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The crystal and molecular structure and the stability of lead and calcium complexes of two chelates containing
picolinate chelating groups in different geometries have been investigated in order to relate the ligand affinity and
selectivity for lead over calcium with the ability of the ligand to accommodate a stereochemically active lone pair.
The crystal structures of the lead complexes of the diprotonated and monoprotonated tripodal ligand tpaa®~ show
that the three picolinate arms of the tripodal ligand coordinate the lead in an asymmetric way leaving a gap in the
coordination sphere to accommodate the lead lone pair. As a consequence of this binding mode, one picolinate
arm is very weakly bound and therefore can be expected to contribute very little to the complex stability. Conversely,
the geometry of the dipodal ligand Hpdpaea is designed to accommodate the lead lone pair; in the structure of the
[Pb(dpaea)] complex the donor atoms of the ligand occupy only a quarter of the coordination sphere, reducing the
sterical interaction between the lead lone pair with respect to the Hstpaa complexes. As a result, in the lead
structures of H,dpaea all the ligand donor atoms are strongly bound to the metal ion leading to increased stability.
The high value of the formation constant measured for the lead complex of the dipodal dpaea?~ (log B1:(Pb) =
12.1(3)) compared to the lower value found for the one of the tripodal tpaa®~ (log S11(Pb) = 10.0(1)) provides
direct evidence of the influence of the stereochemically active lead lone pair on complex stability. As a result, since
the ligand geometry has little effect on the stability of the calcium complex, a remarkable increase in the Ph/Ca
selectivity is observed for dpaea(10%6) compared to tpaa®~ (105), making the dipodal ligand a good candidate
for application as extracting agent for the lead removal from contaminated water.

Introduction studies focused on the design of chelating ligands for the
. H _8
There has recently been a resurgence of interest in thef®Moval of lead from contaminated watend soilS™ by

fascinating coordination chemistry of divalent lead motivated SCIVent extraction or liquid/solid extraction. The most
by the toxicity of lead and its widespread occurrence in the
environment as a result of its numerous industrial applica- (2) Farrer, B. T.; Pecoraro, V. ICurr. Opin. Drug Disce. Dev. 2002
tions. Indeed, a good knowledge of the coordination proper- 3) ?A:gsja_r,gfs_; Weng, T. C.. Stern, C. M.. Dye, D. F.; Rous, B. W.:
ties leading to preferential binding of lead over other essential Payne, J. C.; Bridgewater, B. M.; Mijovilovich, A.; Parkin, G.; Zaleski,
metal ions is crucial for the understanding of the toxicological ié?”'é@?’},%“{,ﬁam J. E; Godwin, H. A. Am. Chem. So@005
properties of lead, the design of selective chelation therapy (4) cuenot, F.; Meyer, M.; Bucaille, A.; Guilard, R. Mol. Lig. 2005

agents, and the development of efficient chelating agents for 118 89-99. , _
(5) Rampley, C.; Ogden, K. LEnviron. Sci. Technol1998 32, 987—

the remediation of polluted water and sbif. Several recent 093.
(6) Tandy, S.; Bossart, K.; Mueller, R.; Ritschel, J.; Hauser, L.; Schulin,
*To whom correspondence should be addressed. E-mail: R.; Nowack, B.Environ. Sci. Technol2004 38, 937-944.
marinella.mazzanti@cea.fr. (7) Kim, C.; Lee, Y.; Ong, S. KChemospher@003 51, 845-853.
(1) Claudio, E. S.; Godwin, H. A.; Magyar, J. Brog. Inorg. Chem2003 (8) Grcman, H.; Vodnik, D.; Velikonja-Bolta, S.; Lestan, D.Erviron.
Vol. 51, pp 1-144. Qual. 2003 32, 500-506.
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Effects of the Pb(ll) Lone Pair

common chelator studied in the literature is EDTA which Chart1

has been used to remove lead nitrate from wastewater. >
Despite this, EDTA strongly chelates a large variety of ions, N
limiting the possibility of its application in the removal of
lead from contaminated water or soils. The feasibility of lead
contamination remediation by chelation requires a high
selectivity of the chelating agent for Pb(ll) relative to Ca-
(I) and other alkaline or earth-alkaline ions due to the usually
higher concentration of these ions in polluted water or some Hatpaa Hodpaea

soils. Soft donor ligands have better affinity for Pb(Il) than o )

for Ca(ll) as predicted by the Pearson’s haswft rule® and preferred cqordlnathn geometry or with the presence of a
on this basis a lead-selective sequestering agent has beeftereochemically active lone pair.

developed by grafting a tetraacetamide cyclam derivative on Hancock and Martell on the basis of their study of a series
silica surfacé® However, in the design of selective multi- 0f macrocyclic complexes suggested that increasing the
dentate ligands, besides the nature of donor atoms othemumber of nitrogen atoms in the ligand increases the affinity
parameters such as coordination geometry, sterical effectsfor lead by the activation of the stereochemical lone pit.

or chelate ring size can play an important role. Divalent lead Nevertheless, in spite of the fact that all the lead complexes
shows unusual and very rich coordination chemistry with a of ligands currently used as chelation therapy agents to treat
wide variety of coordination numbers and irregular geom- lead poisoning have stereochemically active lone pairs, at
etries. The donor atoms can distribute spherically around thethis point it remain unclear if ligands with geometry that
lead(ll) ion in what have been defined as “holodirected” can accommodate a stereochemically active lone pair yield
structures where the lead lone pair is stereochemically @ higher affinity for lead and an improved selectivity for
inactive, or they can cluster to one side leaving an “open” lead over other metal ions. In this paper, we report the
coordination site to accommodate the stereochemically activemolecular structures and the formation constants of the
6s lone pair (“hemidirected structures”). Several studies have calcium and lead complexes of the heptadentate trispicolinate
been directed in the past few years to rationalize the structuralligand tpaa (Htpaa= a,a’,o"-nitrilotri(6-methyl-2-pyridi-
effects of the lead lone pait.° Reger and co-workers have necarboxylic acid) and of the new pentadentate bispicolinate
shown that the stereoactivity of the lead lone pair can be ligand dpae#&r (H.dpaea= N,N-bis[(6-carboxypyridin-2-yl)-
controlled by varying the substituents on tris(pyrazolyl)borate methyllethylamine), Chart 1. A previous study of the
ligands2>-23 However, few systematic studies have been coordination chemistry of the tp&aligand shows that it
reported in which both the structure and the stability of lead binds strongly in a heptadentate fashion to lanthanide(lll)
complexes have been investigaté&t2’ making it difficult ions and divalent calciurff. In the present work, we find

to relate the ligand affinity and selectivity for lead with a that tpa& binds lead preferentially with respect to calcium,
probably due to the presence of soft pyridyl donors. In the
(9) Pearson, R. GJ. Am. Chem. Sod 963 85, 3533. design of the new ligand dpaea one picolinate arm is
(10) fif%%éf%"f&yen M., Espinosa, E.; Guilard IRorg. Chem2005 removed with respect to tpaa to better accommodate the lead
(11) Bashall, A.; McPartlin, M.; Murphy, B. P.; Fenton, D. E.; Kitchen, S.  lone pair resulting in an important increase of the affinity
(12) Bashall A.; MePartin. Wi Murphy: B, P powel H. R waiker, s, and selectivity for lead.

