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Abstract

The interaction of lanthanide ions with biologically active ligands is of the utmost relevance to understand and develop new complexes
based on these ions. In this paper the thermodynamic and structural properties of Ln(Ill) complexes with amino acids and peptides is critically
reviewed. Mixed-ligand and heteropolynuclear complexes containing amino acids or peptides in the coordination sphere are also included.
Equilibrium data in agueous solution have been collected, showing the formation of species with low thermodynamic stability. The solid state
structures are dominated by the formation of carboxylate bridges which connect lanthanide cations. Different nuclearities are found, from
discrete dimers to infinite 2D structures.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction purposes, and in the preparation and study of new materials.
Over the past 10 years lanthanide ions and lanthanide com-
Much progress has been recently achieved in the coordi- plexes have been proposed and used in several biological and
nation chemistry of lanthanides. This resurgence of interestismedical applications, namely:
sustained in the use of lanthanide-based reagents for different
a. The high-spin paramagnetism and the ability of lanthanide

* Corresponding author. Tel.: +34 922318458; fax: +34 922318461. complexes to enhance the longitudinal relaxation rate of
E-mail addresssdomingu@ull.es (S. Domguez). water protons, especially in the case of Gd(lll), have been
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fully used to develop new contrast agents in conjunction  An apology is offered to those authors whose work has
with magnetic resonance imagifity-4]. been inadvertently omitted.

b. Radiolanthanides are excellent candidates for radiother-
apy because of their desirable physical characteristics and
ready availability. Sm165Dy, 166Ho, and17’Lu com- 2. Structure of simple Ln(lll) species containing
plexes have been used for palliative treatment of pain amino acids in the coordination sphere
from metastatic bone cancer, radiation synovectomy and
radioimmunotherapib,6]. The strong hydrolysis undergone by Ln(lll) ions in aque-

c. Lanthanide trig§-diketonates) and porphyrinates are ef- ous media has been an important restriction to the prepara-
fective receptors which offer chiral recognition and chiral- tion of Ln(lll)-aa complexes. In this section, we will review
ity sensing of biological substrates, including amino acids the structures reported for those compounds prepared under
[7-10] acidic conditionsTable 1lists the complexes together with

d. Lanthanide ions can induce perforation of the cell mem- the main structural characteristics. Sixty structures can be
branes as does the Ca(ll) ion, but at a very low concentra-found in the literature, covering all Ln with the exceptions of
tion[7]. Ce, Pm, Tmand Lu.

e. Lanthanides are scavengers of reactive oxygen species, The synthesis of the complexes is carried out in aqueous
with the characteristic that they interact with free rad- solution at pH always below 5. Different ligand to metal ratios
icals and peroxides but they cannot become radicals have been used, butthis does not seemto be determininginthe
[11]. stoichiometry and structure of the complexes. Coordination

f. Due to the special photophysical properties of lanthanide number 8 is the most common (41 of the 60) among the
complexes, they are being used as luminescent labels instructures. This fact is more remarkable at the end of the
various fluoroimmunoassaysl]. series (but not exclusive), reflecting the smaller size of the

g. Lanthanide complexes are, up to now, the best non-cations.
enzymatic agents which selectively hydrolyse DNA and ~ Some general comments can be made regarding the struc-
RNA with high specificity[12—-19] tures. In spite of the presence of an amino group in the ligand,

it does not participate in the coordination. The amino acids
In all these applications two main points should be taken may be regarded as zwitterions coordinated through the car-
into account to optimize the success of a lanthanide complexboxylate group. Nevertheless, the —jHgroup of the amino

for achieving a specific objective. First, thermodynamic sta- acid usually has an active participation in the formation of

bility is crucial to assure that the complex can reach the targetH bonds, which gives further stability to the crystal struc-

point (an organ, a cell, etc.) unchanged. Second, the structurgure. Another general point is the almost ubiquitous presence
of the complex is very important to determine the in vivo of carboxylate-bridged polynuclear units. The only excep-
behavior of the agent. For example, the coordination num- tion is the complex [Nd(Glyg(H20),]Cl3 [35]. It contains

ber, the presence of coordinated water and the formation ofthree glycine ligands acting as bidentate to the same central

polynuclear species can dramatically change the usefulnesstom. In all the other structures, the carboxylate bridges Ln

of the compound. ions resulting in dinuclear units, infinite chains or infinite 2D
With this in mind, in this review we focus our atten- structures.
tion on the thermodynamic and structural properties of lan- A detailed analysis of the structures listedable lallows
thanide(ll) complexes with the biologically relevantligands, one to recognize three kinds of carboxylate bridges. They are
amino acids and peptides. This review enlarges and updateshown inScheme 1In the type | bridge, both oxygen atoms
previous reportsin this fief@0,21] Agood understandingof  of the carboxylate lie quite symmetrically with respect to the
the directinteraction between these ligands and the lanthanide_n atoms. In the type Il bridge, there is a considerable differ-
ions is of utmost importance to rationalize the transport and ence between the two b® distances, being an asymmetric

biological activity of the species. p2-coordination mode. We have fixed an arbitrary limit of
The revised literature does not contain a uniform nomen- 3% difference between LrO distances to distinguish be-
clature for the ligands. In this review, i (for example,  tween type | and type Il bridges. Finally, in some structures,
HAla or HoGlu) will represent the zwitterionic form of the
amino acid.n indicates the number of acidic protons for \
the species ENT—CHR-COO™. This is very useful to de- | C |
. S : . C ~ C
scribe the equilibria in solution. On the other hand, a generic N\ / 0 VAR
name L (for example, Ala or Glu) is used to formulate 0 Y o o o
the structures. This is the most widely used nomenclature
Ln Ln Ln Ln Ln Ln

in the crystallographic papers. Ln will be used to refer in
general to the lanthanide elements, including the elements Bridge I Bridge 11 Bridge III

from La to Lu, and amino acids will generally be referred to

as aa. Scheme 1. Carboxylate bridges found in Ln—aa structures.
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Table 1

Structural data of Ln—aa complexes

Compound LnCN Molecular structure Bridges connecting Ln ions Ref.

