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The coordinating ability of the ligands 3,4-toluenediamine-N,N,N',N'-tetraacetate (3,4-TDTA), o-phenylenediamine-
N,N,N',N’-tetraacetate (0-PhDTA), and 4-chloro-1,2-phenylenediamine-N,N,N’,N'-tetraacetate (4-Cl-0-PhDTA) (HsL
acids) toward lead(ll) is studied by potentiometry (25 °C, | = 0.5 mol dm~2 in NaClQ,), UV-vis spectrophotometry,
and 27Ph NMR spectrometry. The stability constants of the complex species formed were determined. X-ray diffraction
structural analysis of the complex [Pby(u-3,4-TDTA)4(H,0),]-4H,0 (1) revealed that 1 has a 2-D structure. The
layers are built up by the polymerization of centrosymmetric [PbsL,(H,0),] tetranuclear units. The neutral layers
have the aromatic rings of the ligands pointing to the periphery, whereas the metallic ions are located in the central
part of the layers. In compound 1, two types of six-coordinate lead(ll) environments are produced. The Pb(1) is
coordinated to two nitrogen atoms and four carboxylate oxygens from the ligand, whereas Pb(2) has an O trigonally
distorted octahedral surrounding. The lead(ll) ion is surrounded by five carboxylate oxygens and a water molecule.
The carboxylate oxygens belong to four different ligands that are also joined to four other Pb(1) ions. The selective
uptake of lead(ll) was analyzed by means of chemical speciation diagrams as well as the so-called conditional or
effective formation constants Kpy®f. The results indicate that, in competition with other ligands that are strong
complexing agents for lead(ll), our ligands are better sequestering agents in acidic media.

Greeks, Romans, and Arabs. Due to the intensive use of

. . leaden vessels (food was cooked, wine stored, and water

Lead is one of the seven basic metals that gave names to_. d)in the R Empire. the R frered f lead

the seven days of the week (Saturday, from the Saturn p|p_e_)|nt © ~oman mpire, ¢ © romans sutiered irom fea
1o~ : . . toxicity, contributing to the empire’s declirfe®

planet)! Owing to its easy extraction from its ores upon

) . ; Lead may enter the environment at any stage of mining,
heating, lead in the metallic form was already known by the . o . :

AR . ) - melting, and refining, in manufacturing processes, and during
old civilizations, and its toxic effects were indicated by

the use of lead-containing products. Atmospheric lead and
lead in food are the two major routes of exposure for the
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Tetraacetate Ligands as Sequestering Agents for Lead

general populatio®® The only oxidation state important in ~ Chart 1

biological systems is Pb(IP.The permitted free Pb(ll) FHLO0H
concentrations in body fluids are very low; therefore, any cu,coon
significant quantities of total Pb(Il) must be complexed in _CH,COOH
some way’. Ph(ll) binds preferentially to sulfydryl groups, K \

. . . . CH,COOH
acting as a soft acid, but also binds to phosphate groups in
nucleic acids, acting as a hard acid, proteins, and cell mem- 0-PhDTA:R=H

3,4-TDTA: R =CH;

,10-14 i i
branes’ Lead accumulates in bone, where it replaces 1 CloPhDTA R 2 ClI

calcium, a typical hard acid, and the skeleton contains
approximately 95% of the body burden of |4tk The
toxicity of lead is aggravated by calcium deficierfe§>16
Lead is harmful mainly through its neurotoxicological
effects? Ph(ll) inhibits the synthesis of hemoglobin, causing
anemiat® '8 | ead interferes with the metabolism and action
of essential metals such as Ca, Fe, and2A? 22

consider the factors that affect the stereoactivity of the lone
pair of electrons’-23Lead(ll) poisoning has been treated by
the infusion of [Ca(EDTAR" solutions’ Moreover, chelates
have been shown to enhance phytoextraction of Pb from
contaminated soils, and EDTA has been used for these
! i i ) ' purposeg However, we have found that the ligands 3,4-
According to its electronic configuration, [Xe[45d'%<, toluenediamineN,N,N,N-tetraacetate (3,4-TDTAp-phen-
and size, Ph(ll) exhibits the inert pair effect and variable yjenediamineN,N,N,N-tetraacetateotPhDTA), and 4-chloro-
coordination numbers and geometries. Its adaptive coordina-1 >_phenylenediamini;N,N,N-tetraacetate (4-Gd-PhD-
tion sphere can explain its ability to interact in biological TA) (Chart 1) are good sequestering agént§ for toxic
sites normally harboring smaller metal ions such as Ca(ll) ge(|1) 25 essential Fe(l1176 and toxic Cd(11)2’ In this context
and Zn(1)>1%"? At these variable coordination numbers and \ye present herein a study of these ligands with the toxic
coordination geometries the role of the lone pair of electrons pp(j) in the perspective of (i) their influence on the lone
has a great influence. Recently Simoni-Livny et al. have pair of electrons, leading to a holodirected or hemidirected
discussed the possible stereochemical activity of the lonegeometry, and (ii) their ability as sequestering agents of

pair in divalent lead compounds.They classify lead
complex coordination akolodirected in which the bonds

Pb(ll) over a wide pH range.

to ligand atoms are distributed throughout the surface of an Experimental Section

encompassing globe, dremidirectedin which the bonds
to ligand atoms are directed throughout only part of an
encompassing globe, leaving a void in the distribution of