J. Chem. Soc., Dalton Tran$994 1383-1390.

HO OH

(13) Parr, JPolyhedron1997 16, 551-566. Experimental Section

(14) Shimoni-Livny, L.; Glusker, J. P.; Bock, C. Vihorg. Chem.1998
37,1853-1867. ) _ General Information. *H NMR spectra were recorded on Bruker

1s) Z'3‘j"12%°8°1'(_' 2R9'8[;..  Reibenspies, J. H.; Maumelalrdrg. Chem2004 200 and Varian U-400 spectrometers usingBolutions with DO

(16) Luckay, R.; Cukrowski, I.; Mashishi, J.; Reibenspies, J. H.; Bond, A. and 3-(trimethylsilyl)-1-propansulfonic acid as internal standards.
gé;leggrs, R. D.; Hancock, R. D. Chem. Soc., Dalton Tran997, Mass spectra were measured with a Finnigan LC-Q instrument.

(17) Amaud-Neu, F.; Harrowfield, J. M. Michel, S.; Skelton, B. W.; White, Elemental analyses were performed by SCA/CNRS, Vernaison,
A. H. Supramol. Chen2005 17, 609-615. France.

(18) Esteban-Gomez, D.; Ferreiros, R.; Fernandez-Martinez, S.; Avecilla, ~ Solvents and starting materials were obtained from Aldrich,
F.; Platas-lglesias, C.; de Blas, A.; Rodriguez-Blas|ribrg. Chem. Fluka, Acros, and Alfa and used without further purification.

2005 44, 5428-5436. - . . .
(19) ped‘?idO’ R.; Bermejo, M. R.; Romero, M. J.: Vazquez, M.; Gonzalez- 6-Chloromethylpyridine-2-carboxylic acid ethyl ester was obtained

Noya, A. M.; Maneiro, M.; Rodriguez, M. J.; Fernandez, MDhlton from the commercially available 2,6-dipicolinic acid according to
Trans.200§ 572-579. _ a published procedufé.The ligand Htpaa,a, o', o' -nitrilotri(6-
(20) Reger, D. L.; Huff, M. F.; Rheingold, A. L.; Haggerty, B. $.Am.

Chem. Soc1992 114, 579-584.
(21) Reger, D. L.; Collins, J. E.; Rheingold, A. L.; Liable-Sands, L. M.;  (25) Bridgewater, B. M.; Parkin, Gl. Am. Chem. So@00Q 122, 7140~

Yap, G. P. A.lnorg. Chem.1997, 36, 345-351. 7141.

(22) Reger, D. L.; Wright, T. D.; Little, C. A.; Lamba, J. J. S.; Smith, M.  (26) Rupprecht, S.; Langemann, K.; Lugger, T.; McCormick, J. M.;
D. Inorg. Chem.2001, 40, 3810-3814. Raymond, K. N.Inorg. Chim. Actal996 243 79-90.

(23) Reger, D. L,; Little, C. A.; Smith, M. D.; Rheingold, A. L.; Liable- (27) Hancock, R. D.; Shaikjee, M. S.; Dobson, S. M.; Boeyens, J. C. A.
Sands, L. M.; Yap, G. P. A.; Guzei, |. Anorg. Chem.2002 41, Inorg. Chim. Actal988 154, 229-238.
19-27. (28) Hancock, R. D.; Martell, A. EChem. Re. 1989 89, 1875-1914.

(24) Clapp, L. A; Siddons, C. J.; VanDerveer, D. G.; Reibenspies, J. H.; (29) Bretonniee, Y.; Mazzanti, M.; Dunand, F. A.; Merbach, A. E;d2eit,
Jones, S. B.; Hancock, R. Dalton Trans.2006 2001-2007. J. Chem. Commur001, 621.
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methyl-2-pyridinecarboxylic acid, was prepared from 2,6-dipicolinic parameters were obtained with intensities detected on three batches
acid according to the previously reported proced@fé. of 15 frames wih a 5 sexposure time for complexds-2 and a 10

N,N-Bis[(6-carbethoxypyridin-2-yl)methyl]ethylamine. A so-
lution of anhydrous KCO; (5.53 g, 40.0 mmol) in anhydrous
acetonitrile (50 mL) and a solution of 6-chloromethylpyridine-2-

s exposure for compoun@s-7. The crystat-detector distance was
5 cm. For three settings @b narrow data frames were collected
for 0.3° increments inw. A hemisphere of data was collected for

carboxylic acid ethyl ester (5.23 g, 26.2 mmol) in anhydrous compoundsl—3 and5—7 (a quadrant was collected for complex
acetonitrile (30 mL) were successively added under argon atmo- 4). At the end of data collection, the first 50 frames were re-collected
sphere to0 0.98 g (12.1 mol) EtNHHCI. The reaction mixture was  to establish that crystal decay had not taken place during the
refluxed for 4 days. After filtration and evaporation of the solvent, collection. Unique intensities with> 100(l) detected on all frames

a yellow oil was obtained which was dissolved in dichloromethane using the Bruker prograthwere used to refine the values of the

(100 mL). The resulting solution was washed twicehnét 1 M
water solution of NaHC@(50 mL) and then dried over anhydrous

cell parameters. The substantial redundancy in data allows empirical
absorption corrections to be applied using multiple measurements

NaSO,. After evaporation of the solvent, the resulting brown solid  of equivalent reflection with the SADABS Bruker progr@Space

(3.6 g, 9.7 mmol, 79% yield) was used without further purification.

RMN 'H (CDsCN, 200 MHz): 6 1.12 (3H, t,J = 7.0 Hz,
CH,CHg); 1.40 (6H, t,J = 7.0 Hz, COOCHCH3); 2.63 (2H, q,J
= 7.0 Hz, (H,CHs); 3.86 (4H, s, H); 4.40 (4H, q,J = 7.0 Hz,
COOQH,CHg); 7.81 (2H, dJ = 7.7 Hz, H); 7.86 (2H, tJ = 7.7
Hz, Hy); 7.93 (2H, d,J = 7.7 Hz, H).

ES-MS @W2): 372.1 [M+ H]*; 394.2 [M + NaJ*.
N,N-Bis[(6-carboxypyridin-2-yl)methyllethylamine (H .dpaea).
Bis[(6-carbethoxypyridin-2-yl)methyl-ethylamine (3.6 g, 9.7 mmol)

was dissolved in ethanol (200 mLA 1 M solution of potassium

groups were determined from systematic absences, and they were
confirmed by the successful solution of the structure (see Table
1). Complete information on crystal data and data collection
parameters is given in the Supporting Information.

The structures were solved by direct methods using the SHELX-
TL 6.14 packag® and, for all structures, except for compi2xall
atoms, including hydrogen atoms, were found by difference Fourier
syntheses. All non-hydrogen atoms were anisotropically refined on
F2. Hydrogen atoms were refined isotropically. For compkex
hydrogen atoms were included in calculated positions and refined

hydroxide in water (35 mL) was added, and the mixture was isotropically.

refluxed for 20 h. The solvent was then evaporated under reduced Potentiometric Titrations. All solutions were prepared using
pressure, and the resulting solid was dissolved in water (10 mL). water purified by passing through a Millipore Milli-Q reverse-
The solution was acidified with concentrated HCI to pH 7, and a osmosis cartridge system (resistivity 1&Mcm). Carbonate-free
white precipitate was filtered off. The solution was further acidified 0.1 M KOH and 0.1 M HCI were prepared from Fisher Chemicals
(to pH ~ 2) and refrigerated (0C) overnight. An off-white solid concentrates. Ligand concentration was determined by alkalimetric
formed. A second crop of solid was obtained by evaporation of titration. Metal solutions were prepared by dissolving the appropriate
the resulting solution and recrystallization from methanol to yield amount of PbGlor CaC} in water. The exact metal ion concentra-

1.09 g (3.1 mmol, 32%) of the desired ligand.