[La(Gly)3(H20)2]Cl3-H0 9 Infinite chain Three bridges (l, II, 1) [22]

[La(Gly)3(H20)2](ClO4)3 10 Infinite chain Two bridges (lll, 1ll) alternating with four [23]
bridges (1, 1, 111, 11I)

[Laz(Ala)a(H20)g](ClO4)s 8 Isolated dimer Four bridges (I, I, I, 1) [24]

[Pr2(Gly)s(H20)4](ClO4)s-5H20 9 Infinite chain Two bridges (1, 1) alternating with four [25]
bridges (I, I, Il, 111)

[Pr(Gly)s(H20),]Cl3-H0 9 Infinite chain Two bridges (I, 1) [26]

[Pr2(Gly)s(H20)4](ClO4)6-5H,0 8 Infinite chain Two bridges (I, I) alternating with four [27]
bridges (I, I, II, 1)

[Pr2(Thr)2(H20)12]Clg 9 Infinite zigzag chain Two different simple bridges (I) [28]

[Pra(Pro)(H20)4](ClO4)6 8 Infinite chain Two bridges (I, Il) alternating with four [29,30]
bridges (I, II, 11, 1)

[Pr2(Glu)2(ClO4) (H20)7](ClO4)3-4H,0 9 Infinite 2D planes Two bridges (1) throughxCand two bridges [31,32]
(i) through Cy

[Nd2(Gly)s(H20)4](ClO4)6-5H20 9 Infinite chain Two bridges (I, 1) alternating with four [33]
bridges (I, I, 11, 1)

[Nd(Gly)(H20)7]Cl3 9 Infinite chain Simple bridge (1) [34]

[Nd(Gly)3(H20);]Cl3-H20 8 Isolated monomer No bridge [35]

[Nd2(Gly)4Cl2(H20),]Cl3 9 Isolated dimer Four bridges (1, I, 11, 11) [36]

[Nd2(Ala)4(H20)s](ClO4)s 8 Isolated dimer Four bridges (I, I, I, 1) [37]

[Nd2(Phe)(H20)8](ClO4)6-H20 8 Isolated dimer Four bridges (Il, I, 11, 1) [38]

[Nd2(lle)4(H20)s](ClO4)s 8 Isolated dimer Four bridges (I, I, 11, 1) [39]

[Nd(Prol(H20)2](ClO4)s 8 Infinite chain Two bridges (I, Il) alternating with four [40]
bridges (I, II, 11, 1)

[Nd4(Pro}xClz(H20)22]Cl1o 8 Two non-equivalent Two bridges (1, 1) for both dimers [41]

isolated dimers

[SMy(Gly)s(H20)4](ClO4)6-5H,0 9 Infinite chain Two bridges (I, 1) alternating with four [42]
bridges (I, I, 11, 1)

[Smy(Ala)4(H20)g](Cl04)4Cl; 8 Isolated dimer Four bridges (I, I, I, II) [43]

[Smp(Val)4(H20)s](ClO4)s 8 Isolated dimer Four bridges (I, I, I, II) [44]

[Smp(Pro)(H20)6](Cl04)e 8 Infinite chain Two bridges (lI, Il) and one Pro monodentate ~ [45]

[SMp(Glu)2(H20)8](ClO4)4-3H,0 9 Infinite 2D planes Two bridges (ll, Il) througheCand two [46]
bridges (ll1, 1l) through G

[Sm(Asp)(HO)4]Cl2 8 Infinite 2D planes One bridge (I) througheCand one bridge [45]
(1) through

[Euz(Ala)4(H20)s](ClO4)e 8 Isolated dimer Four bridges (I, I, I, 1) [47]

[Euz(lle)4(H20)s](ClO4)s 8 Isolated dimer Four bridges (I, I, I, 1) [39]

[Euz(Prou(H20)g](ClO4)6-4H,0 8 Isolated dimer Four bridges (I, I, 1, 1) [48]

[Euz(Prox(H20)g](Cl04)s-4H,0 8 Infinite chain Two bridges (I, 1) and one Pro monodentate [48]

[Eu(Thr)(H,O)s]Cl3 8 Zig-zag chain simple bridge (1) [49]

[Gdz(Ala)4(H20)s](ClO4)s 8 Isolated dimer Four bridges (I, I, 1, 1) [50]

[Gd(Gly)3(H20);]Cl3-H20 8 Infinite chain Three bridges (1, 11, 1) [51]

[Gdz(Pro)(H20)6](ClO4)s 8 Infinite chain Two bridges (Il, Il) and one Pro monodentate [52]

[Dy2(Gly)s(H20)4](ClO4)6-2H,0 9 Infinite chain Two bridges (1, 1) alternating with four [53]
bridges (I, I, 11, 1)

[Dy2(Ala)2(H20)12]Cle 8 Infinite chain Simple bridge (I1) [54]

[Dy(Pro)(H20)s]Cl3 8 Infinite zig-zag Simple bridge (I) and pro monodentate [55]

chain

[Dy2(Glu)2(H20)8](ClO4)4-H20 9 Infinite 2D planes Two bridges (I, I) throughCand two [56]
bridges (lll, I11) through G

[Ho2(Gly)s(H20)4](ClO4)6-2H20 9 Infinite chain Two bridges (I, Il) alternating with four [53]
bridges (I, I, 11, 1)

[Hoz(Ala)4(H20)s]Cle 8 Isolated dimer Four bridges (I, I, I, 11) [57]

[Ho(Thr)(H20)s]Cl3 8 Infinite zigzag chain Simple bridge (1) [58]

[Ho(Ser)(H:O)s]Cl3 8 Infinite zigzag chain Simple bridge (I) [59]

[Ho(Prop(H20)s]Cl3 8 Infinite zigzag chain Simple bridge (I) and Pro monodentate [55]

[Ho2(Glu)2(H20)8](ClO4)4-H20 9 Infinite 2D planes Two bridges (I, ) throughuCand two [56]
bridges (ll1, 1l) through G

[Ho(Asp)(H20)5]Cl2-H20 8 Infinite 2D planes One bridge (1) througigCand onex-COO [60]
monodentate

[Er2(Gly)4(H20)8](ClO4)6-C4HgO2 8 Isolated dimer Four bridges (I, I, I, 1) [61]