Starting Materials. 3,4-TDTA, o-PhDTA, and 4-Cle-PhDTA
were synthesized and their protonation constants determined as
previously reported?2° The solutions of Pb(CIg), and NaCIQ

the bonds of the ligand. Pb(Il) compounds are hemidirected yere prepared by dissolving the respective salts (Merck, analytical

for low coordination numbers (25) and holodirected for
high coordination numbers {910), but for the intermediate
coordination numbers (68), examples of either type of
stereochemistry are fourid.

grade) in doubly distilled water. A carbonate-free sodium hydroxide
solution was prepared from an ampoule of Titrisol (Merck) and
standardized against potassium hydrogen phthalate. A solution of
HCIO,4 (0.5 mol dnT3) was prepared by dissolving concentrated

To design sequestering agents capable of removingHCIOs (70%, Merck) in doubly distilled water and standardized

Pb(ll) selectively from biological systems, it is important to
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against the previously mentioned NaOH solution. Other chemicals
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Emf Measurements.The automatic titrations and thetHree
ion concentration measurements were performed aC2éndl =
0.5 mol dnt3in NaClQ, as previously described:2” The equilib-
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rium was considered to be reached when the variation in emf was
less than 0.1 mV in 10 min. The treatment of emfrjHiata was

Sanchiz et al.

Table 1. Crystal Data and Structural Refinement Parameters
[Pha(u-3,4-TDTA)(H20),]-4H,0

carried out by means of the HYPERQUABand LETAGROP?
programs. The stability constants of the complexes formed were

determined by processing the emf obtained at the concentrations g,

and pH ranges listed in Table S1 of the Supporting Information.

Multiwavelength Spectrophotometric Measurements.Spec-
trophotometric measurements were performed using a Shimadzu
UV-2101PC spectrophotometer in the 22850 nm range at the
same conditions as those of the potentiometric measurements (
= 25°C, | = 0.5 mol dn78 in NaClQ,), by adding an aqueous
solution of Pb(CIQ), (0.050 mol dn13) to an aqueous solution of
the o-PhDTA ligand (initial concentratiol€, = 1.15 10 mol
dm3). The concentration of Pb(ll) was varied within the range
from 0 to 3.42x 1074 mol dnr 3. A total of 28 measurements at
MI/L ratios ranging from 0 to 3/1 were performed. A solution of
NaOH (0.1000 mol dm?) was used to keep the pH at 5.00(2). The
data were analyzed by means of LETAGROP SPEFO.

20’Ph NMR Measurements. 2°Pb NMR natural abundance
spectra were recorded utilizing a Bruker AMX 500 instrument at
the RIAIDT NMR service of the University of Santiago de
Compostela in 10 mm o.d. Wilmad tubes, using a 10 mm VSP
Bruker probe. pH adjustments were made with a Crison micro pH
2000 pHmeter. Experiments were carried out for the system 4-Cl-
0-PhDTA/Pb(Il) at a concentration of Pb(CJfp of 1 x 1072 mol
dm~2 prepared from a stock solution of a mixture of Pb(QKI5
x 1072 mol dn73) and NaClQ (5 x 107! mol dn13); dilutions
were made by adding the corresponding volume of the NaClO
solution and 5 mL of RO for internal lock, at the metal/ligand
ratios 1/2, 1/1, and 1/0.5, and studied in the pH rang&.2The
experiments were performed by adding to 25 mL of the acceptor
the weighted stoichiometric amounts of the ligand in the solid state.
The required pH values were obtained, at°Z5 by adding drops
of a very concentrated solution of NaOH or HGIOQVhen the
reading stabilized, 3 mL of the solution was taken, transferred to a
tube, immediately recorded at 298 K, and accumulated in a 995
ppm window, until peaks with a good signal/noise ratio were
obtained. Between 1K and 60K scans were necessary. Chemica
shifts are reported in parts per million from neat tetramethyllead
using a saturated solution of Pb(Rl CDCl; (—178 ppm) as
external reference. The low solubility of the other ligands prevents
similar experiments from being carried out.

Safety note: Pb(Ph)s a very toxic reagent and must be handled
with care in a well-ventilated hood!

Synthesis of the Complex [Pl(u-3,4-TDTA),(H20),]-4H,0
(1). Pb(NG), (0.85 g, 2.6 mmol) dissolved in 10 mL of water was
reacted with an aqueous solution (50 mL) of the monopotassium
salt of the 3,4-TDTA acid (0.5 g, 1.27 mmol). The solution was
stirred at room temperature for 30 min. A white precipitate was
obtained (0.68 g, yield 64%), which was filtered, washed with water,
and then dried with ethanol and diethyl ether. Colorless single
crystals ofl suitable for X-ray crystallography were grown by
recrystallizing the white powder from hot water. Anal. Calcd for
CaoHaoN4OoPhy: C, 22.0; H, 2.5; N, 3.4. Found: C, 21.82; H, 2.38;
N, 3.35.

