figure 3). The interconversion dynamics between the
A-(5,0,0,8) and A-(A,A,A,A) enantiomers could be most con-
veniently followed by '*C VT NMR studies. Experiments
were carried out from 225 to 390 K in [D;]DMF on an
instrument operating at 125 MHz (Figure 8).

300K Jl JL 225x10"s™

370K 986x10351
I m‘ J@xm s
325K 7158™
P s T _— T
300K 8893"

280K l A A n 154"
250 K I ! ‘ I <001s”

51 49 55 51
) [ppm]

8 [ppm]

Figure 8. Variable-temperature 125-MHz '*C NMR spectra of
[Pb(DOTAM)J** in [D;]DMF showing the experimental (left) and
simulated (right) resonances of the cyclen ring carbon atoms. Each
experimental spectrum corresponds to the average of 1000 scans.
Reported exchange rate constants (k) were derived by standard Lo-
rentzian full line-shape analysis using the gNMR software.[”]

While a single resonance is observed for the acetamide
arms at any temperature, the eight cyclen carbon atoms di-
vide into two groups of four equivalent nuclei below 320 K,
as evidenced by the stack of spectra shown in Figure 8.
Upon heating, a discrete spectral change is observed as
both signals merge into a single peak with a coalesce tem-
perature of 7, = 322(1) K. Fast helicity interchange con-
verting the A-(5,0,6,0) enantiomer into its A-(A,A,A,A) mir-
ror image and vice versa renders all carbon atoms equiva-
lent, while slow interconversion on the NMR timescale
gives rise to a set of four atoms over which an arm is folded
(Figure 3).1681

For each temperature, the associated first-order rate con-
stant (k) was determined by full line-shape analysis using
the gNMR software.[°”] The natural line width at half maxi-
mum was determined in the slow exchange regime. The in-
274
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terconversion rate constants k£ were then fitted to the Eyring
equation [Equation (1)] by nonlinear least-squares treat-

ment to vyield the activation parameters AH” =
58.0(7) kJmol! and AS™ = —13(2) Jmol ' K.

_l AGY kT AT AS®
k= P exp(- RT) = exp(— RT R ) )]

Calculated activation free energy (AG™ = 62.2 kJmol™!)
and first-order exchange rate constant at 298 K (kyog =
79 s71) are in agreement with the values estimated by Mau-
mela et al.™?! from the coalescence temperature (7, =
305 K, AG” = 64.0 kImol ') measured in D,O. Activation
enthalpies (AH™) and entropies (AS™) are of great value
from a mechanistic standpoint.[®”! Low activation enthalpy
and negative activation entropy are consistent with an intra-
molecular Bailar twist mechanism that proceeds by a con-
certed twist motion of the chelated arms about the C, axis
via a tetragonal-prismatic transition state. Indeed, a dissoci-
ative mechanism involving Pb-L bond breaking would lead
to a higher activation enthalpy and a positive activation
entropy due to solvation. In turn, negative activation en-
tropy is consistent with a tetragonal-prismatic transition
state, which is more compact in solution than an inverted
square antiprism.

Solution Equilibrium Studies

Cumulative stability constants reported hereafter as
logf,., values are related to the general equilibrium (2),
where m, [, and / refer to the stoichiometric coefficients of
the three components, namely unhydrolyzed aquated metal
ion (M), ligand (L), and hydronium ion (H), respectively.
Charges have been omitted for clarity. Stepwise protonation
constants Ky; are defined by the relation g, = [1Ky;;.

mM + IL + hH = M, LH, )

Because of the low solubility of free DOTAM in 0.1 m
sodium perchlorate, the supporting electrolyte used for ki-
netic studies (vide infra), potentiometric measurements
were carried out at 298.2 K in both 0.1 M sodium nitrate
and potassium nitrate solutions (Table 3). The new data
agree well with those reported by Briicher and co-workers
in potassium-salt-containing solutions.’%7!1 As previously
shown, the tetraamines bearing acetamide groups behave
like weak diprotic bases between p[H] 2 and 11.

Overall, DOTAM [logffy1» = 14.86(3)] is more basic than
TETAM [logfy1>» = 13.82(3)] in spite of a lower Ky, value.
This increase in basicity is the sole result of the magnitude
of difference in Ky;; of about 1.5 orders. The latter fact can
be rationalized in terms of hydrogen-bonding interactions,
as already pointed out in a previous work.['31 Whereas the
first protonation constant of DOTAM is typical for a ter-
tiary amine not engaged in a hydrogen bond but bearing an
electron-withdrawing group like an amide, involvement in
an intramolecular hydrogen bond of each macrocyclic ni-
trogen atom of TETAM with one of the N-terminal amide
protons hinders the protonation process and thus lowers the
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Table 3. Protonation constants of DOTAM and TETAM, and sta-
bility constants of the corresponding lead(II) complexes at 298.2(2)
K.

M DOTAM

H* IOgK()ll 891(2)[a]
9.07

TETAM
7.44(2))

log Ko12 6.38(1)®!
6.44(1)ld)
5.92(1)!
6.21(1)1
14.86(3)tl
15.120l
15.520d
13.37(2)f
13.91(1)n
Pb>  logfio >1911 8.29(3)t!

[a] 7 = 0.1 M KNOs; this work. [b] 7 = 0.1 M KNO; or NaClOy;
ref31 [c] 7= 0.1 M KNO;; ref. [d] 1 = 1 M KCI; ref"! [e] [ =
0.1 M NaNOs; this work. [f] 7 = 0.1 M NaNO;; ref.#?

log fo12 13.82(2)"!

affinity towards H;0™. According to the crystal structure of
free DOTAM (Figure 1), only two out of the four tertiary
nitrogen atoms are involved in hydrogen bonds. Therefore,
one may tentatively conclude that the first protonation
should occur on a non-hydrogen-bonded nitrogen atom.