[Er2(Gly)s(H20)8](ClO4)6-5H2,0 10 Infinite chain Two bridges (1, 1) alternating with four [62]

bridges (I, I, 11, 1)
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Compound LnCN Molecular structure Bridges connecting Ln ions Ref.
[Era2(Gly)2(H20)12](ClO4)6-4H20 8 Isolated dimer Two bridges (I, ) [63]
[Er2Y 2(Gly)12(H20)g](ClO4)12:10H,O 8 Infinite chain Four bridges (I, I, Il, Il) Er-Y alternating [64]
with Y-Y double bridge (I, Il) and Er-Er
double bridge (I, I)
[Era(Ala)4(H20)s](ClO4)e 8 Isolated dimer Four bridges (I, I, I, I) [47,65]
[ErY(Ala)4(H20)4](ClO4)s 8 Isolated dimers con- Four bridges (I, I, 1, ) [66]
taining Eror Y
[Era(Met)s(Gly)2(H20)16](ClO4)12 8 Two independent One quadruple Met bridge (I, I, II, 1I) and [67]
isolated dimers one with two Gly bridges (I, I) and two Met
bridges (Il, 1)
[Era(Serk(H20)8](ClO4)s 7 Isolated dimer Three bridges (I, I, 1I) [68]
[Er(Pro)(H20)5]Cl3 8 Infinite zigzag chain Simple bridge (I) and Pro monodentate [69]
[Era(Pro)(H20)6](ClO4)s 8 Infinite chain Two bridges (lI, I1) and Pro monodentate [70]
[ErY(Pro)(H20)6](ClO4)s 8 Infinite chain Two bridges (alternating I, I, and Il, Il) and [71]
Pro monodentate
[ErY(Pro}(H20)8](ClOa4)s 8 Infinite chain Two bridges (II, 1) [72]
[Era(Glu)2(NO3)2(H20)4](NO3)2-5H,0 9 Infinite 2D planes Two bridges (I, Il) throughxCand two [73]
bridges (ll1, 1) through G
[Er2(Glu)2(H20)8](ClO4)2-H20 9 Infinite 2D planes two bridges (I, Il) throughuCand two [74]
bridges (ll1, 1) through G
[Yb(Gly)3(H20);]Cl3-H20 8 Infinite chain Three bridges (1, 11, II) [75]
[Yb(Thr)(H20)s]Cl3 8 Infinite zig-zag Simple bridge (1) [49]
chain
[Yb(Pro)(H20)5]Cl3 8 Infinite zig-zag Simple bridge (I) and Pro monodentate [76]
chain

Compounds are formulated according to the crystallographic basic unit. The nomenclature of bridges follows Scheme 1. CN represents then coordinatio

number.

the disposition of the O atoms is very different. One of them

Some variations of this chain can be observed

is almost in the middle of the metal centres at bond distancein other structures. In [La(GlgfH20),]Cl3-H,0O [22],

of both metals. It can be considered to bgsacarboxylate

[Yb(Gly)3(H20)2]Cl3-H20 [75], and [Gd(Gly}(H20)]

group occupying three coordination positions belonging to Clz-H2O [51], there are only triple bridges connecting La
two different ions. The type Il bridge is much more fre- atoms, while in [Pr(Glyj(H20)2]Cl3-H20 [26] the chain is
quent for lighter Ln. They have larger ionic radii, favouring sustained by two bridges. On the other hand, Nd atoms in
the possibility that an oxygen atom forms two bonds with [Nd(Gly)(H20);]Cl3 [34] are connected by a simple type |
two metal centres. Regardless of the type of bridge, the dis-bridge.

tance La-Ln is great enough to rule out a direct metaletal In the case of Er, besides the chain structure, two
bond. isolated dimers have been reported. o[EXly)4(H20)s]

We can begin with the different structures containing (ClO4)s-C4HgO2 [61] possesses a double bridge while in
the simplest amino acid, glycine. Besides the above mentio-[Er2(Gly)2(H20)12](ClO4)g-4H20 [63] four bridges connect
ned tris chelate compound [Nd(GiMH->0).]Cl3, all the two Er atoms. Neodymium also presents a structure based
other structures are polymeric, mostly infinite chains.
[La(Gly)3(H20)2](ClO4)3 [23], [Pr2(Gly)s(H20)4](ClO4)s-
5H,0[25,27] [Nd2(Gly)s(H20)4](ClO4)6-5H20 [33], [Sm,
(Gly)s(H20)4](ClO4)6-5H0  [42],  [Dy2(Gly)e(H20)a]
(ClO4)6-2H20, [Hoz(Gly)s(H20)4](ClO4)6-2H20 [53], and
[Er2(Gly)g(H20)s](ClO4)6-5H20 [62] exhibit the same
structural motif, resulting in a Ln:aa molar ratio of 1:3. The
Ln ions in the chain are linked by four or two carboxylate
groups, in an alternate way. This is shown kig. 1
The double bridge is usually symmetric (type 1), but the
quadruple bridge tends to be more asymmetric. For the first
lanthanides, with a larger ionic radius, a type Ill bridge can
be found (La, Pr, Nd, and Sm).

A similar structure is displayed in [EY 2(Gly)12(H20)g]
(ClO4)12:10H,0 [64]. A quadruple bridge joins Er and Y,
alternating with EfEr and Y=Y double bridges.

Fig. 1. Schematic disposition of atoms in{R&ly)s(H20)4](ClO4)s-5H,0.
Water molecules, H atoms, and counterions are omitted for clarity. Pr: black;
O: grey; C: white; N: dashed. In this case, the double bridge is symmetric
(1, 1). The quadruple bridge includes two type | bridges, one type Il, and
another type Il bridge.
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Fig. 3. Schematic disposition of atoms in [g{Aro)(H20)s](ClO4)s. Only
the carboxylate bridges are shown; water molecules, H atoms, and counte-
rions are omitted for clarity. Sm: black; O: grey; C: white; N: dashed.

Fig. 2. Schematic disposition of atoms in [gAla)4(H20)s](ClO4)4Cl>.
Only the carboxylate bridges are shown; water molecules, H atoms, and
counterions are omitted for clarity. Sm: black; O: grey; C: white; N: dashed.