RMN 1H (D0, 200 MHz, pD=2) : ¢ 1.49 (3H, t,J= 7.0 Hz,
CH,CHa); 3.59 (2H, g,J = 7.0 Hz, (H,CHy); 4.67 (4H, s, H);
7.52 (2H, d,J = 7.7 Hz, H); 7.87 (4H, m, H H,).

ES-MS (W2) : 316.3[M+ H]*;272.1 [M— CO, + H]*; 179.1
[M — CO, - C4H4NCH;z + H]*; 135.2 [M — 2CO, — C4H4sNCH;

+ H]*.

Anal.Calcd for Hdpaea_HCI_1.5KCI, ¢H17/N304Cl: C 41.34,
H 3.96, N 9.02. Found: C, 41.45, H 3.91, N 9.06.

Crystals of the lead complexes of dpaeand of Hdpaeawere
isolated by slow evaporation of 1® M solutions of H-
dpaea_HCI_1.5KCI and PbgCin 1:1 ratio after adjusting the pH
with a 0.1 M KOH water solution, respectively, to 3.6 and 1.5.

Crystals of the lead complexes of Htgaand of Htpaa were
isolated by slow evaporation of 1M solutions of Htpaa and
PbCb in 1:1 ratio after adjusting the pH with a 0.1 M KOH water
solution, respectively, to 5.6 and 1.6.

Crystals of the calcium complex of dp&eavere obtained by
slow diffusion d a 1 M methanol solution of KOH into a methanol
solution of Hdpaea_HCI_1.5KCl and CagQh 1:1 ratio.

Crystals of the calcium complex of tpaawvere obtained by slow
evaporation of a 1@ M water solution of Htpaa and CaGlin 1:1
ratio after adjusting the pH at 7.0.

102 M D,0 solutions of the lead complexes oftplaa and B
dpaea for NMR studies were prepared in situ.

X-ray Crystallography. All the crystals were analyzed using a

Bruker SMART CCD area detector three-circle diffractometer (Mo

Ko radiation, graphite monochromatdr= 0.71073 A). The cell

(30) Fornasier, R.; Milani, D.; Scrimin, P.; Tonellato, 0. Chem. Soc.,
Perkin Trans. 21986 233—-237.

(31) Bretonniee, Y.; Mazzanti, M.; Dunand, F. A.; Merbach, A. E.,daeit,
J. Inorg. Chem.2001%, 40, 6737-6745.
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tion was determined by colorimetric titration using standardized
EDTA solutions (Fisher Chemicals) and xylenol orange or calcon
as indicator, respectively, for Pbor Ca&".

Potentiometric titrations were performed in a thermostated cell
(25 £ 0.1 °C) under an argon atmosphere, and the ionic strength
was fixed with KCI 0.1 M. The p[H] (p[H]= -—log[H™],
concentration in molarity) was measured in each titration with a
combined pH glass electrode (Metrohm) filled & M KCI, and
the titrant addition was automated by use of a 751 GPD titrino
(Metrohm). The electrode was calibrated in hydrogen ion concen-
tration by titration of a known amount of HCI by 0.1 M KOH in
0.1 M KCI. A plot of meter reading versus p[H] allows the
determination of the electrode standard potent8) and the slope
factor §).2* Solutions (20 mL) of Hdpaea (0.001 or 0.0005 M)
or Hitpaa (0.0005 M) alone or of 1:1 metal/ligand mixtures were
titrated with a 0.1 M KOH solution. Back-titration with 0.1 mol
L~1 HCI were systematically performed after each experiment to
check whether equilibration had been achieved. There were 100
points measured with 5 min waiting between 2 points.

Experimental data were refined using the computer program
Hyperquad 200636 All equilibrium constants are concentration
quotients rather than activities. The ionic product of water at 298
K and 0.1 M ionic strength sk, = 13.7837 All values and errors
(one standard deviation) reported represent the average of at least
3 independent experiments.

(32) SADABSBruker: Madison, WI, 1995.

(33) Sheldrick, G. M.SHELXTL 6.145 ed.; University of Gtingen:
Gattingen, Germany, 1994.

(34) Martell, A. E.; Motekaitis, R. JDetermination and use of stability
constantsVCH: New York, 1992.

(35) Alderighi, L.; Gans, P.; lenco, A.; Peters, D.; Sabatini, A.; Vacca, A.
Coord. Chem. Re 1999 184, 311-318.

(36) Gans, P.; Sabatini, A.; Vacca, Aalanta1996 43, 1739-1753.



Table 1. Crystallographic Data for the Structure ofdtpaea and the Six Structures of CompleRes

Ca(H0)4}, 7

{[Ca(tpaa)(HO)].
Cu2Hs5sCasNgO26

(M eOH)1,, 6
C34H42CaNeO12

[Pb(dpaea)] [Ca(dpaea)(KO)-
[Pb(Hdpaea)Cl4 [Pb(dpaea)RO)]_6H, 0,5

[Pb(Htpaa)} 4H,0, 3

[Pb(Hutpaa)Cl]_2H,0, 2

Hodpaea_2hHD, 1

GigH16CIN3O4Pb Ga2HaaNgO15Phy

G1H20N4OgPb

C,1H17CIN4OsPb

CieH21N30g
351.36

formula

fw

1211.20
193(2)
monoclinic

C2lc

806.90
298(2)

1167.11
193(2)
triclinic

R

556.96
298(2)

663.60
123(2)
triclinic

P1

664.03
298(2)

298(2)

T, K

Effects of the Pb(ll) Lone Pair

monoclinic

le/ n

orthorhombic

Pnma

triclinic

P1

triclinic

P1
9.8539(13)

12.7185(16)
14.0516(17)

cryst syst

9.1597(14)
21.278(3)

90
116.377(3)

30.823(4)
90

12.273(2)

90
94.247(3)

12.095(2)
12.964(2)
90

10.3489(7)
11.4285(7)
16.6686(11)
90.7770(10)
103.9400(10)
95.4220(10)
1903.5(2), 2
2.036

16.421(19)
6.781(13)

90
90

15.42(2)
90

89.8610(10)
88.1640(10)
62.5240(10)
1046.6(1), 2

2.106

14.0962(11)
8.120

8.8430(7)
9.4690(7)

66.8760(10)
82.5020(10)
73.0390(10).
1078.6(1), 2

2.045

11.3321(9)
7.993

7.7921(6)
13.8880(11)

100.489(2)
95.553(2)
93.837(3)
1717.0(4), 4

1.359
0.105

space group

a, A

b, A

c A

o, deg
B, deg
7, deg
V,A3 7

5381.9(1), 4

1.495
0.401

1919.1(6), 2

1.396
0.365

8.910

1717(5), 4

2.154
10.006

Dcaica 0 cn3

u (Mo Ka), mm1

0.0564, 0.1304

0.0460, 0.1276 0.0492,0.1106

0.0683, 0.2141 0.0376, 0.0879 0.0295, 0.0760 0.0418,0.1131

R1, WR22 [l > 20(1)]

[max(Fo?, 0) + 2FA/3.

aStructure was refined dR,? using all data: wR2= [Z[wW(Fe2 — FAA/W(FHF Y2 wherew ! = [Z(F + (aP)?2 + bP] andP

Figure 1. ORTEP diagram of the diprotonated liganddgaea 1) with
thermal ellipsoids at 30% probability.