(31) (a) Gans, P.; Sabatini, A.; Vacca, Aalanta 1996 43, 1739. (b)
Alderighi, L.; Gans, P.; lenco, A.; Peters, D.; Sabatini, A. Vacca, A.
Coord. Chem. Re 1999 184 311

(32) (a) Brito, F.; Gonalves, J. Proyect S1-1228, CONICIT, Caracas,
Venezuela, 1981. (b) Brito, F. Proyect 14/02.06.87, Education Council,
Canary Islands Government, Tenerife, Spain, 1987. (c) Ingri, N'nSille
L. G. Arkiv Kemi1964 23, 97 (d) Brauner, P.; Sille L. G.; Whiteker.
Arkiv Kemi 1969 31, 365.

(33) (a) Sillen, L. G. Arkiv Kemi 1969 31, 377 (b) Sille, L. G. Arkiv
Kemi 1969 31, 315
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empirical
formula Q5H20N2011Pb2 z 2
816.73 Deaedg-cm—3 2.741
cryst syst triclinic u(Mo Ka)/mm~t  17.011
space group P1 temp/K 100(2)
radiation ¢/A) Mo Ka, graphite- 6 range/deg 1.6529.99
monochromated
(0.71073)
alA 8.911(3) no. of data 12301
collected
b/A 9.601(2) no. of unique data 5781
(1> 20()]
c/A 13.052(2) R% 0.0319
a/deg 74.41(1) wR2 0.0803
pldeg 75.26(2) GOF 1.052
yldeg 69.61(2) no. of params 272
refined
VIA3 992.1(4)

3R1= 3 ||Fo| — |Fell/3|Fol, WR2= {3 [W(Fo? ~ F)Z/TW(F?)Z Y2 w
= 1U[0%(Fo)? + (0.034#)2 + 1.895%F]; P = (Fo?2 + 2F)/3. P Goodness
of fit.

X-ray Structure Analysis. The details of the structure analysis
carried out on the lead compound are listed in Table 1. No
absorption correction was performed. The structure was solved by
direct methods (SHELX-86) and refined with SHELX-97°
Refinement was made df? for all reflections. The weighte®
factor wR2 and goodness of fi§ are based orF?, and the
conventionalR factor R1 is based of, with F set to zero for
negativeF2. The threshold expression Bf > 20(F?) is used only
for calculatingR factors, etc., and is not relevant to the choice of
reflections for refinementR factors based of? are statistically
about twice as large as those based~omndR factors based on
all data are even larger. Reflections were weighted according to
the formulaw = 1/[0?(F,)?+(0.0344)? + 1.895%], whereP =
(Fo? + 2FA)/3. No extinction correction was applied. The positions
of the hydrogen atoms were computed and refined with an overall
isotropic temperature factor. The hydrogen atoms of the water

olecules were not taken into account.

Results and Discussion

Crystal Structure of [Pb4(u-3,4-TDTA)2(H20).]-4H,0.

The structure of compound is built up by the infinite
stacking of bidimensional networks (see Figure 1). The layers
are made by the polymerization of centrosymmetri[R2b
(H20),] tetranuclear units (see Figure 2). The neutral layers
have the aromatic rings of the ligands pointing to the
periphery, whereas the lead(ll) ions are located in the central
part of the structure.

In compound1, two types of six-coordinate lead(ll)
environments are produced (see Figure 2). The chelated
Pb(1) is coordinated to two nitrogen atoms and four carboxy-
late oxygens from a 3,4-TDTA ligand. The Pb{IJ bonds
in 1 (see Table 2) are more similar in length [2.520(4) and
2.562(4) A] to each other than those observed for the
[Pb(EDTA) complex (2.518 and 2.604 &y The Pb(1}-0O
bonds fall in the range of previously reported-RD inter-
actions for the [Pb(EDTAJ complex [from 2.494 to 2.735

(34) Sheldrick, G. MActa Crystallogr.199Q A46, 467.

(35) Sheldrick, G. MSHELX-97, Program for the Refinement of Crystal
Structures University of Gottingen, Gottingen, Germany, 1997.

(36) Harrison, P. G.; Steel, A. T. Organomet. Chen1982 239, 105.
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Table 2. Selected Distances (A) and Angles (deg) for
[Pha(u-3,4-TDTA)(H20),]-4H,0?

Distances
Pb(1)-N(2) 2.520(4) Pb(2y0O(1e) 2.733(4)
Pb(1)-N(2) 2.562(4) Pb(2)0O(2e) 2.764(6)
Pb(1)-0O(1) 2.638(4) Pb(2)O(4c) 2.461(14)
Pb(1)-0(3) 2.498(4) Pb(2)0O(6) 2.488(11)
Pb(1)-0O(5) 2.502(5) Pb(2y0O(8) 2.509(19)
Pb(1)-0O(7) 2.633(4) Pb(2)O(2w) 2.654(6)
Pb(1)--O(4) 4.44(6) Pb(2)-0(7) 2.919(8)
Pb(1)--Pb(1a) 3.96(4) Pb(2)Pb(2b) 9.13(4)
Angles
N(2)—Pb(1)-N(1) 70.76(1) N(1)-Pb(1)}-0O(5) 75.52(1)
N(2)—Pb(1)-0(3) 75.32(1) O(3)yPb(1)-0(1) 104.81(1)
N(2)—Pb(1)-0(1) 129.80(1) O(3)Pb(1)-0O(7) 85.78(1)
N(2)—Pb(1)-0(7) 64.32(1) O(3)Pb(1)-0O(5) 132.86(1)
N(2)—Pb(1)-0(5) 67.06(1) O(1)Pb(1)-0O(7) 163.76(1)
N(1)—Pb(1)-0(3) 65.77(1) O(LyPb(1)-0O(5) 80.29(1)
N(1)—Pb(1)-0(1) 64.63(1) O(7rPb(1)-0O(5) 101.72(1)