with lanthanides, resulting in stoichiometries varying from
1:1 to 1:3. The lighter ions exhibit structures quite similar
on isolated dimers, [N4Gly)4Cl2(H20)2]Cl3 [36], with a tothose found for Gly and Ala complexes. jPro)(H20)4]
quadruple bridge. (ClO4)6 [29,30] and [Nd(Pro3(H20)2](ClOg4)e [40] are in-
Structures containing dimers are very commonly finite chains with alternating quadruple and double bridges,
found in alanine complexes. [kéAla)4(H20)s](ClO4)s [Nd4(ProyCly(H20)22]Cl1p [41] is a dimer with a dou-
[24], [Nd2(Ala)4(H20)8](ClO4)e [37], [Smp(Ala)4(H20)g] ble bridge, and [Ea(Pro)(H20)s](ClO4)s-4H20 is also
(ClO4)4Clo [43], [Euz(Ala)4(H20)s](ClO4)s [47], [Gd2 a dimer but with a quadruple bridge. In the structure of
(Ala)4(H20)g](ClO4)s [50], [Hoz(Ala)s(H20)s]Clg [57], [ErY(Pro)(H20)s](ClO4)6 [72], containing two lanthanides,
and [Ep(Ala)4(H20)8](ClO4)¢ [47,65] are built on the ba-  a double bridge forms an infinite chain which alternates one
sis of dimers in which two Ln are joined by four car- ErandoneY.
boxylate groups belonging to four amino acids. The fi- The structures reported for the other Ln—Pro complexes
nal stoichiometry (Ln:aa) in these compounds is 1:2. The include a monodentate proline ligand. This is a unique case
four bridges are very symmetric, generally type | bridges. in the Ln—aa complexes. The most common disposition is
This is shown inFig. 2 The same structure is found in an infinite chain in which a double bridge connects the metal
the compound [ErY(Ala)H20)4](ClO4)s [64], in which ions and another Pro is bonded to each Ln only through one O
half of the units are Er dimers and the other half Y ofthe carboxylateKig. 3). This structure is observedin[Sm
dimers. (PI‘O};(HQO)G](C|O4)6, [45], [EUZ(Pr0)4(H20)3] (C|O4)6-
Only one infinite chain has been reported for alanine com- 4H,O [48], [Gdx(Prok(H20)s](ClO4)s [52], [Er2(Prok
plexes. In [Dy(Ala)2(H20)12]Clg [54], a simple bridge con-  (H20)6](ClO4)6 [70], and [ErY(Prog(H20)s](ClO4)s [71].
nects the dysprosium atoms. Another group of complexes have a similar chain disposition
Other simple amino acids also show the formation of iso- with a monodentate proline, but with a simple bridge between
lated dimers at solid state. [M@Phe)(H20)s](ClO4)s-H20 the Ln atoms: [Dy(Pr@(H20)s]Cl3, [Ho(Proy(H20)s5]Cl3
[38], [Ndx(lle)a(H20)g](ClOa)s [39], [Smp(Val)a(H20)e] [55], [Er(Prok(H20)s]Cl3 [69], and [Yb(Proj(H20)s]Cls
(ClO4)6 [43], and [Ey(lle)4(H20)8](ClO4)6 [39] display the [76].
same structural motif containing four carboxylate bridges  When the amino acid possesses another potential coordi-
connecting two Ln ions. Once more, these dimers exhibit nating group, the structures can have higher nuclearity, up to
a 1:2 (Ln:aa) molar ratio. It has been reported an interest- the formation of infinite planes. If Thr or Seris the amino acid,
ing compound which has two different aa in the coordination the additional —OH group also coordinates to the Ln. Hence,
sphere. [E4(Met)s(Gly)2(H20)16](ClO4)12 [67] is a mixture one molecule of Thr coordinates by two points (one O of the
oftwo dimers. One dimer has two Er atoms connected by four carboxylate and OH of the alcohol residue) to the same Ln.
Met molecules, and the other one has two Er atoms connectedrhe other O of the carboxylate coordinates to other Ln, re-
by two Met and two Gly molecules. sulting in an infinite zigzag chain. This is showrFig. 4 The
Proline should be considered to be a special case becauseesulting molar ratio Ln:aa is 1:1. This structure is observed
many different structures are observed in their complexesin all complexes containing Thr: [R{Thr)2(H20)12]Clg
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Fig. 4. Schematic disposition of atoms in [Yb(Thr}®)s]Cls. Only the
carboxylate bridges are shown; water molecules, H atoms, and counterions
are omitted for clarity. Yb: black; O: grey; C: white; N: dashed.

[28], [Eu(Thr)(H0)s]Cl3 [49], [Ho(Thr)(H20)s]Cl3 [58],
[Yb(Thr)(H20)s]Cl3 [49], and [Ho(Ser)(HO)s]Cl3 [59].
The complex [Es(Serk(H20)s](ClO4)s [68] constitutes a
particular case in which Er(lll) atoms (with CN = 7) are
coupled by three Ser bridges without intervention-gdH
groups. The final molar ratio Ln:aa is 1:1.5.

The incorporation of a second carboxylate group in
glutamic acid produces the formation of well-defined layers
in the structure. This is the disposition found in the structures
of the complexes [B(Glu)z(ClO4)(H20)7](ClO4)3-4H,0
[31,32] [Smp(Glu)2(H20)g](ClO4)4-3H20[46], [Dy2(Glu)2
(H20)8](ClO4)4-H20,  [Hoz(Glu)2(H20)8](ClO4)4-H20
[56], [Er2(Glu)2(NOs)2(H20)4](NO3)2-5H20 [73], and
[Er2(Glu)2(H20)s](ClO4)2-H20 [74]. Each monoanionic
Glu residue bridges a couple of Lnh atoms throughoits
carboxylate, and another Ln pair throughytgarboxylate. Fig. 5. Schematic disposition of atoms in §f&Iu)>(ClO4)(H20)7]
Hence, each metal centre is linked to another one by four car-(Cl04)3-4H:0. Only'the carboxy]ate bridges'are shown; water moleculeg, H
boxylate bridges, twa-carboxylate and twg-carboxylate. i‘ltf)égss'hif;d counterions are omitted for clarity. Pr: black; O: grey; C: white;
This results in an extended 2D arrangement as shown in '

Fig. 5. is possible to conclude that the formation of a bridge does

The structures of aspartic acid complexes [Sm(Asp) not represent a large distortion of the carboxylate group in
(H20)4]Cl2 [45], and [Ho(Asp)(H0O)s]Cl2-H20 [60] also the aa. Indeed, the mean values indicate that the Cgréup
contain infinite layers. In the case of the Sm complex, both  in bridge I is almost undisturbed. On the other hand, in bridge
andp-carboxylates bridge metal ions. The structure is quite ||| where the COO occupies three coordination positions,
different from those found in Glu complexes because there js the most distorted situation. The-O—0 angle should be
is only one bridge between adjacent Sm atoms. On the othersmaller in order to reach the three positions. It is important to
hand, inthe Ho compound tigecarboxylate isthe only group  note that these results are independent of the Ln and the aa.
that bridges Ho centres-Carboxylate (belonging to a sec-
ond aaresidue) acts as monodentate, and allows the formation 140 -
of infinite layers. Both sets of complexes, containing Glu or
Asp lead to a 1:1 stoichiometry.