Data collected in Table 3 also enable the medium effects
on the proton affinity to be gauged. In contrast to TE-
TAM,!! protonation constants of DOTAM determined in
an aqueous sodium-salt-containing solution (0.1 M NaNO3)
are significantly lower than those measured in the presence
of potassium nitrate at the same ionic strength. The influ-
ence of the supporting electrolyte on the protonation equi-
libria reflects the competition between alkaline and hy-
dronium ion binding, the affinity for K* being lower than
for Na*, in agreement with the differences in ionic radii.?”
Indeed, crystal structures of stable sodium complexes with
DOTAM-like ligands bearing either secondary or tertiary
amide pendant arms have been reported.[”> 74 Unexpec-
tedly, there is a rather large discrepancy between the pro-
tonation constants determined in this work and those re-
ported by Maumela et al. under identical conditions.*?! In
the present case, special care was taken to avoid systematic
experimental errors by using a specifically designed high-
alkalinity glass electrode in order to minimize the inter-
ference due to sodium ions.

As DOTAM was known to form an extremely stable mo-
nonuclear lead(I) complex that withstands 0.5 M HCI, no
further attempts were made to reevaluate the binding con-
stant. The lower-limit estimate reported by Maumela et al.
(log 110 > 19)*?1 was considered in all speciation calcula-
tions. However, a spectrophotometric titration was per-
formed in order to check the possible formation of [Pb(DO-
TAM)(OH),]® - P* species under alkaline conditions. Pro-
vided a nonabsorbing counteranion such as ClO, is cho-
sen, complex formation can be conveniently followed by
UV absorption spectroscopy. Indeed, at p[H] values where
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no hydrolysis occurs (about 2), the spectrum of an aqueous
Pb(ClO,), solution is characterized by a strong absorption
band (Anax = 209 nm, &, = 11800 M 'cm™!) assigned to
the spin-forbidden 6s> — 6sp transition. Spectral deconvo-
lution by Gaussian line-shape fitting indicates that the enve-
lope is composed of at least three components at 207.3,
205.3, and 212.2 nm. As an equimolar quantity of DOTAM
is added to a 1074 M Pb(ClO,), solution ( = 0.1 M NaClO,),
the aforementioned band disappears and is replaced by a
new feature centered at 259 nm [y, = 9640(50) M 'cm ]
that remains unchanged from p[H] 3.5 to 10.5, excluding
the putative formation of a hydroxido species.

Representative species distribution diagrams relevant to
the kinetic studies are shown in Figure S11 as a function of
p[H]. These diagrams are based on the protonation con-
stants reported in Table 3 as well as the hydrolysis constants
of lead(II).’> Accordingly, the mono- and diprotonated
forms of DOTAM predominate in the p[H] range 4-7, al-
though a small fraction of the free base is also present at
the upper end. Lead(Il) exists as a mixture of Pb>* and
the soluble hydroxido complex Pb(OH)™" if the solution is
protected against CO, ingress, while the lead(IT) complex is
formed at more than 99.99% over the H;0O" concentration
range extending from 107 to 10! m.

Formation Kinetics

Taking all the relevant species into account, the overall
complexation of lead(Il) by DOTAM can be expressed by
Equation (3), where L refers to DOTAM.

Pb(OH),2~¥* + LH,"* = Pb(L)>* + xH,O + (h — x)H* 3)

Depending on the experimental half-life, the time course
of the reaction was monitored between p[H] 1 and 7 in
weakly buffered solutions either by classical or stopped-
flow single-wavelength spectrophotometry at 259 nm. Un-
fortunately, investigations at p[H] values higher than 7 were
hampered by the occurrence of precipitates. The quantita-
tive lead binding was treated as a pseudo-first-order process
by degenerating the reaction order with respect to the li-
gand, concentrations after mixing being at least ten times
larger than those of lead(IT). Under such conditions, the
reaction proceeds to completion in a single rate-limiting
step with no more initial loss of spectrophotometric ampli-
tude than that expected from the mixing time. The binding
process was found to be of first order with respect to the
entering metal, as the recorded signal could be fitted with
an excellent statistical confidence to a single-exponential
function by nonlinear least-squares.

The variation of the apparent pseudo-first-order rate
constants (k,ps) With the analytical concentration of DO-
TAM exhibits a linear trend at any fixed p[H] value between
1 and 7 (plots and a table of the entire set of kg, vs. [DO-
TAM],,; data are available as Supporting Information).
Linear regression analysis systematically returned intercepts
that were not statistically different from zero according to
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Student’s ¢-test at the 95% probability level. Hence, the ex-
perimental ks values were adjusted to Equation (4), which
supports the apparent rate law given by expression (5).

kobs = kfx [L]tot (4)
d[PbL>*
V= % = kobs X [Pb]lol (5)

The values of the second-order rate constants k¢ listed in
Table 4 were directly deduced from the slope of each re-
gression line. It is worth noting that the change from for-
mate to MES buffer around p[H] 4.5 did not significantly
influence the reaction rates, as evidenced by the absence of
discontinuity in the curve drawn in Figure 9. As the concen-
tration of conjugated base at a similar p[H] value is obvi-
ously different for both buffers, this observation is a good
hint for excluding a base-catalyzed binding mechanism.

Table 4. Formation rate constants (k¢) of [Pb(DOTAM)]>*.[2l

plH] K plH]  krX10°  p[H] kX107

[M—l s—l] [M—l S—l] [M—l S—l]
1.00  1.104(9) 443 3.9703) 560  45.9(4)
1.59 471 445  4.20(4) 581 56.4(6)
1.60  4.94(5) 453 54702 6.19  92.2(6)
206 14.1(1) 464  7.71(4) 6.50  118.33(7)
3.00  135.6(8) 489  11.02(9) 6.88  132.6(9)
342 378(1) 521 18.69(8) 6.95  167(2)
4.02  1504(7) 537 29.6(2)

[a] [Pb]io; = 2.015X 105 m; 1 = 0.1 M (H,Na)ClOy; T = 298.2(2) K.
p[H] was maintained constant within *£0.01 unit by adding either
HCIO, (p[H] = 1-2.06), 0.025 m formate buffer (p[H] = 3-4.45), or
0.025 M MES buffer (p[H] = 4.53-7). [b] Reaction order degener-
ated with respect to lead(Il) ([Pbl; = 5.15X104-1.2X 1072 Mm;
[DOTAM]o; = 2.05X 1075 m).