Scheme 1

B 1. CHgNH,.HCI,
| K,CO;, CHyCN, reflux
= Cl
EtOOC™ "N

2. KOH, EtOH

rdt =25%

Results and Discussion

Synthesis and Structure of the Ligand Hdpaea. N,N-
Bis[(6-carboxypyridin-2-yl)methyllethylamine gepaea) was
obtained in 2 steps using the synthetic route detailed in
Scheme 1 with a global yield of 25% from the previously
described 6-chloromethylpyridine-2-carboxylic acid ethyl
ester. The desired ligand was isolated in its triprotonated
cationic form from a water solution after adjusting the pH
to 2. The proton NMR spectra show all the expected
resonances, and satisfactory elemental analytical data were
obtained. The proton NMR spectra recorded at different pH
show a significant shift (0.5 ppm) of the methylene protons
between pH=7 and pH= 10 due to the protonation of the
aliphatic nitrogen. Crystals of the neutral diprotonated ligand
H.dpaea 1) were obtained by slow evaporation of a water
solution ofl at pH= 7.

The structure ofl is shown in Figure 1. Two molecules
of Hodpaea are linked by two strong hydrogen bonds between
a carboxylate oxygen from each molecule and a carboxylic
hydrogen from the other molecule (O{2D(11), 2.512(2)

A; (O(2)-H(20)---0(11), 175(39) leading to the formation

of a centrosymmetric dimer. The ligand adopts a zwitterionic
form with one protonated carboxylate group, a deprotonated
carboxylate group, and a protonated tertiary amine nitrogen.

(37) Smith, R. M.; Martell, A. E.; Motekaitis, R. BIIST Critically Selected
Stability Constants of Metal Complexes Datahas¢ST Standard
Reference Database 46, 2001.
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Table 2. Selected Bond Lengths (A) and Angles (deg) in the Complex
[Pb(Htpaa)Cl] @)

Pb-N(1) 2.645(6)
Pb-0(31) 2.654(5)
Pb-N(4) 2.658(6)
Pb—N(3) 2.720(6)
Pb—Cl 2.763(2)
Pb-N(2) 2.803(6)
N(1)—Pb-0(31) 59.90(18)
N(1)—Pb-N(4) 63.81(19)
O(31)-Pb-N(4) 121.99(17)
N(1)—Pb-N(3 67.73(19)
O(31)-Pb-N(3) 80.78(18)
N(4)—Pb-N(3) 65.99(19)
N(1)—Pb-Cl 86.10(15)
O(31)-Pb—Cl 106.17(15)
N(4)—Pb—Cl 82.37(15)
N(3)—Pb-Cl 145.26(14)

Figure 2. ORTEP diagram of the complex [Pbfidaa)Cl] €) with thermal o B
ellipsoids at 30% probability. longer than the sum of the ionic radii, but shorter than the

sum of the van der Waals radfi.Similar Pb-O distances

This leads to a dipodal conformation of the neutral penta- have been previously interpreted in terms of coordinating
dentate Hdpaea preorganized for metal complexation. A oxygen atoms located close to the site occupied by the
similar preorganized zwitterionic structure was previously sterically active lead lone paif.A similar interpretation for
found for the neutral ligand #tpaa. the structure of compleX2 would result in an eight-

Crystal and Molecular Structure of Lead Complexes. coordinated lead ion and would suggest the presence of an
The lead(ll) ion has a lone pair of electrons which can be active lone pair in the proximity of the carboxylic oxygens.
stereochemically active and can have important effects onAlthough not obvious, the presence of an active lone pair
the structure of its complexes. could explain the highly asymmetric arrangement of the

In the structures of lead complexes where the lone pair N-donors with Pb-N distances ranging from 2.646(6) to
has no steric effects (inactive lone pair or holodireted  2.803(6) A. At longer distance (PHD(22) =3.374 A) is
all the Pb-L bonds have similar lengths after taking into found for the carbonyl oxygen of the one protonated
account the differences in ionic radii of the different donor carboxylic group.
atoms. It has been observed that-fbbond lengths fall The pseuddz; symmetry observed in the crystal structure
for these complexes in the range 26288 A27 The steric of the free triprotonated ligand and in its lutetium(lll)
effects which have been generally associated with the complex!is disrupted by the inversion of the orientation of
presence of an active lone pair are the following: (1) the one picolinate arm.
presence of a gap in the coordination at the site of the lone  \while the high water solubility of the anionic lead complex
pair or very long Pb-L bonds at this site, (2) a shortening  [ph(tpaa)} prevented the isolation of crystals of this species
Of the Pb_L bond |engthS fOI‘ the ”gands |Ocated in a Site in the pH range 5.10' Crysta|s of the neutra' Complex [Pb_
opposite to the position of the lone pair, and (3) a lengthening (Htpaa)} (3) were obtained from slow evaporation of water
of those adjacent to this site. solutions at pH= 5.6. The structure o is shown in Figure

In this context, we have determined and analyzed the 3, and selected bond distances and angles are given in Table
structures of several complexes of lead with the Hdpaea 3. The lead complex of the monoprotonated tpaa crystallizes
dpaed , H:paa, and tpa& ligands in an attempt to  as a centrosymmetric dimer through the formation of strong
rationalize the difference in the thermodynamic stability of hydrogen bonds between the protonated carboxylic group
these lead picolinate complexes in terms of their structural (0(12)) and one carboxylate oxygen (O(2)). A similar
properties. dimeric structure had been found for the free ligdhdhe

Slow evaporation of water solutions of the picolinate ligand coordinates to the metal leaving a large gap in the
ligands (Hdpaea or RBpaa) and PbGlin 1:1 ratio lead to  coordination geometry, most likely the site of an active lone
the isolation of different species depending on the pH. pair. The lead ion appears to be pentacoordinated by the two

The complex [Pb(ktpaa)Cl] @) was isolated by slow  bidentate picolinate arms and by the apical nitrogen of the
evaporation of a water solution at pH 1.6. The crystal  tripodal ligand with irregular coordination geometry. In this
structure o2 is shown in Figure 2, and selected interatomic description, the third bidentate picolinate is regarded as
distances and angles are given in Table 2. The metal ionnonchelating due to the rather long-P0 (3.329(3) A) and
can be regarded as six-coordinated by four nitrogens andPb—N(2) (3.011(4) A) distances. These values are, however,
one oxygen of the monoanionic diprotonateddda acting shorter than the sum of the van der Waals ré&dind the
as a pentadentate ligand and by a chloride with irregular picolinate arm is located in proximity of the active lone pair.
coordination geometry. However, the two oxygen atoms of The value of the PBN(1) distance is short (2.509(4) A), as
the protonated carboxylic groups are situated at distances
(Pb—0O(21) = 2.980(6) A and PbO(11) = 3.028(6) A) (38) Bondi, A.J. Phys. Cheml964 68, 441.
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~
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Figure 3. Side view of the molecular structure of the dimeric complex
[Pb(Htpaa)} (3) and (a) top view of the asymmetric unit (b) with thermal
ellipsoids at 30% probability.
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Figure 4. ORTEP diagram of the complex [Pb(Hdpaea)Q®) with
thermal ellipsoids at 30% probability.

expected for PbL bonds located opposite to the site of the
active lone pair confirming its presence, while the—+b

Table 3. Selected Bond Lengths (A) and Angles (deg) in the Complex
[Pb(Htpaa)] 8)

Pb—(1) 2.509(4)
Pb—O(1) 2.599(3)
Pb-0(21) 2.482(4)
Pb—N(4) 2.728(4)
Pb—N(3) 2.540(4)
Pb-N(2) 3.011(4)
Pb-0O(11) 3.329(3)
N(1)—Pb-0(21) 94.45(13)
N(4)—Pb-0(21) 128.76(11)
N(3)—Pb-0(21) 64.56(12)
O(1)-Pb—0(21) 69.36(12)
N(1)—Pb—-N(4) 65.70(11)
O(1)-Pb-N(4) 127.93(11)
N(1)—Pb-N(3) 76.36(12)
O(1)-Pb-N(3) 115.21(12)
N(4)—Pb-N(3) 64.94(12)
O(1)-Pb-N(1) 64.40(11)
O(21)-Pb—N(2) 168.50(11)
N(1)—Pb-N(2) 88.19(11)
N(3)—Pb-N(2) 126.90(11)
O(1)-Pb-N(2) 102.00(11)
N(4)—Pb-N(2) 62.40(11)
0(21)-Pb-0(11) 118.56(10)
N(1)—Pb-0O(11) 108.30(10)
N(3)—Pb-0(11) 173.62(10)
O(1)-Pb-0(11) 71.07(10)
N(4)—Pb-0O(11) 112.57(10)
N(2)—Pb-0O(11) 50.17(9)

scribed by Parr and co-worketspne of the ligand arms is
bent away and only two nitrogen and two oxygen atoms of
the ligand are unambiguously coordinated to the metal ion.