N(1)—Pb(1)-0(7) 131.58(1)

O(2w)—Pb(2)-O(6)  106.74(1) O(6)yPb(2-O(le)  158.08(1)
O(2w)—Pb(2)-0(8) 86.90(1) O(6)Pb(2-O(2e)  112.61(1)
O(2w)-Pb(2)-0(4c) 173.38(1) O(8}Ph(2)-0(4c) 89.73(1)
_ , _ o _ O(2w)-Pb(2-O(le)  90.14(1) O(8YPh(2-O(le)  115.56(1)
Figure 1. Structural diagram of the stacking of the bidimensional layers  o(2w)-Pb(2)-O(2e) 106.45(1) O(8)Pb(2-O(2e)  156.99(1)
in the solid-state complex [Rfu-3,4-TDTA)(H20)z]-4H:0. 0(6)-Pb(2)-0(8) 80.00(1) O(4c)yPb(2-O(le)  86.18(1)
O(6)—Pb(2)-0(4c) 78.22(1) O(4cyPb(2)-0O(2e)  74.98(1)
asymmetry codes: (ayx1—y,1—2z (b)—x3—-y,1—z () -1

+x1+y,zd)x1l+yz(€)-—-x2-y1-2z

from the ideal ones. In addition to those six oxygens
surrounding the Pb(2), there is another one at a longer
distance [Pb(2)-O(7) = 2.919(8) A]. The carboxylate
oxygens belong to four different ligands that are also joined
to four other Pb(1) ions. O(1) acts ag-@xo bridge between
Pb(1) and Pb(2b) (symmetry code-bx, 3—y, 1 — 2). For
Pb(2) there is not a clear gap in the coordination sphere of
the ion, so a holodirected geometry is observed. In the
holodirected geometry the lone pair can be stereochemically
active or inactive. The mean P distance with a holodi-
rected homoleptic stereochemistry is 2.53(15Y Alere we
observe three shorter adjacent distances [2.461(4), 2.488-
(4), and 2.509(6) A] and three adjacent long-®b bonds
[2.654(6), 2.764(6), and 2.733(4) A). In agreement with
Figure 2. View of the tetrameric unit [Pf§u-3,4-TDTA)(H20),]-4H.0O .Brown?,? and Othe.r§? SUCh a specific pattem of differences
with labeling scheme. Symmetry codes: (8%, 1 — vy, 1 — z (b) —x, in bond lengths in holodirected homoleptic complexes can
3-y1-z@-1+x1+y,zdx1+yzE€-x2-y 11—z be attributed to repulsions involving the stereochemically
active lone pair of electrons. Then also in this Pb(2) ion the
A].%¢ Pb(1) has a hemidirected geometry (the ligand is not |one pair can be considered as stereochemically active.
distributed through the entire sphere surrounding the lead Complex Formation of 3,4-TDTA, o-PhDTA, and 4-Cl-
atom), and there is a clearly identifiable gap in the lead o-PhDTA with Pb(ll) in Solution. Potentiometric Studies.

coordination sphere, suggesting that Pb(1) contains a ster-Taking into account the following general equilibrium in
eochemically active lone pair of electrons. The three- eq 1,

dimensional environment of the lone pair of electrons in the

crystal structure is of significant interest in the design of pH™ + gPE" + rL* =[H PhL |24 g 1)

. . . p r par

ligands as sequestering agents. In compaupgposite the

Pb(1) we find another symmetrically related Pb(1a) (Sym- the model and the log that best fit the experimental data

metry code a-x, 1 -y, 1 — 2) at a distance of 3.96(4) A.  3re shown in Table 3 and compared with the literature values

Thus, we will have two pairs of electrons filling the space {5y EDTA3 and 0-PhDTA%% The experimental data have

between the two hemidirected Pb(ll) ions. been processed by means of HYPERQU%Band a very
Pb(2) has an gtrigonally distorted octahedral surround-

ing, the lead(ll) ion being surrounded by five carboxylate (37) Brown, I. D.J. Solid State Chen1974 11, 214.

oxygens and a water molecule with distances ranging from 8 Wang, S.; Mitzi, D. B.; Field, C. A Guloy, AJ. Am. Chem. Soc.

e k 1995 117, 5297.
2.461(4) to 2.764(6) A, the angles deviating considerably (39) Anderegg, GHelv. Chim. Acta1963 46, 1833.
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Table 3. log fpqr for the Complexes Formed by Pb(ll) with the 100
Ligands 4-Cle-PhDTA, o-PhDTA, and 3,4-TDTA at 25C andl = 0.5 %Pb [PbL]*
mol dn12 in NaClOg 80-
par  4-Cl-o-PhDTA 0-PhDTA 3,4-TDTA 0-PhDTAR® EDTA% 60
111 15.44(2) 16.20(4) 16.42(5) 16.28 20.8
011 13.14(2) 13.89(4) 14.00(5)  13.89(4) 18.04 40
-111 2.68(3) 3.08(4) 4.6(1) [PbHL]
212 25.28(4) 26.64(4) 27.36(5) i 3
112 20.77(4)  22.58(4)  22.74(5) 207\ [Pb(OH)L]
012 15.52(3) 16.52(4) 0 \Pb
221 18.80(3) 20.78(7)  19.65(5) 5 H 8 3 10
021 14.85(3) 16.06(9) 15.77(6) -log[H*]
—121 9.37(6)
o(E) 0.54 1.17 0.85 100
A(pH) 1.79.9 2.09.7 2.08.5 %Pb )
n/N 312/5 405/6 551/9 804 [PbL}*

ag(E) = standard deviation of the refinemenipH) = pH range studied,
n = number of experimental data processed, awd= number of 60
potentiometric titrations.