10°

10°
107 10° | 10° 10"
H" conc. [M]

Figure 9. Variation of the rate constants k; as a function of the
proton concentration. / = 0.1 M (H,Na)ClOy; T = 298.2(2) K.

Alternatively, the complex formation reaction was also
monitored at p[H] = 1.59 but employing at least a 10-fold
excess of lead perchlorate over ligand. Under such pseudo-
first-order conditions, the monoexponential growth of the
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optical density recorded at 259 nm confirmed that the reac-
tion is also of first order with respect to the analytical DO-
TAM concentration. Moreover, k., values evidenced also
a linear variation as a function of total lead concentration
without any significant ordinate at the origin, the second-
order rate constant being in excellent agreement with the
value found by degenerating the reaction order with respect
to the ligand (Table 4).

As seen in Figure 9, the second-order rate constants kr
are strongly pH-dependent. On a double-logarithmic scale,
they decrease linearly with increasing free proton concen-
tration over a wide range extending from p[H] 1 to =5.5.
The negative unitary slope of the straight line suggests an
apparent reaction order of —1 with respect to the proton
concentration. However, deviation from linearity occurring
close to neutrality is a clear indication for a more complex
mechanism that involves several protonated states of one or
both reactants. According to the metal and ligand specia-
tion diagrams (Figure S11), the reaction scheme should a
priori take into account all possible pathways depicted in
Scheme 2, where Pb?* and its first hydrolysis product,
Pb(OH)*, can react with either un-, mono-, or diprotonated
DOTAM.

ki

Pb2* Pb(L)?*
ko
L + < +H" | —HY
K
Pb(OH)* P Pb(L)?* + OH~
2
Kot1 || H*
ks
Pb2* Pb(L)?" + H*
ks
LH* + < +H | -H
ks
Pb(OH)* Pb(L)?* + H,0
Ka
Kotz | H*
ks
Pb2 Pb(L?* + 2H*
ks
LH2* + +H* | -H*
Ko
Pb(OH)* Pb(L)?* + H,O + H*
ks
Pro-
Pb?* + Hy0 Pb(OH)* + H*

Scheme 2.

Integration of the rate law corresponding to Scheme 2
[Equation (6)] leads to expression (7), which relates k¢ to the
proton concentration and to the second-order intrinsic rate
constants k; (i = 1-6).'31 According to the mass-balance
equations, relation (7) also includes the hydrolysis constant
of Pb?* ion (B4 = 10732 M; I = 0.1 m NaClO,)" and the
cumulative protonation constants of DOTAM (fy; and
Lo1> values given in Table 3 for 0.1 M NaNOs). Because of
the absence of any significant ordinate at the origin in the
kops versus [L]i: plots [absence of a constant term in Equa-
tion (4)], reverse reactions in Scheme 2 can be neglected
(k_; = 0) in agreement with the extremely high stability of
the formed lead complex.
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= k{LlioPblioc = (ki[L] + A3[LH'] + ks[LH,**D[Pb>] + (ko[L] + ky[LH'] + ko[LH,**])[Pb(OH)"] (6)

k
' (14 Boni[HT+ SoroH P)H'T + Bro-1)

The formation rate constants k; (i = 1-6) of Equation (7)
were adjusted to the experimental data by a weighted non-
linear least-squares method,’® while the thermodynamic
parameters 101, fo11, and fo1» were fixed. The employed
weighting scheme [w; = (1/k;)?], which assumes a constant
relative error on ky over the entire proton concentration
range, approximately equalizes the contribution of each
data point to the mean square sum. As this procedure is
equivalent to a refinement on y?, the expectation value for
the goodness of fit (y%min) is equal to the relative standard
deviation of k; values, which is close to 1% according to
Table 4.

In the present case, only two of the six kinetic parameters
could be determined, although proton ambiguity did not
enable distinction of the two reaction schemes summarized
in Table 5 that resulted in identical ., values (%min =
0.01655). Over the entire explored p[H] range, complex for-
mation occurs primarily through the interaction of Pb?*
with the monoprotonated ligand species (k3). If all the other
reaction routes are neglected in the region where LH,>* and
Pb?*" predominate (p[H] < 5), Equation (7) reduces to k; =
(k3/Ko12) X [H*] !, as experimentally suggested by Figure 9.

Table 5. Values of the second-order intrinsic formation rate con-
stants of [Pb(DOTAM)]** adjusted by nonlinear regression analysis
of the data shown in Figure 9 for both models affording the best
fit.[al

Model kX105 kyX 105 kyx 107
e'st st s

Pb2* + L and Pb>* + LH* 6.008)  1.19(4)

Pb2* + LH* and Pb(OH)* + LH* 119@)  4.4(6)

[a] I = 0.1 M (H,Na)ClO,; T = 298.2(2) K.

However, this sole pathway does not account for the
lower than expected second-order rate constants kg for p[H]
values above about 5.5. Thus, a satisfactory fit was only
obtained when the reaction of either Pb>* with the free-
base ligand (k;) or Pb(OH)* with the monoprotonated
macrocycle (k4) was also included in the model, in agree-
ment with the species distribution diagrams shown in Fig-
ure S11. Although neither reaction scheme can be distin-
guished from a mathematical point of view, electrostatic
considerations (vide infra) argue in favor of the first model
in agreement with previous findings related to tetracarb-
amoyl derivatives of cyclam.['! Indeed, the rate enhancement
factor of 5 experienced when Pb?* reacts with the neutral
ligand rather than the positively charged LH* form is in
line with this assumption. On the other hand, interaction
of Pb(OH)* with LH™* is also electrostatically more favor-
able than that of Pb?*, while hydrolyzed metal ions are re-
puted to be more reactive, often by several orders of magni-
tude, than the fully aquated parent cation.l””] Therefore, one
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would expect a much higher than observed ky/k; ratio,
which does not exceed a factor of 3.7 in the present case.
Considering the main complex formation route, the reac-
tion of Pb?>" with the monoprotonated form of DOTAM is
much slower than expected for a dissociative Eigen—Wilkins
mechanism.[”81 The refined k5 value [1.19(4) X 10° m's7!] is
indeed three orders of magnitude lower than the Kog X ke
product (=3.6 X108 M 's '), where Kyg stands for the sta-
bility constant of the {[Pb(H,O),J**-+~LH*} outer-sphere
complex and k., for the water-exchange rate constant for
[Pb(H50).J** (key = 7.5%10°s ! at 298 K)."1 The Kog
value was estimated from the Fuoss theory by setting the
closest approach distance between both constituents of the
jon pair to a = 5A (Kog = 0.048 M 1).'5] Tt is therefore
concluded that the rate-limiting step takes place after the
substitution of the first water molecule in the inner sol-
vation shell, a situation that is commonly referred to as the
so-called Eigen—-Winkler mechanism.®®) For comparison
purposes, Table 6 summarizes the values of relevant intrin-
sic bimolecular rate constants (kyy;) reported in the litera-
ture pertaining to Pb?>* binding by monoprotonated cyclen,
its tetrasubstituted acetate (DOTAH?*) and acetamide
(DOTAMH?") derivatives, as well as TETAMH®.
DOTAMH" is the less reactive compound within this series,
the rate-limiting step being respectively 1.5X10* and 7
times slower than for DOTAH? and cyclenH*. The large
dependency of the kyy rate constants upon the nature of
the entering ligand is a diagnostic feature for an Eigen—
Winkler mechanism and thus provides further proof that
such a process is operating for lead uptake by DOTAM.