The threefold symmetry of the free ligand is disrupted in
complex3 with the two strongly coordinating arms of the
tripodal ligand occupying a quarter of a sphere (angle
between the planes formed by Pb, N(4), N(1), O(1) and Pb,
N(4), N(3), O(21)= 86.3).

Both structures of the isolated lead comple2emnd3 of
the Hitpaa ligands suggest that only two picolinate arms
contribute significantly to the lead binding in the isolated
species due to the proximity of the third bidentate picolinate
arm to the site of the lead lone pair. These observations
incited us to design a new ligand presenting only two
picolinate arms which could occupy the quarter of sphere
opposite to the active site. Such geometry regrouping all the
donor atoms away from the site of the lone pair is expected
to give rise to an increased affinity for the lead(ll) i¥n,
and therefore, the study of the structure and thermodynamic
stability of the lead complexes of Hpaea should allow us
to shed light on the proposed relation between the presence
of an active lead lone pair and the affinity for lead.

In order to confirm the expected arrangement of the
coordinating atoms in the lead complexes of the bis-picolinate
ligand, the crystal structures of two complexes isolated at

bonds become increasingly longer when approaching the sitedifferent pH were determined. The complex [Pb(Hdpaea)-
of the lone pair (L= N(4) and O(1)). In an alternative  Cl] (4) was isolated from a water solution at pH1.6. The
interpretation of the coordination geometry, the third picoli- Structure of4 is shown in Figure 4, and selected bond
nate arm could be regarded as weakly coordinating becausdlistances and angles are given in Table 4. The crystal
it is lying adjacent to the active lone pair. In the crystal Structure of4 shows that strong hydrogen bonds between
structure of the analogous neutral lead complex [Pb- the protonated carboxylic acid and the oxygen carboxylate
(Hsaltren)] of the potentially heptadentate tripodal Schiff
basis Hsaltren [(\-salicylideneamino)ethyl] previously de-

(39) Parr, J.; Ross, A. T.; Slawin, A. M. 4. Chem. Soc., Dalton Trans.
1996 1509-1512.
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Table 4. Selected Bond Lengths (A) and Angles (deg) in the Complex
[Pb(Hdpaea)Cl] 4)2

Pb—Cl 2.5941(15)
Pb-0O(1) 2.684(3)
Pb-N(2) 2.607(3)
Pb-N(1) 2.639(5)
Cl-Pb-N(2) 84.45(5)
Cl—-Pb-N(1) 87.79(7)
N(2)—Pb-N(1) 65.37(6)
Cl-Pb-0(1) 90.35(5)
N(2)—Pb-0O(1) 61.85(11)
N(1)—Pb-0O(1) 127.11(7)
N(2)—Pb-O(1)# 166.40(7)
N(2)—Pb-N(2)# 129.76(13)
O(1)-Pb-0(1) 105.75(13)

aSymmetry transformations used to generate equivalent atoms: #
indicatesx, —y + Y, z.

link the individual Pb(ll) molecular units into a monodi-
mensional chain along theaxis of the unit cell (Figure 5).
The molecule [Pb(Hdpaea)Cl¥)X has a crystallographic
symmetry plane passing through the Pb ion, the CI, N(1),

and C(9). The complex presents a pentacoordinated lead withO

a hemidirected pentagonal pyramidal geometry with the
monoanionic monodeprotonated Hdpaeeting as a pen-
tadentate ligand. The pentagonal plane is formed by the N(1),
N(2), N(2#), O(1), and O(1#) atoms with a mean deviation
of 0.08. The apical position is occupied by a coordinated
chloride anion. The evident gap in the disposition of the
ligands around the lead ion indicates the presence of a

stereochemically active lone pair. There are no atoms located

near (at distances shorter than 4 A) the site of the lone pair.
In complex4, the Pb-Cl bond is located opposite to the
coordination void, and the value of the P8I distance
(2.594(1) A) is significantly shorter than the mean distances
found in holodirected structures (2.88(8)Apnd shorter
than the value expected from the sum of the ionic radii (2.89
A). The Pb-N distances (2.607(3) and 2.639(5) A) are longer
than the range of values indicated for hemidirected lead
complexes (2.372.56 AP74° with coordination number
lower than eight, but similar values have been found in a
pentacoordinate lead complex with a thiosemicarbazone
ligand for which the presence of an active lone pair has been
suggested® Due to the presence of the coordinated chloride,
the two picolinate arms spread over a hemisphere (angle
between the planes Pb, N(1), N(2), O(1) and Pb, O(1#),
N(2#), N(2)= 9.0°).

At pH = 3.6, crystals of the lead complex of the dianionic
dpaed were isolated. The crystal structure of the isolated
species [Pb(1)(dpaea)f{d)].:[Pb(2)(dpaea)pH.O (5) con-
sists of two independent lead complexes [Pb(1)(dpaea)-
(H20)]2, 53, and [Pb(2)(dpaea)kb, with dpae&™ acting as
a pentadentate ligand in both molecules and differing for
the presence of a coordinated water molecule presenting
short Pb-O distance [Pb(H0O(3) = 2.631(2) A]. In the
complex [Pb(1)(dpaea)@d)]., two neutral [Pb(1)(dpaea)-
(H20)] species are joined by strong hydrogen bonds between
the water molecule (O(3)) and the bound carboxylate oxygen

(40) Harrowfield, J. M.; Miyamae, H.; Skelton, B. W.; Soudi, A. A.; White,
A. H. Aust. J. Chem1996 49, 1121-1125.
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(O(1)) to form a centrosymmetric dimer. The ORTEP
diagram of this dimer is shown in Figure 6 while selected
bond distances and angles foa and 5b are presented in
Table 5. Complex5a adopts a hemidirected structure
suggesting the presence of an active lone pair. The coordi-
nating atoms are located in a hemisphere with the angle
between the Pb(1) N(1) O(3) plane and the plane Pb(1) N(2)
O(1) N(1)= 172.6. Short bond distances are found for Pb-
(1)—N(3) (2.594(1)A) and Pb(BHO(11) (2.491(1)A) located
opposite to the site of the lone pair. At longer-RD distance

are found a water molecule (Pb®(53)= 2.935 A) and

the carboxylate oxygen from the adjacent complex (Pb(1)
O(11)= 2.819 A), both located near to the site of the active
lone pair. If these atoms are regarded as weakly coordinating,
the structure oba can be alternatively described as a dimer
consisting of two eight coordinated [Pb(1)(dpaealidhd]
complexes connected by two bridging carboxylates and two
strong hydrogen bonds.