It is important to discuss a few points in relation to these 130 4 .
structures. InFig. 6, a plot of the O—C-O carboxylate an- R H
gles reported for all the structures Table 1is shown. The £ 1251 ! i : :
distances are grouped according to the type of bridge they be- © 5
long to, regardless of the aa and the Ln. As can be seen, typeg

* average 125.2 average 126.3°

*

le (deg)

*

average 122.8°

| bridges are the most frequent, type Il being much more = 1157~ 2veraee 1w

scarce. Thus, the symmetnie-COO~ coordination mode 110

of the aa should be taken as the most common one. Now we

can compare the mean value of the@-O angles in the Typel  Typell  Typelll  Monodenate

three different bridges (126.1125.2, and 122.8 for type Fig. 6. O—C—0O angle in the coordinating carboxylate group for the different

l type Il, and type ”_I' respec'Flver) with the same angle for types of bridges. The angle for monodentate amino acids (in Lnh complexes)
those structures which contain a monodentate aa (126t3 is also shown.
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Table 2
Relation between Shannon’s ion radii (coordination numb¢r B) and the average distance+6

La Pr Nd Sm Eu Gd Dy Ho Er Yb
Shannon’s ion radii 1.160 1.126 1.109 1.079 1.066 1.053 1.027 1.015 1.004 0.985
Ln—O distance in type | bridge 2.500 2.439 2.410 2.382 2.362 2.356 2.320 2.319 2.283 2.336
Ln—O distance in type Il bridge 2.501 2.445 2.415 2.390 2.402 2.376 2.315 2.310 2.314

For every type of bridge, distances from structure$ahle 1were averaged.

In conclusion, aa behave as a two-points negative chargethe case of the racemic ligand. This change affects the spec-
toward Ln(lll) ions. The ligand tries to fit two coordination troscopic properties of the system. This phenomenon was un-
positions of adjacent lanthanides without much distortion. doubtly demonstrated by high resolution spectroscopy at 4 K
Only in the type Ill bridges, a distortion in the carboxylate [37,39]
group is forced in order to fit three coordination positions.

The predominantly ionic interaction is also reflected in the

variation of Ln-O distances. This is shown Trable 2 There 3. Structure of other Ln(lll) species containing

is a close relation between the ionic radius of the central atom,amino acids in the coordination sphere

and Lnr-O distances. Regardless of the aa, a monotonous

decrease in LRO distance is observed with a diminishing Mixed-ligand species in which an auxiliary ligand gives
ionic radius. sufficient stability to the Ln ion while some coordination po-

The different structural motifs we can find have been de- sitions are still free in order to bind an amino acid have been
scribed above. For example, the aa glycine, alanine, pheny-developed. Some of such complexes have been obtained in or-
lalanine, valine, isoleucine, and proline only have the car- der to design new radiotherapeutic agdig] or lanthanide
boxylate to coordinate the Ln ion. They differ in the alkyl probe complexes for biomolecul g&9].
group (—R) attached to the C in theposition. The question Research in that area produced three novel structures.
is why even small changes in R lead to quite different struc- Two of them contain Yb as the central atom, [YbL(Gly)]
tures. The different steric hindrance of the R groups seems not(CF3S0;3)2-H20-CH30H, and [YbL(Ser)](CESQOs)2-H20-
to be definitive in the final result. The addition of-e&CH3 CH3OH [79]. L is a heptadentate derivative of cyclen, 1,4,7-
(from Gly to Ala) should not justify a change from chains tris[(R)-(1-phenyl)ethylcarbamoylmethyl]-1,4,7,10-tetraaz-
to dimers, taking into account the rather large ionic radius acyclodecane. The ligand occupies seven coordination
of the lanthanides. As we will see tBection 8there is no positions of the Yb (using the four N of the cyclen ring
great difference among the ligand capabilities of the differ- and three amide oxygens, belonging to each substitute).
ent aa towards Ln(lll). Thus, the diverse stoichiometries and Bound water molecules can be displaced by an amino acid
structures cannot be considered to be a direct function ofyielding a mixed-ligand complex. The aa is fully deproto-
the basicity of the aa. Perhaps the final structure is the re-nated in the complex, as a result of preparing the complex
sult of a delicate balance of interactions, some of which may in a neutral water:methanol solution. In addition, the aa
not be immediately obvious. The comparison of the struc- coordinates both through the O and through the nitrogen
tures reveals another important factor that can influence theatom. This is a rare N, O-bidentate coordination of an aato a
solid state structure of the complexes, the nature of the coun-lanthanide ion.
terion. The preparation of all these cationic compounds is  The third structure is the Eu compound [Eu(Val)(phen)
quite similar, but chloride or perchlorate have been used as(H,0)z]-(ClO4)3-3phen2H,0 (phen = 1,10-phenanthroline)
counterions. A similar preparation of a Ln with amino acid [80]. The species can be seen as a [Eu(pf{éh)olock with
in the same molar ratio, but starting from LraGhstead of the addition of valine. The aa acts as bidentate using only the
Ln(ClO4)3 yields different structures. Perchlorate is always carboxylate in gup-coordination mode.
involved in well-defined H bonds, either with crystallization [Euz(Met)s(glycylato)(HO)g](ClO4)s [81] also belongs
water or with protonated- NH3™ groups. These interactions  to this group. It shows the presence of isolated dimers with
confer further stabilization to the lattice and can favour one four COO™ bridges, three belonging to Met and the other to
structure over the other. one molecule of glycylate.

A further comment should be deserved to the influence
of the chirality of the aa on the structure of the com-
plexes. This fact has been studied on the dimeric struc- 4. Polynuclear complexes containing Ln(lll), amino
ture of [Ncb(Ala)4(H20)s]®* [37], and [Ey(lle)4(H20)s] ¢+ acids and a 3d metal ion
[39]. Using of L-aa instead obL-aa results in subtle dif-
ferences in the structure. The dimeric structural motif isre-  New materials based on Ln polynuclear coordination com-
tained. However, a non-centrosymmetric dimer is obtained pounds have been developed for many purposes. They con-
with the L-ligand, while a centrosymmetric one is found in tain, besides Ln(lll), a 3d-metal ion. These structures can
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Fig. 7. Schematic disposition of atoms in fEe(CN}}(Gly)s(H20)]
2-2H,0. Water molecules, and H atoms are omitted for clarity. La: black;
Fe: squared; O: grey; C: white; N: dashed.
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5. Complexes featuring a cubane-like
[Ln 4(n3-OH)4]3* core

Very recently, the design of lanthanide complexes whose
core structure resembles that of the active site of phosphodi-
esterases, led to the synthesis and characterization of a new
series of compounds based on the{(uns-OH),4]8* core, and
containing amino acids. An excellent revif@®@] accounts for
the development of such complexes. In this section we will
only describe the main structural features in order to compare
them with other Ln—aa species.