Table 6. Values of the second-order intrinsic rate constants (ki)
for the complexation of Pb>* by monoprotonated macrocyclic li-
gands in buffered NaClO, solutions at 298.2 K.

Ligand kin kyalkex 1
M's] [m'] [M]
Cyclen? LH* 8.3(1) X 10° 1.1x10* 0.2
DOTAI! LH*  1.8(4)x10° 2.4x107! 0.1
DOTAM LH* 1.19(4) X 10° 1.6 X107 0.1
TETAM! LH* 1.36(5) X 10° 1.8x10% 0.1

[a] Cyclen: 1,4,7,10-tetraazacyclododecane; ref.®?l [b] DOTA:
1,4,7,10-tetrakis(carboxymethyl)-1,4,7,10-tetraazacyclododecane;
ref.®3 [c] This work. [d] TETAM: 1,4,8,11-tetrakis(carbamoyl-
methyl)-1,4,8,11-tetraazacyclotetradecane; ref.l!”]

In the case of unsubstituted tetraazamacrocycles, it has
been shown that the rate-limiting step is often related to the
formation of the second metal-nitrogen bond, while it is
generally accepted that appending chelating groups on the
ring structure accelerates the incorporation of metal cations
in the molecular cavity.®!! The 2200-fold larger rate con-
stant reported in Table 6 for cyclenH" compared with that
of DOTAH? can in large part be explained on the basis of
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the Fuoss equation by taking into account the sole charge
differences between the reacting ligand species, +1 (Kog =
0.048 M) and -3 (Kos = 88.5 M !) respectively, as the ratio
between the Kog values approximates =1840, assuming a
closest approach distance of 5 A.

Nevertheless, assistance of the acetate arms at the early
stage of the lead(II) capture by DOTAH? is suggested by
a saturation-type rate law, which is indicative of the rapid
formation of an intermediate complex in equilibrium with
the reactants prior to the rate-limiting step.®3 Kasprzyk
and Wilkins made similar observations when DOTAH?3"
was opposed to an earth-alkaline (Ca®*, Sr>*, Ba’*) or a
divalent transition-metal cation (Ni**, Cu?*, Zn>"). They
proposed that the metal ion was presumably bound to an
acetate oxygen and a ring nitrogen atom in the intermediate
monoprotonated complex.®¥ Further evidence for early
participation of the acetate arms can be found in the pro-
lific literature related to lanthanide(IIT) complexation by
DOTA and related ligands that has been recently summa-
rized by Moreau et al.®] The general picture that emerges
is consistent with the rapid formation of a N-diprotonated
intermediate in which all four acetate arms project in the
same direction and are bound to the Ln** cation located
above the O4 plane. Five water molecules complete the co-
ordination sphere. EXAFS data have shown that 60 h after
the formation of the [Ln(DOTAH,)(H,0)s]* species, the
lanthanide is still bound to the four carboxylic oxygen
atoms but only three water molecules subsist in the sol-
vation sphere while a concerted migration of both protons
from the nitrogen to the bound oxygen atoms belonging
to the same arms enables the first two Ln—N bonds to be
established. This second [Ln(DOTAH,)(H,0);]" intermedi-
ate can undergo fast deprotonation upon base addition with
pK, values in the range of 2.5-2.7. Ultimate conversion of
[Ln(DOTAH,)(H,0);]" = D* (h = 0-2) into [Ln(DOTA)-
(H,O)] takes several additional weeks during which two
water molecules are expelled from the coordination sphere
while the Ln’* cation penetrates into the molecular cavity
and binds to the two last nitrogen atoms, affording the final
species. 8]

Although Pb?* reacts by a factor of 7 slower with
DOTAMH? than with cyclenH", initial metal capture by
the neutral acetamide dangling groups as described above
cannot be ruled out a priori. One argument in favor of such
a mechanism is provided by the crystallographic analysis of
a diprotonated gadolinium tetraaqua complex of DO-
TAM,®7l which has been considered as a thermodynamic
key intermediate along the formation path leading to the
final [GA(DOTAM)(H,O)]** species.’¥) In [Gd(DO-
TAMH,)(H,0),]>*, the Gd3* cation is surrounded outside
the cavity by eight oxygen atoms according to a regular
square antiprism. Projecting above the frans-diprotonated
cyclen ring, the four acetamide arms provide a first set of
oxygen atoms, while the four water molecules afford the sec-
ond set. With one missing water molecule, this arrangement
corresponds to that proposed for the first transient
[Ln(DOTAH,)(H,0)s]* species. An overlay of both gado-
lintum DOTAM crystal structures was sought to give some
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indication as to how the metal enters the cavity in order to
interact with the tertiary amines upon deprotonation and
release of three water molecules. Relocation of the carb-
amoyl arms results both in a more pronounced folding over
the cyclen moiety and twisting around the C; symmetry
axis but is also accompanied by a concerted puckering of
each ethylenediamine fragment.