The structure obb is shown in Figure 7. The lead ion
adopts a distorted square pyramidal geometry with the atoms
(21), O(31), N(21), N(23) occupying the square plane
(mean dev= 0.11 A) and N(22) in the apical position. All
the ligand donor atoms occupy less than a quarter of a sphere
around the lead ion with the angle between the Pb(2), N(21),
N(22), O(21) and Pb(2), N(21), N(23), O(3H79.1°. The
ligand atoms coordinate the lead ion in an asymmetric way
as expected in the presence of an active lone pair. The lone
pair should be located opposite to the atoms showing the
shortest Pb-L bond distances (Pb(2N(23) = 2.560(2) A
and Pb(2>0(21) = 2.408(1) A). In the proximity of the
site of the active lone pair, two water oxygens (O(51)) and
(O(56)) and one carboxylate oxygen (O(21)) from an adjacent
Pb(2) complex are situated at distances (Pb@(51) =
2.856, Pb(2Y0O(56)= 3.043, and Pb(2)O(21)= 2.831 A)
longer than the sum of the ionic radii, but shorter than the
sum of the van der Waals radfiln an alternative interpreta-
tion, these atoms lying adjacent to the active lone pair could
be regarded as weakly coordinating, and the structubd of
could be described as a centrosymmetric dimer consisting
of two eight coordinated lead complexes connected by two
bridging carboxylates.

These results show that the geometry of the dipodal ligand
H.dpaea allows in all the determined structures for a large
coordination gap where the lead lone pair can be accom-
modated, significantly reducing the interactions between the
ligand donor atoms and the lead electronic lone pair with
respect to the kipaa complexes.

Crystal and Molecular Structure of Calcium Com-
plexes.The calcium complex of the ligand dp&earystal-
lizes in the centrosymmetric dinuclear structure [Ca(dpaea)-
(MeOH)(H:0)].(6)inwhichtwo neutral [Ca(dpaea)(MeOHYB)]
complexes are connected trough two bridging carboxylate
oxygen atoms. The ORTEP diagram of compées shown
in Figure 8, and selected bond distances and angles are given
in Table 6. Each calcium ion is eight-coordinated by the three
nitrogen and the two oxygen donors of the dpadmand,
by one water oxygen, one methanol oxygen, and a bridging
carboxylate oxygen with a dodecahedron geometry. The
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Figure 5.

Figure 7. ORTEP diagram of the comple&b [Pb(dpaea)] in5 with

Figure 6. ORTEP diagram of the complexa [Pb(dpaea)(kO)]2 in 5 thermal ellipsoids at 30% probability.

with thermal ellipsoids at 30% probability.

Table 5. Selected Bond Lengths (A) and Angles (deg) in the
Complexes [Pb(1)(dpaea)f8)] (5a) and [Pb(2)(dpaea)bp)

C(5)

Pb(1)-0(11) 2.4907(14) Pb(2)O(31) 2.4082(14)
Pb(1)-N(3) 2.5941(15) Pb(2)0(21) 2.5256(17)
Pb(1)}-0(1) 2.5958(16) Pb(ZN(23) 2.5601(16)
Pb(1)-0(3) 2.6308(19) Pb(2)N(22) 2.6215(18)
Pb(1)-N(2) 2.6543(18) Pb(2IN(21) 2.7951(16)
Pb(1)-N(1) 2.7842(15)

O(11)-Pb(1)-N(3) 64.11(4) O(31yPb(2)-0(21)  73.02(5) c22)
O(11)-Pb(1}-O(1) 73.67(5) O(3BPb(2-N(23) 65.36(5) (
N(3)—-Pb(1-O(1) 103.95(5) O(2BPb(2-N(23) 124.42(5)
O(11)-Pb(1)-O(3) 74.97(5) O(31yPb(2)-N(22) 99.51(6)
N(3)-Pb(1-O(3)  74.92(5) O(21yPb(2)-N(22)  63.78(5)
O(1)-Pb(1)}-O(3)  145.24(5) N(23}Pb(2-N(22) 88.15(5)
O(11)-Pb(1)-N(2) 120.68(5) O(BHPb(2-N(21) 124.43(5)
N(3)-Pb(1-N(2)  90.25(5) O(21yPb(2)-N(21) 126.45(5)
O(1)-Pb(1}-N(2)  61.54(5) N(23FPb(2-N(21  61.84(5)
O(3)-Pb(1)-N(2) = 151.41(5) N(22yPb(2}-N(21)  63.46(5) Figure 8. ORTEP diagram of the complex [Ca(dpaea)(MeOHH. in
Sg}_fppb?](_)l_m’?i)l) 12;3;((2)) 6 with thermal ellipsoids at 30% probability. ’
O(1)-Pb(1)-N(1) 122.36(5)

O(3)-Pb(1)-N(1)  88.83(5) complexes are connected to the cationic aquo complex [Ca-
N()~Pb(L)"N(1)  62.60(5) (2)(H20)4)%" through two bridging O-donors derived from
carboxylate groups and one bridging O-donor from a water
molecule. The ORTEP diagram of compl@xs shown in

Figure 9, and selected bond distances and angles are given

mean CaN (2.66(16) A) and CaO (2.44(7) A) distances
are similar to those found in other calcium polyaminocar-

boxylate complexe$ in Table 7

The calcium complex of tpda crystallizes in the cen-
trosymmetric trinuclear structur{E[Ca(l)(tpaa)(HO)]z[Ca- (41) Kumar, K.; Tweedle, M. F.; Malley, M. F.; Gougoutas, J.l&@org.
(2)(HO)]} (7)inwhichtwo symmetricanionic[Ca(1)(tpaa}yB)]~ Chem.1995 34, 6472-6480.
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Table 6. Selected Bond Lengths (A) and Angles (deg) in the Complex

[Ca(dpaea)(KHO)(MeOH)L (6)2

Ca-0(21) 2.349(3)
Ca-0(1) 2.385(3)
Ca-0(11) 2.458(2)
Ca-0(22) 2.476(3)
Ca—O(11)# 2.530(2)
Ca—N(3) 2.543(3)
Ca-N(2) 2.601(3)
Ca—N(1) 2.846(3)
Ca—Cat 4.0624(14)

0(21)-Ca—0(1) 110.86(11)
0O(21)-Ca-0O(11)  145.29(11)
O(1)-Ca-0(11) 75.84(8)
0(21)-Ca-0(22) 86.07(11)
0(1)-Ca-0(22) 146.92(10)
O(11)-Ca-0(22) 74.65(9)
0O(21)-Ca-O(11)#  77.98(10)
O(1)-Ca—O(11)#  74.94(8)
O(11-Ca-O(11)#  70.93(10)
0(22-Ca-O(11)#  81.57(9)

0(21)-Ca-N(3) 138.84(12)
O(1)-Ca-N(3) 101.55(9)
O(11)-Ca-N(@3) 66.25(9)
0(22)-Ca-N(3) 79.81(10)
O(11)#-Ca-N(3)  136.41(9)
0(21)-Ca-N(2) 82.81(10)
O(1)-Ca-N(2) 63.59(9)

0O(11)-Ca-N(2) 127.42(9)
0(22)-Ca-N(2) 149.08(10)
O(11)#-Ca-N(2)  123.63(9)
N(2)—Ca—Ca# 135.44(8)
N(1)—Ca—Ca# 160.75(7)

aSymmetry transformations used
indicates—x + 2, -y, —z + 1.

N(3yCa—N(2)
O(2HCa—N(1)
O(LyCa—N(1)
O(1HCa—N(1)
0O(22)Ca—N(1)
O(11)#Ca—N(1)
N(3yCa—N(1)
N(2yCa—N(1)
O(21yCa—Ca#
O(yCa—Ca#t
O(1tyCa—Ca#t
O(22yCa—Ca#
O(11)#Ca—Ca#
N(3)-Ca—Cat#

89.85(9)
78.27(11)
121.22(9)
128.85(9)
89.26(10)
155.04(9)
63.20(9)
60.27(9)
111.58(9)
71.95(6)
36.05(6)
75.44(7)
34.88(5)
101.96(7)

Pellissier et al.