The synthesis of these complexes is the result of a subtle
balance between the hydrolysis of Ln(lll) and its coordina-
tion with the amino acid. They are prepared at pH values
near 6-7, where Ln(OH)and other hydrolysed species
coexist with the complexes. The simplest examples of the
species are [Spfu.3-OH)a(Gly)s(H20)11(ClO4)](ClO4)7-
NaClQy, [Nda(3-OH)a(Ala)s(H20)10](ClO4)g-4NaClQy-
23H,0, [Era(ps-OH)a(Val)s(H20)10]Clg-15H:0 [19], [Era

be seen to be derived from the basic ones described in(j.3-OH)4(Ala)s(H20)g](ClO4)g-3H20 [91], [Gda(jn3-OH)a

Section 2

Inthe complexes [NiLaz(dto)s(Gly)2(H20)g]-Gly-7H20,
and [NiYb2(dto)s(Gly)2(H20)4]-8H20 (dto = dithioox-
alate) [82] we can recognize infinite chains of La or
Yb, connected by carboxylate bridges. In the La com-
pound, a simple carboxylate bridge (type 1) forms the
chain -..0-La—O-C-O-Ln--.. dto, which is coor-
dinated to the Ni atoms, is also bonded to La in a
bis-bidentate way, connecting the La chains. The Yb
complex is quite similar, but in this case a double bridge
Yb—Yb through two carboxylates of Gly builds the
chain.

In the polynuclear complexes we can also find
structures with simple dimers connected by a quadru-
ple bridge. [Lg§Fe(CN)}(Gly)s(H20)]2-2H2O [83] and
[Ce{Fe(CN}}(Gly)3(H20)]2-H20O [84] possess Laln
dimers connected by four type | bridges. In addition, one

molecule of monodentate Gly also coordinates to the central

atom. Cyanide provides an additional-tie bridge. This is
shown inFig. 7.

Several samariuamickel and europiumnickel polynu-
clear complexes with formula [4Ni(Prok}e]X3 (Ln =
Sm, Eu; X=CIOs~, BFs~, PR~, NO3~, I7) [85-87]

have been reported. The heteronuclear complexes contain

[Ni(Pro);] moieties, six per Ln atom. One carboxylate
of every Pro bridges the Ni unit with the Ln atom, re-
sulting in an icosahedral metal centre. Related with this
structure are those observed in §Cabg(Gly)1s(p3-OH)
30(H20)24(Cl04)](ClO4)21-26H,O [88], Nau[PrNig(Gly)g
(n3-OH)3(H20)6](ClO4)7, Nap[PrNig(Gly)s(p3-OH)s(p.2-
OH2)2(H20)6](ClO4)6-2H20,  Na[DyNig(Gly)7(p3-OH)3
(h2-OH2)2(H20)6](Cl04)6-H20,  [SmNis(Gly)s(jn3-OH)3
Cl3(H20)6]Cl3-9H20, and [ErNg(Gly)s(m3-OH)3Cl3
(H20)6]Cl3-9H,0 [89]. In these heteronuclear complexes,

some glycine molecules act as bridges between M(Il) and

Ln(lln).

(Val)g(H20)8](ClO4)5-8H20  [92],  [Era(uz-OH)a(Prok
(H20)7](ClO4)e-6H20  [93], and [Gd(n3-OH)a(Prok
(H20)7](ClO4)6-6H20 [94]. Structurally, the complexes
may be viewed as derived from the tetranuclear cubane-like
[Lna(3-OH)4]8F core, in which four Ln(lll) ions occupy
the alternate vertices of a distorted cube. Four OH bridging
groups occupy the other four vertices. Amino acids are linked
to this cube by bridging two lanthanides (via carboxylate
group) of the same cube. This is exemplifiedHig. 8 The
bridges are usually asymmetric (type II), corresponding to
a pp-coordination mode. The synthesis at higher pH values
allows the presence of both the zwitterionic form of the
ligands, and the fully deprotonated one.

Fig. 8. Schematic disposition of atoms in [gm3-OH)4(Gly)s
(H20)11(ClO4)](ClO4)7-NaClOy. Water molecules, counterions, and H
atoms are omitted for clarity. Sm: black; O: grey; N: dashed; C: white.



C. Kremer et al. / Coordination Chemistry Reviews 249 (2005) 567-590

Fig. 9. Schematic disposition of atoms in [EQu3-OH)2o(s-
CI)(Tyr)10(OH)2(p2-H20)5(H20)18](ClO4)12-9H2,0.  Water molecules,
and H atoms are omitted for clarity. Only one Tyr molecule is shown. Eu:
black; CI: squared; O: grey; N: dashed; C: white.

As in the case of the simple Lh—aa complexes, the in-
clusion of glutamic or aspartic acid leads to the formation
of molecular structures with higher dimensionality. The aa
uses both COO groups to bridge Ln in the same cube, and
also to interlink [Lm(u3-OH)4]8t cores. Two such struc-
tures are [Ef(p3-OH)a(Glu)3(H20)s](ClO4)s-6H,0 [19]
and [Dya(p.3-OH)a(Asp)s(H20)s](ClO4)s-10HO [94].
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6. Ln(lll) species containing peptides in the
coordination sphere

Only five structures are known of complexes containing
Ln and peptides. One of the reasons for this small number
is the difficulty to isolate the compounds due to their ex-
treme aqueous solubility. The preparation is analogous to
those mentioned for complexes with amino acids, i.e., the
direct combination of the metal and the ligand in aqueous so-
lution at pH below 5. The structures resemble those described
in Section 2but the inclusion of an additional carbonyl group
(originated in the amide linkage of the peptide bond) can pro-
vide a new linkage point.