On the other hand, there are also a number of arguments
against the rapid formation of such a protonated four-coor-
dinate intermediate. In a recent work, Baranyai et al. have
evidenced that the lanthanide(IIl) uptake by DOTAM fol-
lows a strict second-order process, having a rate law show-
ing no saturation behavior, as found herein for lead(II).["
Performing kinetic studies between pH 4.7 and 5.8 with sev-
eral Ln3* cations (Ce**, Eu**, Gd**, Er3*, Yb3*), they real-
ized also that unprotonated DOTAM was the reactive spe-
cies and, most importantly, that the rate-determining step
was not related to any deprotonation event. Two arguments
were put forward to support this idea. 'H NMR investi-
gations enabled the rate law of deprotonation for free
DOTAMH®" to be established {k = 123)x10° +
5.3(5) X 108[OH]}. Accordingly, proton exchange was, by
several orders of magnitude, faster than Ln** complexation
over the explored pH range. In addition, the formation rate
constants were independent at a given pH from the buffer
concentration. Hence, they ruled out a formation mecha-
nism similar to that outlined for DOTAH,® ~ /- and sug-
gested in turn that the rate-determining step was presum-
ably associated with the second or third Ln**—amide bond
formation.

The second objection against a DOTA-like mechanism is
provided by the large basicity differences of an amide versus
carboxylate oxygen atom, which makes a concerted proton
transfer between the NH* and the coordinated oxygen
atom highly unfavorable. Moreover, if such a mechanism
operated, a multistep process would be anticipated: the first
rapid rate-limiting binding step would be followed by much
slower rearrangement events. This is in contrast with our
findings. Moreover, the stability of such a putative transient
species is expected to be much lower than that involving
four negatively charged acetate donors (logK = 10%),[3% be-
cause of the very weak basicity of amide oxygen atoms (pK,
= —1). Thus, its steady-state concentration should ipso facto
be very low and this might explain why it was not possible
to detect it under the present conditions.

Some time ago, we proposed that [Pb(TETAM)]** is
formed according to a sequential arm-by-arm binding pro-
cess with successive chelate ring closure.!'> This assumption
relies on several kinetic studies involving first-row transition
metals and neutral cyclam derivatives bearing 2-hy-
droxyalkyl rests.8%-99 Of particular relevance, Rahardjo and
Wainwright showed that a minimum of two dangling N-
hydroxyethyl chains appended to adjacent amines of 1,4-
disubstituted cyclam are required to assist the metal ion
capture by the oxygen atoms and speed up its insertion into
the diprotonated macrocycle.’!! Following this idea,
[Pb(TETAM)]** formation could most probably be initi-
ated by the fast replacement of two water molecules of the
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fully aquated Pb>* ion by the entering amide carbonyl oxy-
gen atoms of TETAMH™ and subsequent interaction with
the tertiary amines bearing the amide groups, affording an
O,N,-bound intermediate.'>°!! The driving force for such
a sequential arm-by-arm binding process is the successive
closure of five-membered chelate rings. Once the cation has
been brought into the vicinity of the cyclam scaffold, the
fifth bond formation could presumably involve a nitrogen
atom located on the opposite side of the already bound
amide arms. Deprotonation of the ammonium group and
subsequent binding of the fourth tertiary amine was sought
to occur in the final stage leading to the octacoordinate
complex. As these ultimate steps most probably involve ni-
trogen inversion and significant conformational rearrange-
ments that will invariably slow down the complexation pro-
cess, we assumed that one of them was rate determining.

Considering that DOTAM and TETAM react with
lead(II) according to the same rate law with second-order
rate constants k; and k; y differing by a factor of about 17
and 11, respectively,l'™] this alternative mechanism might
also apply to the 12-membered ligand. The late rate-
determining step constitutes the major difference with the
reaction scheme proposed by Baranyai et al.’"! for [Ln(DO-
TAM)** complex formation. Indeed, it is difficult to con-
ceive that the size of the tetraazamacrocyclic scaffold would
impact by a factor of ten or more the formation rates if the
rate-determining step occurs at the early stage of the metal—
ligand interaction (i.e., closure of the first chelate ring or
third bond formation). In turn, the higher rigidity of a cy-
clen versus a cyclam moiety can reasonably account for the
slower formation rates measured in the case of DOTAM if
a late rate-determining step is postulated. However, a defin-
itive assignment of the rate-determining step remains a
challenging task.

Conclusions

Complementary instrumental techniques allowed us to
update the physicochemical properties of the Pb>*/DOTAM
system, both in the solid state as well as in solution, and to
compare them with those found for the 14-membered cy-
clam analog TETAM. The structure of the free-base form
of DOTAM has been determined both by X-ray crystal-
lography and CPMAS NMR spectroscopy. Two amide
groups are engaged in intramolecular hydrogen bonds with
the adjacent tertiary amines. New crystallographic data for
the lead(II) complex with nitrate as counteranions support
the N4O, inverted square antiprismatic coordination envi-
ronment provided by the ring nitrogen atoms and the amide
substituents, while a careful analysis of the structure and
comparison with literature data underscore the stereochem-
ical inactivity of the 6s> lone pair as a consequence of the
holodirected arrangement of the donor atoms around the
lead center.

Because of the four-blade propeller-like layout of the
folded acetamide arms anchored on the cyclen scaffold, the
[Pb(DOTAM)]?* complex is chiral. While its integrity is
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kept in aqueous solution, as evidenced by 2D NMR corre-
lation spectroscopy, variable-temperature experiments per-
formed in [D;]DMF enabled the interconversion mecha-
nism of both C,,-symmetric A-(5,5,0,6) and A-(A,A,AN)
enantiomers present in solution to be probed. The con-
certed helicity interchange of the five-membered acetamide
and ethylenediamine chelate rings proceeds without decoor-
dination through an intramolecular Bailar twist mechanism
around the fourfold rotation axis with a tetragonal-pris-
matic transition state.