Table 8. H Chemical Shifts of Hdpaea and Kpaa and their Lead
Complexes in RO at 298 K and at 200 MHz (}lpaea) and at 400
MHz (Hstpaa)

Hzdpaea CH CH; Ha/Hb H H? H3

pD=2 1.49 3.59 4.67 7.52 7.87
pD=7 1.33 3.21 4.29 7.32 7.69
pD=10 119 2.69 3.80 7.32 7.66

Pb:Hdpaea CH CH; Ha Hb H H2 H3

pD=3.0 120 3.06 428 456 7.77 811 8.00
pD=5.9 123 3.09 430 459 7.80 8.08 8.03

pD=11 1.00 2.69 4.39 7.68 8.02 8.02
Hatpaa CH H3 H* HS
pD=25 4.64 7.78 8.03 8.10
pD=85 4.00 7.55 7.66 7.64
Pb: Hgtpaa Ch H3 H4 H5
pD=2.8 4.54 7.63 7.88 7.96
pD=95 4.47 7.59 7.85 7.93

the bidentate bridging carboxylates (O(11), O(1)) with a
square antiprismatic geometry. The angle between the two
square planes (O(1#), O(4), O(5), O(11#), mean dev 0.22 A
and O(1), O(4#), O(5#), O(11), mean dev 0.22 A) is°0.2
An analogous trinuclear structure was already found for the
calcium complex of HP-DO3A [10-(2-hydroxypropyl)-1,4,7,-
10-tetraazacyclododecane-1,4,7-triacetic adid)].

In the tpa& complex, the mean GaN distance (2.63-

to generate equivalent atoms: # (11) R) is slightly shorter than the mean € distance

Figure 9. ORTEP diagram of the compléfCa(tpaa)(HO)].[Ca(H0)4]}
(7) with thermal ellipsoids at 30% probability.

Table 7. Selected Bond Lengths (A) in the Complex

{[Ca(tpaa)(HO)l[Ca(H0)]} (7)

Ca(1)-N(1) 2.542(1)
Ca(1)-N(2) 2.603(1)
Ca(1)-N(3) 2.593(1)
Ca(1)-N(4) 2.804(1)
Ca(1)-0(1) 2.432(1)
Ca(1)-0(11) 2.489(1)
Ca(1)-0(21) 2.535(1)

Ca(B0(3)
Ca(1y0(4)
ca(1yCa(2)
Ca(2y0(4)
Ca(2y0(5)
Ca(2)0(1)
ca(2)0(11)

2.468(1)
2.877(2)
3.878

2.407(2)
2.399(2)
2.531(1)
2.518(1)

found in the dpa€a complex in spite of the larger coordina-
tion number while the mean C&(carboxylate) is very
similar (2.48(4)A). This is in agreement with the presence
of a stronger interaction between the calcium ion and the
trianionic ligand with respect to the bis-anionic dpaea
ligand.

Solution Structure and Formation Constants. The 'H
NMR spectra of 1:1 water solutions offdaa and P4 show
in the pH range 2.89.5 the presence of only one set of
signals with three resonances for the nine pyridine protons
and one resonance for the six methylene protons (Table 8).
These features are consistent witlCg symmetry of the
solution species in which all chelating arms of tpaa are
equivalent. This seems to indicate that the asymmetric
structures observed in the solid state are disrupted in solution
for all complexes to giveCs, symmetric species probably
through rapid proton exchange. The similar values of the
chemical shift found for all protons in the pH range 2.8
9.5 suggest the presence of one major species in solution
containing a trideprotonated form of the ligand in agreement
with the potentiometric data (see below). Moreover, the
chemical shift equivalence of the methylene protons requires
a conformational mobility of the ligand branches in solution.
The'H NMR spectra of 1:1 water solutions oftthaea and
P in the pH range 3-6 shows the presence of only one

The Ca(1) ions are nine-coordinated by the seven donorset of signals with three resonances for the six pyridine
atoms of the tpaa ligand, by the oxygen of a water molecule protons and two resonances for the four methylene protons
and by a bridging water molecule with an irregular geometry. adjacent to the picolinate groups and two resonances for the
The ligand picolinate arms wrap around the metal in a helical ethyl group (Table 8). These features are in agreement with
conformation. The Ca(2) ion is eight-coordinated by the the presence df, symmetric solution species in which the
O-donors of four water molecules and the four O-donors of ligand remains bound to metal on the NMR time scale. The

3722 Inorganic Chemistry, Vol. 46, No. 9, 2007
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more rigid coordination of the dpagaligand, with respect 12
to the tpa& ligand evidenced by the diastereotopicity of
the methylene protons, suggests that the dipodal architecture
is more adapted to lead binding than the tripodal one. At 8 1
high pH (11), only one signal is observed for the methylene
protons indicating the formation of different solution species
probably due to hydroxide binding. At lower pH (1.6), the 4 //ﬁ

1 . . — S 3Dapea+ Pb)
H NMR spectrum of 1:1 water solutions of,tfpaea and N — ‘ -

P?* shows broad peaks in agreement with the presence of 00 1‘_0 20 30 10
several species in slow exchange. This exchange involves n,, OH

most likely mono- a_nd dlprotonat_ed species in solution in Figure 10. Alkalimetric titrations of solutions containing 1® M Hs-
agreement with the isolation at this pH of the lead complex Dpaed, 103 M Ca?*—HsDpaed, and 163 M P?*—HzDpaed in water
of the monoprotonated ligand. Below pH 0.5 (pH adjusted and 0.1 M KCl and at 298 K.

10 - H;Dpaea+ Ca

H3Dpaea

with a 10 M HCI solution), the spectrum shows only the 12.0
presence of free protonated ligand which slowly precipitates
out. The metalation and demetalation processes are very fast 100 Hytpaa + Ca®*
and occur immediately after pH adjustment indicating the 8.0
possibility of reversible complexation of lead by theddaea T
ligand. 6.0 7
The proton NMR spectrum of 1:1:1 70M water solutions 40 | Hytpaa J
of C&*/PI?*/H.dpaea at pH 6 shows only the presence of — " Hjpaa+Pb®
one set of signals assigned to the lead complex in agreement 20 — ' '
with a higher affinity of the Hdpaea ligand for the lead ion 0.0 oo 2o 30 40
eq

with respect to calcium. , L . -
The f fi f th Ici d lead | ith Figure 11. Alkalimetric titrations of solutions containing 0.6 103 M
€ Tormation ol the caicium and fead COMPIEXeS WIIN 1y 4na5 0.5x 103 M Ca'—Hatpaa, and 0.5 10-3 M Pk?* —Hatpaa in

the Hdpaea and kpaa ligands was then investigated further water, 0.1 M KCI, and 298 K.

with a potentiometric study. . _
Hatpaa displays a low solubility in water at low pH (X0 ;f glsggk aﬂab':"%.(lzomns(t?gﬁ;m Poill) and Ca(ll) Complexes in Water