40+
high concordance between the experimental and the calcu-

lated data has been obtained. The experimental and the 207

simulated (by means of Hys3&) potentiometric curves are 0

shown in the Supporting Information (20 curves), confirming 2 4 6 -log[H] 8
the accuracy of the fitting. The following order of complex-

ation is mainly found: EDTA> 3,4-TDTA > 0-PhDTA > 60

4-Cl-o-PhDTA. The ligands 3,4-TDTAQ-PhDTA, and 4-ClI- %Pb | pp2e

0-PhDTA show a drastic decrease in the basicity of the two
nitrogen atoms, compared with EDTA, as expected from the
electron-withdrawing effect, and the planarity imposed by

40

the benzene ring. These ligands are strong complexing agents 201 LPb,

and form very stable complexes with many metél$his [Pb,H,L12* PbOH-

causes the general equilibrium in eq 2 0 7 —/
? * % log[H"]

PE" + H,L = [PbL]*” + 4H" )
Figure 3. Species distribution diagram as a function of pH for the Pb-
i ; i (I1)/4-Cl-0-PhDTA system. ([PH ]t = 1 x 1072 mol dm~3) at the metal/
to be almost completely Q|sp!aced o th.e. right side, and the ligand ratios(a, tog 1/1, (b, middig 1/2, and(c, botton) 1/0.5
degree of complex formation is not sensitive to the hydrogen

ion concentration. Under such conditions it is not possible of strong complexing agents since it is very simple and is
tp obtajn the values of the stability constants from poten- based on the most used and successful technique employed
tiometric pH measurements, and other methods must befor metal complex equilibrium measurements. For the

1 : . :
dfefye_:or;ed‘.ﬂ;l’he p'iolbiﬁmt ﬁlthat_the ligand hﬁ_ sucbh iNhlgh Pb(I1)/4-Cl-o-PhDTA system direct potentiometry at milli-
atinity for the metal that there 1S no Competition beWween - . ¢oncentrations gave a good result.

the metal and the hydrogen ion for the ligand. A way to ) i ) )
These ligands have previously been studied with other

increase the competition for the ligand of thé téns is to 8 0 - -
decrease the pH, but below pH 2 we are out of the working Metal8"?¢ (0-PhDTA=also with Ph(ll)), and mainly mon-

range of the electrodes. We have developed a method to®Meric ((MFeL], [MHL], [ML], and [M(OH)L]) complexes
increase the competition of the hydrogen ions without Were found. In this study in addition to the expected [PbHL]
decreasing the pH but decreasing the metal ion concentratiorRNd [PbLF™ species, the ligand-rich species [REL,

to 104 mol dnv 2. Thus, at pH 2 the Hions are 100 times ~ [PPHL®", and [PbHL]*" and the metal-rich species [
more concentrated than the metal ions, and equilibrium 2 is and .[PQHZL_]ZJr havg peen found in SO"{“Q“ by potentio-
reestablished. These conditions allow determination of the Metric studies, obtaining a model very similar to that found
stability constants for the Pb(ll)/3,4-TDTA and Pb(il)/ for Cd(l)).2” As can be seen in the species distribution
0-PhDTA systems that could not be obtained at the usual diagrams (Figure 3) the main species are the monomeric

concentrations. This procedure can be very useful in the studyones. However, due to the large size of lead ion and its ability
to have a variable coordination number, more than one ligand

(40) (a) Azuma, S.; Nakasuka, N.; Tanaka,Ball. Chem. Soc. Jpri992 molecule can be bound to the metal, forming ligand-rich
65, 2333. (b) Nakasuka, N.; Kunimatsu, M.; Matsumura, K.; Tanaka, . . . . .
M. Inorg. Chem.1985 24, 10. (c) Yamamoto, M.; Nakasuka, N.; ~ SPECI€es. These ligand-rich species do not reach a very high

Tanarlja,rl\]/_l.BSull. Clr(lem.kSoc. Jpr199kZ 65, 5, 1C5hee. (cggmiégno, I\(/I).; concentration, but if they are ignored, there is not a

Funahashi, S.; Nakasuka, N.; Tanaka,livbrg. Chem1991, 30, 1550. : :

(41) Martell, A.; Motekaitiis, R.Determination and Uses of Stability convergence of the eXpe”mental data and those predICtEd
Constants VCH Publishers, Inc.: New York, 1992. by the model.
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The equilibrium of the formation of the [Pbt] complexes @) ()
in eq 3 has a much higher value of the stability constant -820 822
[log K = 13.14(2), 13.89(4), and 14.00(5)
™ PH=5.59 v, A sy pH=5.57