Advantage was taken of the high lead affinity of DO-
TAM, even under strongly acidic conditions, to study the
formation kinetics in aqueous solution over a wide p[H]
range extending from 1 to 7. Similarly to the tetraacet-
amide-substituted cyclam analog TETAM, lead binding is
first-order with respect to the entering metal and ligand and
occurs in a single rate-limiting step. Analysis of the proton
concentration dependence shown by the bimolecular rate
constants indicated that the main reaction path involves
Pb?* and DOTAMH?*, while above p[H] 5.5 a second reac-
tion has to be considered to account for the experimental
data. Although proton ambiguity precludes definitive as-
signment, electrostatic considerations support the interac-
tion of Pb?>* with the neutral free base form of the DOTAM
as the most likely secondary pathway. As already found for
TETAM, all the kinetic data are consistent with an Eigen—
Winkler mechanism with a late rate-determining step. Com-
plying to the binding mechanism proposed for cyclam de-
rivatives bearing neutral hydroxy groups, an arm-by-arm
chelation process leading to successive five-membered ring
closure is favored over the fast formation of a PbO, inter-
mediate in which all four carbonyl groups would be bound,
followed by slow metal translocation and concerted proton
transfer.

Experimental Section

General Considerations: Unless otherwise noted, all chemicals and
starting materials were obtained commercially and used without
further purification. DOTAM was prepared according to the pro-
cedure of Maumela et al.*?! Caution! Although no problems were
experienced in handling perchlorate compounds, these salts, when
combined with organic ligands, are potentially explosive and
should be manipulated with care and used only in very small quan-
tities.

Synthesis of [Pb(DOTAM)|(NO3),:3.5H,0: After dissolving equi-
molar amounts of lead nitrate (230 mg, 0.69 mmol) and DOTAM
(278 mg, 0.69 mmol) in a methanol/water mixture (10:1 v/v)
(20 mL), the solution was refluxed for 3 h and then concentrated
to about 2 mL. Slow evaporation at room temperature afforded
colorless prismatic crystals suitable for X-ray diffraction studies.
The remaining crystals were filtered off, washed with a minimum
amount of water and methanol, and dried. Yield: 225 mg, 41%. 'H
NMR (300 MHz, D,O, 7' =300 K): § = 3.15 (br. m, 16 H, NCH,),
3.78 (br. s, 8 H, NCH,CO) ppm. '3C NMR (75 MHz, D,O, T =
300 K): 6 = 50.6 (NCH,), 52.9 (NCH,), 56.3 (NCH,CO), 175.7
(CH,CO) ppm. 2’Pb NMR (104 MHz, D,O, T = 300K): § =
1938 ppm. IR (KBr pellets): ¥ = 3600 (sh, voy, H>O), 3375 (br.,
VNH asym)s 3183 (Br., Vi sym)s 2964 (Ve asym)> 2854 (Ven sym), 1667
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(Veo), 1615 Grnm and duon), 1350 (br., vno, NO3 ) em ', MALDI-
TOF MS: m/z = 400.20 [L]*, 422.23 [L + Na — HJ*", 438.27 [L +
K — HJ*, 606.62 [L + Pb — 2 H]*. C;¢H3N,0,0Pb-3.5H,0
(794.76): caled. C 24.18, H 4.95, N 17.62, Pb 26.07; found C 24.51,
H 4.78, N 17.50, Pb 25.83.

Physical and Spectroscopic Measurements: Microanalyses were per-
formed on a Fisons EA 1108 CHNS instrument. The lead content
was determined by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) using a Varian VISTA AX simultaneous
spectrometer. MALDI-TOF mass spectra were obtained on a
Bruker ProFLEX III spectrometer using dihydroxybenzoic acid as
matrix. Infrared absorption spectra were measured as KBr pellets
with an IFS 66v (Bruker) Fourier transform spectrophotometer
from 4000 to 400 cm™! with a 2 cm™! resolution. Electronic absorp-
tion spectra were collected with a uniform data point interval of
I nm with a Cary 50 (Varian) spectrophotometer equipped with a
thermostatted cell holder connected to an RE106 (Lauda) water
circulator. The optical path length of the quartz cell (Hellma) was
lem. 'H — BBC and 'H — >N Cross-Polarization Magic Angle
Spinning (CPMAS) NMR experiments were performed at room
temperature on Avance II 300 and 400 spectrometers (Bruker) op-
erating at By = 7.1 and 9.4 T [Larmor frequencies v, = 100.4 MHz
(13C) and 30.4 MHz (**N)], respectively. 'H spin-lattice relaxation
times (7)) were evaluated with the inversion-recovery pulse se-
quence, indicating that a recycle delay of 60 s was necessary to
avoid saturation for DOTAM. *C CPMAS NMR spectra were re-
corded with a 4-mm double-resonance MAS probe (Bruker) at a
spinning frequency of 10 kHz, a 'H 7/2 pulse duration of 3.8 ps, a
contact time of 2 ms, and a 'H decoupling radio-frequency field of
65 kHz. Chemical shifts are relative to TMS. SN CPMAS NMR
experiments were performed with a 7-mm double resonance MAS
probe (Bruker) at a spinning frequency of 4 kHz, a 'H #/2 pulse
duration of 4.1 ps, a contact time of 5ms, and a '"H decoupling
radio-frequency field of 65 kHz. Spectra were referenced indirectly
by the SN signal of glycine (0 = -347.5 ppm). The 'H, proton-
decoupled '3C, and 2°’Pb NMR solution spectra were recorded
either with a Avance 300 or Avance DRX 500 spectrometer
(Bruker) operating at 300.13 and 500.13 MHz, respectively. All
chemical shifts are expressed in parts per million relative to the
residual solvent peak® or to an external standard [ = 0 ppm for
a 1 M Pb(NOs), in D,O containing 10> M HNO;]. Variable-tem-
perature '3C NMR spectra were recorded with the Avance DRX
500 instrument in the 225-390 K range. The probe temperature,
controlled by a BVT 3000 unit, was allowed to equilibrate for at
least 10 min prior to final magnetic homogeneity optimization on
the lock signal. Fluctuations at a given temperature were within
+0.1 K.