M); however, at pH> 7 deprotonation occurs and the

solubility increases. The protonation constants of {paa | . fpaa dpaea edta _tetant
defined asK, = [tpaaH]/[tpaaH_1][H '], were previously Igggﬁgga)) é%?z(;) 5%52('21)(3) 1%%% 2?6229
reported to be Kas = 2.5(2), Kaz= 3.3(1), a2 = 4.11(6), PbiCa selectivity 109 1066 1073 1067

and Ky = 6.78(4) (0.1 M KCI, 298 K). NMR studies
showed that the three first proton associations occur at theg,
carboxylate functions, while the fourth protonation takes o o
place at the apical tertiary amine nitrogen. The potentiometric Metal/Htdpaea solution in the pH range 2.5.7. The titration
titration of Hidpaed is indicative of two fairly strongly acidic ~ cUrves of Hdpaea and kpaa and their Pb(ll) and Ca(ll)
sites and one weakly acidic site. The protonation constantsCOMplexes are, respectively, shown in Figures 10 and 11.

al og B11, f11= [MLY/[MI[L]. ° From ref 31.¢ From ref 37.9 From ref

of dpaed, defined ak, = [dpaeak/[dpaeaH_[H *], were Titration data could be fitted to eq 1, and the calculated
determined to be ks = 2.6(1), faz = 3.5(1), and far = equilibrium constants are reported in Table 9.
8.15(5) (0.1 M KCl, 298 K). The electron-withdrawing effect M+L ML fy0=[MLV[M][L] @)

of the 6-methyl-2-pyridinecarboxylic acid groups signifi-

cantly lowers the basicity of the tertiary amine. This effect  Attempts to include partially protonated complexes did not

is higher than for methylcarboxylic groups but lower than result in any significant change of the fit, indicating that the

for methylpyridine groups. Indeed, th&kpvalues of the partially protonated complexes isolated in the solid state are

apical amines range in the following order: dpa (bis(2- present in solution at very small concentration. Similarly,

pyridylmethyl)amine, . = 7.30) < dpaea (K. = 8.15) < the potentiometric data do not indicate the presence of

ida (iminodiacetic acid, I§. = 9.34) in the dipodal series.  significant amounts of soluble hydroxide complexes of lead

In the tripodal series, the order is as follows: tpa (tris(2- in the pH range 2.28.

pyridylmethyl)amine, g, = 5.98) < tpaa (K, = 6.78) < The speciation diagrams presented in Figure 12 highlight

nta (nitrilo-2, 2, 2-triacetic acid, nta, .2 = 9.65). the difference in the selectivities for lead over calcium of
The stability constants of the complexes formed between the two ligands tpaa (105 and dpaea (1079). P+ and

the PB* ion and Htpaa or Hdpaea have been determined C&* complexes of tpaa are formed in the same pH range

by potentiometric titration of 1:1 metalgpaa and 1:1 metal/  (pH ~ 3—4). Conversely, the Pb complex of dpa€a is

Hsdpaea mixtures in the pH range 22 Due to the totally formed at pH 3.5 (99%) while only 0.3% of the total

insolubility of the [Ca(dpaea)] complex resulting in its C&" is bound in the same conditions.

precipitation at pH values greater than 5.7, its stability = Since the heptadentate ligangtpha and the pentadentate

constant was determined by potentiometric titration of a 1:1 Hsdpaea contain exactly the same type of donor atoms, the
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Figure 12. Lead and calcium speciation in the presence of dpaaad tpaé& . [M2H]iot = [L] o= 1073 M.

obtained data highlight the strong effect of the ligand (II) complex of dpae&r with respect to the [Ca(tpaa)]
geometry on the affinity for the lead ion and on the selectivity complex. This results in a dramatic increase of 'PBa*
for lead over calcium. In spite of the higher negative charge selectivity for the dipodal ligand. The lower stability of the
and the larger number of donor atoms, a significantly lower dpae& complex of calcium can be interpreted straightfor-
stability is found for the [Pb(tpaa)]lcomplex with respect  wardly in terms of the lower charge and lower denticity of
to the [Pb(dpaea)] one. Although divalent lead does not the Hdpaea ligand. However, it is not possible to explain
exhibit a preferential coordination geometry and tight binding the higher stability of the Pb(Il) complex of dpdean terms
is reported for both low denticity (4) and high denticity(6  of the nature of donor atoms which are very similar for the
8) ligands depending on the type of donor atoms, this is a two ligands or of the complex overall charge, and only the
rare example of lower stability observed for a ligand with different ligand geometry can account for the difference in
higher denticity in the presence of the same type of donor stability. Indeed, the high value of the formation constant
atoms. The results presented here indicate a strong effect oieasured for the lead complex of dp&eéflog 511(Pb) =
the ligand architecture which can be explained by the ability 12.1(3)) compared to the lower value found for the one of
of the dpae& geometry to better accommodate the lead lone the tripodal tpa& (log 11(Pb) = 10.0(1)) provides direct
pair. The increase of selectivity associated with the changeevidence of the influence of the stereochemically active lead
in ligand geometry is remarkable; while the tripodal fpaa  lone pair on complex stability. As a result, since the ligand
displays only a small Pb/Ca selectivity, the dipodal geometry geometry has little effect on the stability of the calcium
leads to a high Pb/Ca selectivity, comparable or superior to complex, a remarkable increase in the Pb/Ca selectivity is
extracting agents already used in lead removal from con- observed for dpaéacompared to tp&a. The solid-state
taminated water and soils (see Table 9). structures of the different isolated lead complexes provide
evidence of the important structural effects of the lone pair
of lead(ll). Lead complexes containing protonated forms of
In this work, we have studied the complexation of lead H.dpaea and kipaa ligands were isolated. The potentiometric
and calcium by the tripodal picolinate ligandtpaa and by  study shows that these are minor solution species in the pH
the new dipodal ligand pipaea designed to better accom- range 2.2-8, and they are probably intermediate species in
modate the lead lone pair. The potentiometric study showsthe metalation and demetalation processes. The crystal
an important increase in the formation constant of the lead structures of the lead complexes of the diprotonated and
complex for the dipodal ligand with respect to the tripodal monoprotonated tpaa show that the three picolinate arms of
one, while a significant lower stability is found for the Ca- the tripodal ligand coordinate the lead in an asymmetric way

Conclusion
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leaving a gap in the coordination sphere to accommodatereversible binding at low pH allowing for the total recupera-
the lead lone pair. As a consequence of this binding mode, tion of the ligand in its original form, and the high selectivity
one picolinate arm is very weakly bound (with very long for lead over calcium (3.% 10f) which largely overcomes
Pb—N and Pb-O distances) and therefore can be expected the typical 1:1000 concentration ratio typically found in
to contribute very little to the complex stability in this drinking water contaminated by lead plumbing, make dpaea
intermediate species. Conversely, the structure of the leada very good candidate for application as an extracting agent
complex of the monoprotonated Hdpaesnd diprotonated  for the lead removal from contaminated drinking water.
dpaed shows that all the ligand donor atoms are strongly Furthermore, the facile fonctionalization otdthaea makes
bound to the metal ion. Since lead(ll) would have a it very suitable for the development of new extracting
preference, according to the VSEPR theory, to adopt a linearmaterials for water purification processes by, for example,
coordination geometry where one of the coordination sites ligand grafting onto a silica surface.
is occupied by the lead lone pair, higher stability should be
expected for ligands that occupy only the site opposite to
the lone pait® The results presented in this paper provide
direct evidence of the stereochemical activity of the lead lone
pair on stability. In fact, in the structure of the [Pb(dpaea)]
complex the donor atoms of the dipodal ligand occupy only  Supporting Information Available: Complete tables of crystal
a quarter of the coordination sphere, reducing the stericaldata and structure refinement, atomic coordinates, bond lengths and
interaction between the lead lone pair and the ligand and angles, anisotropic displacement parameters, hydrogen coordinates
therefore leading to increased stability. for compoundsl—7. This material is available free of charge via
The high water solubility of the new dipodal ligand the Intemet at hitp://pubs.acs.org.
dpaed, the fast metal complexation and demetalation, the 1C061823D
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