PE + L* = [PbL]> (3) 820 823
for 4-Cl-o-PhDTA, 0-PhDTA, and 3,4-TDTA, respectively] MALNWPH= 424 lew*‘v pH=4.20

than that of the formation of the ligand-rich complexes in

eq 4 [logK = 2.38(5) and 2.63(8) for 4-@-PhDTA and -825 -834

0-PhDTA, respectively; not formed for 3,4-TDTA]. This may pH=3.1B{ pH=3.15

indicate that the second ligand is only bound to the metal

via carboxylato groups as was observed for Cd(ll) com- -800 -900 -1000 _800 -900 -1000

plexes?’ 8/ppm 8/ppm
[PbL]*™ + L% = [PbL,]*" 4 (©

-838
Another feature of these ligands is that the carboxylato -2738
groups already bound to a metal ion, forming the [RiL] pH=5.49)

species, are able to join another metal, generating the][M

species. These species were first observed for Cdéhd -839 -2758

now are also observed for Pb(ll). The values of the stability Mlm

constants of the formation of those species (eq 5) ar&log pH=4.36
= 1.71(5), 2.2(1), and 1.8(1) for 4-@-PhDTA, 0-PhDTA, 843 2766

and 3,4-TDTA, respectively. The constants have a very low

value, and these species will be present at high M/L ratios. W H=3.16

P + [PbL]* =[Pb,L] (5)

-800 -000 1000~ -2700 -2800 -2900

Species Distribution Diagrams.The species distribution &/ppm
d|agra_ms.as gfunctlon of pH were _calculated from the values Figure 4. 2Pbh NMR spectra for the Pb(ll)/4-Q-PhDTA system
of the ionization constants of the ligands, the &g of the ([PB*Jiot= 1 x 10-2mol dm3) at the metal/ligand ratiog, top) 1/2, (b,
complexes, and the formation constants of hydrolytic speciesmiddle) 1/1, and(c, botton) 1/0.5.

of lead(ll)*? using the program HYS8® Figure 3 shows - . " :
: P . receptivity (11.7 times greater than that#E), a high natural
the species distribution diagram for the Pb(Il)/4€&RhDTA abundance (22.6%), and a large chemical shift range (over

system at the concentrations used in the NMR studies. At 16000 ppmy344 Here we reporfPb NMR data for the

the M()L = 1(3;1%""“0 (Figi”e f3a) OTV m."”ome'r.it‘? Spf"ifﬁ’ system Pb(Il)/4-Ck-PhDTA at the ML ratios 1/2, 1/1, and
are opserved. e compiex rtormation Is sensitive 1o e 1/0.5. The Spectra are shown in Figure 4.

change in the pH, since the concentration of free lead(l) In Figure 4a,b, corresponding to the spectra with an excess
varies with increasing pH. Under these conditions, the direct of ligand (M/L’ _ 1/2), and with an equimolecular metal/
determination of the.stabi'lity con_stants fr'om potgntiomgtries ligand ratio (M/L= 1/i), only one signal is observed in all

at normal concentrations is p033|ple. Onllncreasw.\g the ligand, ., pH range studied(y 1> = —820 to—825 ppm, and
concentration (Figure 3b), the ligand-rich species become Omi1n = —822 to—834 ppm). In the species diagram at
appreciable, and above pH 6.5 the [PBL species reaches the R/I/L = 1/2 ratio (Figure 3b) we have the monomeric
higher in concentration than [P] On the other hand, the [PbHL]~ and [PbL- species and the ligand-rich [PHH]*~
hydrolytic species are minimized. At the M# 1/0.5 (Figure [PbHL,]>-, and [Pbl]*~ species. When the comple’xes

?c) rattio, t.hf. met_atlr;rlﬁh Species are ": a{)pdremable Co.ncentra'undergo rapid exchange in solution (on the NMR time scale),
Iéon, Cgixlf INg wi et'”f.‘ore Ifotrr]]cen |r_|a € monotméa_nc(:jone;. the chemical shifts of the individual species are not observed;
ree Pb(ll) is present in all the pH range studied an on the other hand, we have a single averaged chemical shift

hydrolyzes above pH 6. f o . ) o
X . or similar species. All these species have very similar

207
NMR Studies. *Pb NMR spectroscopy can provide coordination environments around Pb(ll) and therefore

T . S I,
pseful insights .|nto lead coordlnatlon chemisti$/Pb . similar or equal chemical shifts. In the ligand-rich species
isotopes are particularly good candidates for nuclear_ magnetic) o of the ligands is bound to the metal ion in a fashion
resonance (NMR) because they have a nuclear spin that C@&imilar to that found in the monomeric complexes. The
be exploited for NMR spectroscopy £ 1/2), an excellent Pb(ll) is bound to two nitrogen atoms and four carboxylato

oxygens from one ligand molecule; the second ligand

(42) (a) Smith, R. M.; Martell, ACritical Stability ConstantsPlenum
Press: New York, 19741989; Vols. 1-6. (b) Baes, C. F., Jr.;

Mesmer, R. EThe Hydrolysis of CationdNiley: New York, 1976. (43) Wrackmeyer, B.; Horchler, KAnnu. Rep. NMR Spectrosi989 22,
(c) Richens, D. TThe Chemistry of Aqua lon¥Viley: New York, 249-306.