X-ray Crystallography: Relevant experimental crystal data and re-
finement details are summarized in Table 7. Colorless and pris-
matic single-crystal specimens of both deprotonated DOTAM and
[Pb(DOTAM)](NO3),-3.5H,0 complexes were selected for the X-
ray diffraction experiments performed at 77 = 110(2) K. Selected
crystals were mounted with silicon grease on the tips of glass capil-
laries. While crystals of the free-base ligand were air-stable, those
of the lead(Il) complex underwent fast desolvation. Thus, several
trials were necessary before a specimen, protected by a drop of
silicon grease and quickly mounted on the goniometer head at low
temperature, exhibited good diffraction quality. In order to mini-
mize absorption effects in the case of the lead complex (1 =
5.967 mm'), a parallelepiped-shaped crystal having approximately
similar edge lengths along the three main directions
(0.13X0.10 X 0.10 mm?) was cut out within the mother liquor.
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Table 7. Crystal data and structure refinement details for DOTAM
(L) and its lead(II) complex.

Parameter L [Pb(L)](NOs),*3.5H,O
Empirical formula C,6H3,NgO, C,6H39N(0,3.5Pb
Formula mass [gmol ] 400.50 794.76
T[K] 110(2) 110(2)
Crystal system monoclinic monoclinic
Space group P2,le P2)lc
alA] 5.9790(3) 9.2640(3)
bA] 17.821009) 26.4530(9)
c[A] 9.4310(5) 12.2880(5)
B 105.188(3) 107.916(2)
VA3 969.79(9) 2865.3(2)
VA 2 4
dearea. [gom™] 1.372 1.842
# (Mo-K,) [mm™'] 0.101 5.967
Collected reflections 6322 12442
Unique reflections 3367 [Ryy = 0.0560] 6398 [Ry,,, = 0.1030]
Data/restraints/parameters 3367/0/177 6398/252/453
Goodness-of-fit on F212 1.033 0.930
Final R indices R, = 0.0546, R, =0.0621,
[I > 2a(D]* WwR, = 0.0940 wR, = 0.0906
R indices (all data)® R, = 0.1160, R, =0.1861,
wR, = 0.1173 wR, = 0.1158
Largest diff. peak/hole [eA]  0.354/-0.281 1.491/-1.103

[a] Gof = [Ew(F,> — F2)*(N, — NI Ry = Z||Fy| - |F/Z|F; wR,
= {I[W(F,2 — F22Z[WE,A Y% w = 1[6%(F,?) + (AP)> + BP] where
P = (F?+ 2F2)/3.

Diffraction data were collected on a Nonius KappaCCD dif-
fractometer equipped with a nitrogen jet stream low-temperature
system (Oxford Cryosystems). The X-ray source was graphite-mo-
nochromated Mo-K, radiation (x = 0.71073 A) from a sealed tube.
In both cases, lattice parameters were obtained by a least-squares
fit to the optimized setting angles of the entire set of collected re-
flections. Intensity data were recorded as ¢ and w scans with «
offsets. No significant intensity decay or temperature drift was ob-
served during the data collections. Data were reduced by using
DENZO software without applying absorption corrections; the
missing absorption corrections were partially compensated for by
the data scaling procedure in the data reduction.!®3! The structures
were solved by direct methods using the SIR97 program.®¥ Refine-
ments were carried out by full-matrix least-squares on F? using the
SHELXL97 program!®? and the complete set of reflections. Aniso-
tropic thermal parameters were used for non-hydrogen atoms. In
the crystal structure determination of DOTAM, all hydrogen atoms
were located in the Fourier synthesis and their positional param-
eters were refined along with a global isotropic thermal factor. For
[Pb(DOTAM)](NOs),:3.5H,0, all hydrogen atoms belonging to the
ligand were located in the Fourier synthesis but those correspond-
ing to the water molecules were not found. In that case, the located
hydrogen atoms were placed at calculated positions using a riding
model and refined with a global isotropic thermal factor.

CCDC-656319 and -656320 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.ccde.cam.uk/data_request/cif.

Solution Preparations: All solutions were prepared with boiled and
argon-saturated double-deionized high-purity water (18.2 MQcm)
obtained from a Maxima (USF Elga) cartridge system designed
for trace analysis. The carbonate-free KOH and NaOH solutions,
prepared from Merck concentrates (Titrisol), were standardized by
titrating against oven-dried (120 °C for 2 h) potassium hydrogen
phthalate (Aldrich, 99.99%) and were stored under purified argon
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using Ascarite II (Acros, 20-30 mesh) scrubbers in order to prevent
absorption of carbon dioxide. The 0.1 M HNOj solution prepared
from Merck concentrates (Titrisol) and the 0.1 M HCIO,4 solution
obtained by diluting analytical-grade concentrated perchloric acid
(Fluka, 70%) were standardized against oven-dried (120 °C for 2 h)
Tris buffer (Aldrich, 99.9%) using the equipment described below.
Equivalent points were calculated by the second-derivative method.
The concentration of the standardized solutions corresponded to
the average of at least five replicates and was known with a relative
precision of less than 0.15%. Ligand stock solutions for kinetic
experiments were prepared by careful weighing with a Precisa
262SMA-FR balance (precision: +0.01 mg). The mother solution
(0.0325 M) of Pb(ClO,)»,-3H,O (Across, 99%) was standardized
with a 0.1 M Na,H,EDTA solution (Titriplex III, Merck) using xy-
lenol orange as an indicator.[°]

Potentiometric Titrations: Acid-base titrations were carried out at
constant ionic strength (/ = 0.1 M) in a water-jacketed cell con-
nected to a Lauda RE106 water circulator ensuring a constant tem-
perature of 298.2(2) K. Magnetically stirred solutions were main-
tained under a low-pressure argon stream to exclude CO, from the
headspace. Titrant aliquots were delivered through a polypropylene
line from a calibrated automatic ABU901 (Radiometer-Tacussel)
10-mL piston buret. Volumes were corrected according to a linear
calibration function obtained by weighing known quantities of
water and by taking into account the buoyancy effect. Glass-bulb
and reference electrodes were connected to a PHM240 ionometer
(Radiometer-Tacussel) for recording the electromotive forces at
+0.1 mV resolution. Both instruments were controlled by the Win-
dows-based multitasking and interactive high-resolution titration
software HRT Acid-Base Titration developed under the TestPoint
environment by Mustin.l””]