From the structural point of view, [SiGly—Val)s
(H20)8](ClO4)6-2H20 [97] is the simplest complex. It con-
sists of isolated dimers completely analogous to those found
in Ln—aa complexes. In the dimer, Sm atoms are bridged
by four COO™ groups belonging to four independent pep-
tides. Two of the bridges are type I, while the others are
type Il. The carbonyl group does not participate in the coor-
dination. The carboxylate group in Gly—Val belongs to the
Val residue. Thus, the structure is analogous to that found
in [Smp(Val)4(H20)8](ClO4)6 [44], also formed by isolated
dimers. In this case, the rest of the peptide is not significant
to determine the solid state structure.

The other four structures display the formation of in-
finite chains, in which the carbonyl group plays a de-
terminant structural role. In [Ho(Gly—Tyr)@D)s]Cl3-H>0
[98], Ho atoms are linked by a single carboxylate bridge
(type ). In addition, the carbonyl group also coordi-

If tyrosine is used as amino acid, and is assisted by anates to one of the Ho of the chain. This is shown in
templating halide, different structure_s are obtained. They Fig. 10 [Ndx(Gly—Gly)a(H20)4](ClO4)s-2H,O[99] consists
are mostly pentadecanuclear lanthanide-hydroxo complexesof dimers connected by four carboxylate bridges, two of them

consisting of five vertex-sharing [lafwz-OH)4]8+ cubane
units centred on a5-X~ ion (X = Cl, Br) [90]. Fig. 9shows

the example of [Eub(jr3-OH)z0(ps-Cl)(Tyr)10(OH)2(p2-
H20)5(H20)16] 12t [95]. Tyr is attached to the cubes acting

bidentate (type 1) and the other two tridentate (type IIl). This
structure is quite similar to those found with amino acids
(Table ). However, the presence of the carbonyl produces the

as tetradentate ligand. One of the O coordinates to one Eu

(Eul), while the other coordinates to another Eu (Eu2, the
common vertex of the cubes), and another Eu ion (Eu3) of the
adjacentcube. N atom (now deprotonated) also coordinates to

Eu3. This coordination mode is different from those descri-
bed above. Six reports are found with this structural motif:
[Eu1s(p3-OH)20(ps-Cl)(Tyr)10(OH)2(p2-H20)s  (H20)1g]
(Cl04)12-9H20, [Nd15(n3-OH)20(jrs-Cl)(Tyr)10(OH)3(p2-
H20)(H20)23]Cl3(ClO4)g-2H20, [Gdis (w3-OH)20(us-Cl)
(Tyr)10(OH)(2-H20)5(H20)19]  (ClO4)13-12H:0,  [Pris
(n3-OH)20(5-Br)(Tyr)12(jn2-H20)3(H20)20](ClO4) 14-8H2
O, [Eus(ps-OH)20(ps-Br)(Tyr)io(p2-H20)s(H20)20](Cl-
04)14-2H20, and  [Eys(p3-OH)20(us-Cl)(Tyr)10(OH)12
(pz-H20)5(H20)8](C|O4)2-56H20 [96]. When I is uti-

lized, dodecanuclear complexes with the encapsulation of
two iodide guests in the centre of a four-cubane wheel are ob-

tained: [Dyi2(n3-OH)16(1)2(Tyr)s(H20)20](ClO4)10-8H20,
and  [En2(p3-OH)ig(1)2(Tyr)s(H20)20](ClO4)10-12H,0
[95].

Fig. 10. Schematic disposition of atoms in [Ho(Gly-Tyr}(®)s]Cl3-H,0.

Water molecules, counterions, and H atoms are omitted for clarity. Ho: black;

O: grey; N: dashed; C: white.
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Table 3
Equilibrium constants for Ln(Ill) complexation reactions with amino acids
aa Ln Method T(°C) Medium Equilibrium logK Ref.
constant
Gly La gl 30 0.10M KClI K1 3.23 [104]
Gly La gl 30 0.10M KClI B2 6.15 [104]
Gly La gl 35 0.10M KNQ K(Ln + HL) 3.23 [105]
Gly La gl 20 0.1M NaCl K1 3.54 [106]
Gly La gl 25 0.20M NaClQ K1 5.32 [107]
Gly La gl 30 0.20M NaClQ K1 3.85 [108]
Ala La gl 25 0.20M NaCIQ K1 5.82 [107]
Ala La gl 20 0.10M NaCIQ K1 3.20 [109]
Ala La gl 20 0.10M NaClQ B(LnHL) 6.49 [109]
Ala La gl 25 0.1 M KNG K1 45 [110]
His La gl 35 0.10M KNQ K(Ln + HL) 341 [105]
His La gl 25 3.00M NaClQ@ K1 4.10 [111]
His La gl 25 3.00M NaClQ@ B2 5.40 [111]
His La gl 25 3.00M NaClQ@ B(LnHL) 11.75 [111]
His La gl 37 3.00M NaClQ K1 3.40 [112]
His La gl 37 3.00M NaClQ B2 6.85 [112]
His La gl 37 3.00M NaClQ B(LnHL) 11.07 [112]
Pro La gl 25 0.10M NaCl@ B2 39 [113]
Leu La gl 25 0.20M NaCl@ K1 5.61 [107]
Lys La gl 20 0.10M NaClQ K1 5.8 [114]
Phe La gl 25 0.10M KCI K1 38 [115]
Pro La gl 25 0.10M NaCl® K1 4.32 [116
Ser La al 20 0.10M NaCl® B(LnHL) 3.18 [109]
Trp La gl 25 0.10M KClI K1 445 [115]
Trp La gl 25 0.10M KClI B2 8.55 [115]
Tyr La gl 25 0.10M KClI K(Ln + HL) 4.2 [113]
Tyr La gl 25 0.10M KNG K(Ln + HL) 3.82 [117]
Val La gl 25 0.20M NaClIQ K1 5.94 [107]
Val La gl 25 0.10M KClI K1 3.73 [118]
Gly Ce gl 30 0.10M KClI K1 3.40 [104]
Gly Ce gl 30 0.10M KClI B2 6.40 [104]
Gly Ce gl 25 0.20M NaClQ@ K1 5.38 [107]
Gly Ce gl 30 0.20 M NaCl@ K1 4.46 [108]
Gly Ce dis 25 2.0M NaCl® K(Ln + HL) 0.53 [119]
Ala Ce gl 30 0.10M KClI B2 6.4 [104]
Ala Ce al 25 0.20 M NaCl@ K1 6.03 [107]
Ala Ce gl 37 0.15M NaCl K1 3.01 [120]
Arg Ce gl 20 0.10M KCI K1 27 [121]
Leu Ce al 25 0.20M NaCl® K1 5.84 [107]
Lys Ce gl 20 0.10M NaCl@® K1 6.42 [114]
Lys Ce gl 20 0.10M KCI K1 26 [121]
Met Ce al 20 0.10M KCI K1 4.4 [121]
Phe Ce gl 20 0.10M KClI K1 352 [122]
Pro Ce gl 25 0.10M NaCl® K1 4.87 [116]
Pro Ce ix 20 0.10M KCI K1 5.65 [123]
Pro Ce ix 20 0.10M KClI B2 8.8 [123]
Tre Ce gl 20 0.10M KCI K1 3.7 [121]
Trp Ce gl 20 0.10M KClI K1 455 [122]
Tyr Ce gl 25 0.10M KNQ K(Ln + HL) 4.17 [117]
Val Ce gl 25 0.20M NaCl@ K1 6.05 [107]
Val Ce gl 25 0.10M KClI K1 3.96 [118]
Gly Pr gl 30 0.1MKCI K1 3.64 [104]
Gly Pr gl 30 0.1M KCI B2 6.96 [104]
Gly Pr gl 35 0.10M KNQ K(Ln + HL) 3.53 [105]
Gly Pr gl 25 0.20M NaClQ K1 5.55 [107]
Gly Pr gl 30 0.20M NaClQ K1 4.50 [108]
Ala Pr gl 25 0.20M NaClQ@ K1 6.36 [107]
Ala Pr gl 25 0.10M KNQ K1 4.7 [110]
Ala Pr gl 37 0.15M NacCl K1 3.49 [120]
Ala Pr gl 37 0.15M NaCl B2 6.68 [120]
His Pr gl 35 0.10M KNQ@ K(Ln + HL) 3.56 [105]
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Table 3 Continued
aa Ln Method T(°C) Medium Equilibrium logK Ref.