1997. (d) Perera, W. N.; Hefter, G.; Sipos, P. Morg. Chem2001 (44) Aramini, J. M.; Hiraoki, T.; Yazawa, M.; Yuan, T.; Zhang, M.; Vogel,
40, 3974-3978. H. J.J. Biol. Inorg. Chem1996 1, 39-48.
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molecule is coordinated to the Pb(Il) only by the carboxylato

oxygens, displacing the coordinated water molecules or 14 ML ratio

carboxylato groups from the ligand already bound to the

Pb(ll). Under these conditions we will have very similar —— 1/8

environments for Pb(ll) in the monomeric and ligand-rich —a— 3/8

complexes and, therefore, similar chemical shifts as observed —— 5/8

in the spectra. A —v— 6/8
—— 7/8

At the 1/1 M/L ratio (Figure 4b), the chemical shift
decreases t6-834 ppm at pH 3.15, by the formation of the
protonated [PbHL] complex (see the species distribution
diagram, Figure 3a). In the [PbHLJcomplex, the Pb(ll) is
less shielded than in the [PIFt]complex, and the binding
of the H" to the ligand will decrease its electron density

available for donation and for shielding the Pb(ll), in a way 0 T T T T T .
similar to that observed in Cd(ll)/4-@HPhDTA complexes’ 220 230 240 250 260 270 280
The values of the chemical shifts are in good agreement with

those reported for the Pb(ll) complexes of the amido A/ nm

derivatives of the ethylenediaminetetraacetic acid (EDFTA) Figure 5. Selected curves showing the change in the spectoeRsDTA

(4 = 2189 and 2441), keeping in mind that the lead o7adEn of exd(1) perchorate st S00() The ML ato & pacatee

resonance of a 1.0 mol drhagqueous solution of Pb(ND solid lines correspond to the data calculated by means of LETAGROP

appears—2961 upfield from neat Pb(CHh.*® The crystal SPEFO*

structure of the lead(ll) ethylenediaminetetraacetamide com-

plex, reported in ref 45, presents a Pb(ll) environment very

similar to that observed for Pb(1) in compoutdFigure

2), a six-coordinated hemidirected lead(ll) being surrounded

by two nitrogen and four oxygen atoms in both complexes.
In Figure 4c the?*Pb NMR spectra for the metal/ligand

= 1/0.5 ratio are shown. Ahigh field a shift of 6 = —843

of variables to be determined by the program. Taking into
account the species distribution diagrams for the Pb(ll)/
0-PhDTA system, at pH 5, depending on the M/L ratio, we
expect the [PbHE®>", [PbL,]¢", and [PbL} species. How-
ever, under these experimental conditions we were not able
to calculate the values of the constants from spectrophoto-
. - Lo metric data. Nevertheless, fixing the pH and the constants
to —838 ppm is qbserved, similar to Fhat shown in Figure obtained by potentiometry, by means of LETAGROP
4a,b, corresponding to the monomeric complexes (see thegperass e have been able to simulate the spectrophoto-
species distribution diagram, Figure 3c). In these species Weetric s’pectra that match very well the absorbance data as
cpnsider that Pb(ll) is bounq to two phenylenediamine shown in Figure 5.

nitrogen atoms, to one or various watgr molecules, and to Effective Stability Constants. Competitive Sequestering
cart_)qulato oxygens, _f||||ng its coordination _sphere__ In - of Pb(ll). The ability of these ligands to remove Pb(ll) from
addition to those high-field resonances, other signals in thea system can be studied by means of the effective binding
raf_‘ge‘2766 t0—2738 ppm are observed._These chemical constants, which take into account the competition of
shifts must correspond to the free Phll) .'Qﬁ t —2867 hydrogen ions and other metal ions that may be present and
ppm for a 0.01 M Pb(ClG), aqueous solution at pH 3.13] also the competition of other ligands such as G The

gr;)d”to .thehseconlelbﬂl) n the (R4 spebmets). Th; latter effective formation constant&y ¢ are related to the
(1N, in the metal-rich species, must be bound to water conventional stability constants by eq 6,

molecules and carboxylato oxygens that may have been

detached from the [PbEj cc.)mplex‘.10 Typically, substitution log Kpy, *" = log Kpy, 4 log o, — log Oppon) — 109 oy

of nitrogen by oxygen within the lead(ll) coordination sphere (6)

tends to increase theleshieldingand shifts the?°"Pb

resonancedownfield?® Here again due to the rapid exchange where apy. = 1 + [HT]K"ppp + ... + Kppon/[HT] +

we observe just one resonance for two similarly surrounded 2[PB*1KP%pz + ..., dpoory = 1 + B-1d/[HT] + S-21/[H]?