Depending upon the nature of the background electrolyte, two
types of electrochemical cells were employed in order to limit inter-
ferences and alkaline errors. In KNOjs solutions (0.1 m), a regular
XG100 pH 0-12 electrode was used in conjuction with a XR110
KCl-saturated calomel reference electrode, whereas a XG200 high-
alkalinity pH 0-14 electrode was selected in 0.1 M sodium-salt-con-
taining solutions (NaNO; or NaClO, for the kinetic studies) to-
gether with a XR300 Ag/AgCl reference electrode filled with a satu-
rated NaCl solution, all electrodes being purchased from Radiome-
ter-Tacussel. The reference compartment was separated from the
bulk of the solution by a sintered glass bridge filled with the appro-
priate 0.1 M supporting electrolyte solution. Prior to each experi-
ment, the probe was calibrated to read hydronium ion concentra-
tions (p[H] = —log[H;0"]) by titrating standardized HNO; or
HCIO4 (4.000 mL, 0.1 m) diluted in supporting electrolyte solution
(25 mL) with standardized base (9.010 mL, 0.1 M) in 0.12-mL in-
crements. Calibration data were processed according to a four-pa-
rameter extended Nernst equation, which takes into account liquid
junction potentials in acidic and basic media.l*! The ionic product
of water at 298 K and 7 = 0.1 M was fixed to the literature value
[pKy = 13.78(1) in all media].[?%

The protonation constants of DOTAM were determined at a con-
centration level of about 4 X 103 M in the p[H] range 1.8-11.5. Fol-
lowing the experimental and processing procedures detailed else-
where,[°®! each titration curve was analyzed individually by the
weighted nonlinear least-squares refinement program Hyperquad
2000.°°1 In the last refinement step, the total amounts of ligand
and initially added acid were also allowed to vary. The final values
are reported as the arithmetic mean of at least three independent
measurements together with their standard deviations, which were
systematically higher than those derived for a single experiment
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from the full variance/covariance matrix. Species distribution dia-
grams were computed with the help of Hyss software.[1%

Kinetic Measurements: In all experiments, the ionic strength was
maintained constant at 0.1 M by addition of the appropriate
amount of NaClO4H,O (Merck), while p[H] values were adjusted
with HCIO4 or NaOH. The spectroscopically silent and noncoordi-
nating perchlorate anion was used throughout kinetic studies, as
nitrate strongly absorbs light in the UV range. Because of the lim-
ited solubility of [Pb(DOTAM)](CIO,), in water, the total lead con-
centration was kept below 5X 10> m. Hence, only the ligand con-
centration could be varied to ensure pseudo-first-order conditions,
albeit in a narrow range between 0.2 and 1 X 1073 M because of the
restricted solubility of the macrocycle in NaClO, media. During
the course of the formation reaction, the p[H] was maintained con-
stant within *=0.02 units by addition of an adequate buffer. The
nonabsorbing and very weakly coordinating 2-(N-morpholino)eth-
anesulfonate buffer (MES, pK, = 6.27 at 298 K) was used for p[H]
values between 4.5 and 7. Between 3 and 4.5, the p[H] was main-
tained constant with the help of a formic acid/formate buffer solu-
tion (0.025 m). For p[H] values around 4.5, the same results were
obtained using either one or the other buffer. This observation is
consistent with the noncoordinating properties of the formate ion.
Below pH 3, dilute solutions of HCIO4 were used. In order to avoid
ligand precipitation, the buffering substance was only introduced
in the lead perchlorate solution, the final p[H] being adjusted with
perchloric acid.

Formation rates were measured under pseudo-first-order condi-
tions by using a SF-61 DX2 stopped-flow spectrophotometer from
Hi-Tech Scientific. The drive syringes, mixing chamber, and optical
cell were thermostatted at 298.2(2) K by water circulating from a
RE106 (Lauda) constant-temperature bath. The reactants, main-
tained at this temperature for at least 15 min prior to injection,
were mixed in less than 1.5 ms in a flow-through optical quartz cell
of 1-cm path length. When complex formation was too slow to
be monitored by stopped-flow spectrophotometry, spectral changes
were detected using a Cary 50 (Varian) spectrophotometer. Reac-
tants were then mixed together (2X1mL) in a thermostatted
quartz cell (Hellma) of 1-cm path length. Temperature was main-
tained constant at 298.2(2) K by water circulation through the
double-walled cell holder connected to an RE106 (Lauda) bath.

The stopped-flow kinetic traces, recorded at the maximum of the
UV absorption band assigned to the lead complex (4 = 259 nm),
were averaged out of at least six replicates and then processed with
the fitting routine implemented in the Kinet Asyst 2 (Hi-Tech Sci-
entific) software. Alternatively, the general graphing program Ori-
gin 6.0 (Microcal)l’®! was used to analyze the single traces recorded
with the Cary 50 instrument. Both packages enable a sum of one
to three exponential functions to be fitted to the experimental curve
by the Marquardt nonlinear least-squares algorithm. The goodness
of fit was judged in terms of the statistical parameter x> and by
visual inspection of the residual plots. In all cases, a monoexponen-
tial absorbance increase was observed. The pseudo-first-order rate
constants thus derived are included in the Supporting Information.
Further linear regression and nonlinear least-squares calculations
were performed with Origin 6.0.7% Standard deviations are re-
ported throughout in parenthesis as the last significant digit.

Supporting Information (see footnote on the first page of this arti-
cle): Bond lengths and angles for DOTAM; values of pseudo-first-
order constants (k) for the complexation of lead(Il) by DOTAM;
13C and "N CPMAS NMR spectra of DOTAM at 300 K; 'H, 1°C,
and 2’Pb NMR spectra of [Pb(DOTAM)](NO3),*3.5H,0 at 300 K;
'"H-'H COSY 45, '"H-'H NOESY, and 'H-'3C HETCOR corre-
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lation maps of [Pb(DOTAM)](NOs),-3.5H,0 at 276(1) K; Eyring
plot for configuration inversion of [Pb(DOTAM)** in [D;]DMF;
distribution diagrams of the lead(II) hydroxido and carbonato spe-
cies in anaerobic conditions and under CO,, and of the protonated
forms of DOTAM; and variation of the pseudo-first-order rate
constants ks with the analytical concentration of lead(Il) and
DOTAM.
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