Pb(ll) ions. The NMR spectra can be explained by the + -1 [P?TJ/[H*], andoy =1+ SB"[HT]'. app. takes into

occurrence of metal-rich species in which one of the metal account the formation of protonated and/or ligand- or metal-

ions is surrounded by water molecules and carboxylato rich speciespppon) the decrease in Pb(ll) available due to

oxygens. If we did not have metal-rich species, we could the removal of Pb(ll) by the formation of the hydrolytic

not explain the occurrence of these downfield resonances.species, andy the decrease of L due to the protonation of
Spectrophotometric Studies. The spectrophotometric  the ligand, the main factor being the latter in acidic media.

measurements were performed at pH 5.00(2) to minimize log Ky, is a function of the pH for each ligand and is

the number of species in an attempt to minimize the number plotted in Figure 6 for the complexation of Pb(ll) by the

ligands 3,4-TDTA,0-PhDTA, 4-Clo-PhDTA, dimercapto-

(45) Claudio, E. S.; Horst, M. A;; Forde, C. E.; Stern, C. L.; Zart, M. K.;  succinate (DMSA), diethylenetriaminepentaacetate (DTPA),

Godwin, H. A.lnorg. Chem.200Q 39, 1391-1397.
(46) Harrison, P. G.; Healy, M. A.; Steel, A. T. Chem. Soc., Dalton a”q EDTA. DMSA, EDTA’ and DTPA ha\{e been used as
Trans 1983 1845-1848. antidotes for lead(l1}? It is found that the ligands 4-Qi-
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data resulting from experiments at low Pb(ll) concentration
allowed the determination of the model and the calculation
of the stability constants of the systems. This approach can
be used to study other systems in which strong complexes
are formed. There is an agreement among the potentiometric,
spectrophotometric, ardPb NMR studies. These ligands
are not those of the highest effective constant in all the pH
range studied, but the constants are high enough for these
ligands to be considered as good complexing agents in a
wide pH range. In addition, the 3,4-TDTA builds a very
interesting 2-D structure with Pb(ll), in which two non-
equivalent environments are observed for the Pb(ll), one of

Figure 6. Effective stability constants as a function of pH for Pb(ll) with  them exhibiting a hemidirected geometry, the other being
the ligands 3,4-TDTA,0-PhDTA, 4-Clo-PhDTA, DTPA, DMSA, and holodi ted. C il titut d |
EDTA. DMSA, EDTA, and DTPA have been used as antidotes for lead- "0l0dIr€Cted. Lompounticonslitutes a very good example

(11).52 of the influence of the nature of the donor atom and the

geometric restrictions of the ligand in the stereochemistry
PhDTA, o-PhDTA, and in particular 3,4-TDTA are better  of Ph(ll).

sequestering agents than EDTA in acidic media. The lower

basicity of the nitrogen atoms derived from aromatic di- Apbreviations

amines facilitates the chelation of the Pb(ll) in those

conditions” The effectiveness of 3,4-TDTA is better than ~ 3,4-Toluenediamin&,N,N,N'-tetraacetate (3,4-TDTA),

that of EDTA at pH< 6.4. DTPA is the most effective at  0-phenylenediamind,N,N,N-tetraacetate0tPhDTA), 4-chlo-

pH > 5.2. ro-1,2-phenylenediamini¥;N,N,N'-tetraacetate (4-G-Ph-
Lead(ll) Speciation in Human Blood Serum in the DTA), ethylenediamine¥,N,N,N'-tetraacetate (EDTA), cytric

Presence ob-PhDTA. The metal speciation in human blood  acid (Ct), glutathione (Gs), cysteine (Cy), human transferrin

serum has recently been studied by P. Letkeman by meanghTF), dimercaptosuccinate (DMSA), diethylenetriamine-

of computer modeling® From that work and othet¥%we pentaacetate (DTPA).

have taken the individual concentrations of the main .

components in blood serum and the stability constants of _Acknowledgment. We greatly appreciate support by the

the complexes formed by citric acid (Ct), glutathione (Gs), COST Project D8/0002/97, E.C., "Chemical Speciation and

cysteine (Cy)? and chlorid€ with lead(ll). In addition, the its Relationship to _qumed|_cgl Pr(_)blems’_’, an_d the Diréacio

stability constant of the complex of lead(ll) with human General de Investigaam Ministerio de Ciencia y Tecnolo-

transferrin (hTF) has been estimated by the method proposed’@ Spain, through Project PM98-0148. D.V. acknowledges

by H. Sun et al5! giving a value of logKepnrr= 9.6. These ~ SUPPOrt by the ALFA program, E.C. Project 594-502739-

authors find a correlation of the first metal binding constant (B3), “Metales y Problemas Medioambientales”, for a visit

of human transferrin for divalent and trivalent metal ions {0 the Department of Inorganic Chemistry, University of La

with that for hydroxide binding, the intercept of this Laguna, Spain (Oct 1999 to Jan 2000).

correlation being ca—3.4. With those data (by means of

HYSS) we have calculated the binding of lead(ll) at ¢ "o potentiometric experiments (Table S1), experimental and
phy5|olog|(_: pH (7.4) W'th all those complexing agents. Ata calculated potentiometric curves (20), and position and thermal
concentration of kM in lead(ll) 4.9% of the metal is bound  parameters of non-hydrogen atoms and full bond distances and
to the cysteine and 94.1% to the hTF. In the presence of 1angles forl in CIF format. This material is available free of charge
uM 0-PhDTA, the transferrin is displaced, 2.6% of the lead- via the Internet at http://pubs.acs.org.

(1) being bound to the hTF and 97.4% to tbd®>hDTA. At
a concentration 06-PhDTA of 10uM, 99.1% of the lead-  |c0201304
(I1) is bound to theo-PhDTA.
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form very stable complexes with Pb(Il). The processing of (51) Sun, H.; Li, H.; Sadler, P. Them. Re. 1999 98, 2817.
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