constant

His Pr gl 25 3.00M NaCl@ K1 4.36 [111]
His Pr gl 25 3.00M NaCl@ B2 6.2 [111]
His Pr gl 25 3.00M NaCl@ B(LnHL) 11.77 [111]
His Pr gl 37 3.00M NaCl@ K1 3.69 [112]
His Pr gl 37 3.00M NaCl@ B2 7.78 [112]
His Pr gl 37 3.00M NaCl@ B(LnHL) 11.04 [112]
Leu Pr gl 25 0.20M NaCl® K1 5.99 [107]
Lys Pr gl 20 0.10M NaCl@ K1 7.37 [114]
Lys Pr gl 20 0.10M NaCl@ B2 1393 [114]
Pro Pr gl 25 0.10M NaCl@® B2 5.1 [113]
Pro Pr o] 25 0.10M NaCl® Ky 522 [116]
Tyr Pr gl 25 0.10M KClI K(Ln + HL) 4.35 [124]
Tyr Pr gl 25 0.10M KCl K(LnHL + HL) 3.88 [124]
Val Pr gl 25 0.20M NaClQ@ K1 6.28 [107]
Val Pr gl 25 0.10M KClI K1 3.92 [118]
Gly Nd gl 30 0.10 M KCI K1 371 [104]
Gly Nd gl 30 0.10M KCI B2 7.01 [104]
Gly Nd gl 35 0.10M KNG K(Ln + HL) 3.71 [105]
Gly Nd gl 25 0.20M NaClQ K1 5.68 [107]
Gly Nd gl 30 0.20M NaClQ K1 4.62 [108]
Gly Nd gl 25 0.15M NaClQ K1 3.26 [125]
Gly Nd gl 25 0.15M NaClQ B(LnHL) 10.43 [125]
Gly Nd gl 25 0.15M NaClQ B(LnH_1L) —4.96 [125]
Ala Nd gl 25 0.20M NaClQ K1 6.52 [107]
Ala Nd gl 37 0.15M NaCl K1 3.90 [120]
Ala Nd gl 37 0.15M NaCl B2 7.80 [120]
Ala Nd gl 25 0.10M KNG K1 4.8 [110]
His Nd gl 35 0.10M KNQ K(Ln + HL) 3.79 [105]
His Nd gl 25 3.00M NaClQ@ K1 4.40 [111]
His Nd gl 25 3.00M NaClQ@ B2 6.59 [111]
His Nd gl 25 3.00M NaClQ@ B(LnHL) 11.77 [111]
His Nd gl 37 3.00M NaCl@ K1 3.95 [112]
His Nd gl 37 3.00M NaCl@ B2 8.12 [112]
His Nd gl 37 3.00M NaCl@ B(LnHL) 11.2 [112]
Leu Nd gl 25 0.20M NaCl@ K1 6.03 [107]
Lys Nd gl 20 0.10M NaCl@ K1 7.12 [114]
Lys Nd gl 20 0.10M NaClQ@ B2 12.99 [114]
Phe Nd gl 25 0.10 M KClI K1 4.2 [115]
Pro Nd gl 25 0.10M NaCl@ B2 5.18 [113]
Pro Nd gl 25 0.10M NaCl® K1 5.32 [116]
Trp Nd gl 25 0.10 M KClI K1 4.45 [115]
Trp Nd gl 25 0.10M KClI B2 8.85 [115]
Tyr Nd gl 25 0.10M KClI K(Ln + HL) 4.1 [115]
Tyr Nd gl 25 0.10M KCI K(LnHL + HL) 35 [115]
Tyr Nd gl 25 0.10M KClI K(Ln + HL) 4.54 [124]
Tyr Nd gl 25 0.10M KClI K(LnHL + HL) 4.01 [124]
Val Nd gl 25 0.20M NaClQ K1 6.52 [107]
Val Nd gl 25 0.10M KClI K1 3.88 [118]
Gly Pm dis 25 2.0M NaCl@ K(Ln + HL) 0.67 [119]
Gly Sm gl 37 0.15M NaCl@ B(Lnz(HL)e) 133 [43]
Gly Sm gl 37 0.15M NaCl@ K(Ln + HL) 16 [43]
Gly Sm gl 37 0.15M NaCl@ B(LnH_1(HL)3) 1.36 [43]
Gly Sm gl 35 0.10M KNQ K(Ln + HL) 3.82 [105]
Gly Sm gl 25 0.20M NaCl@ K1 5.84 [107]
Ala Sm gl 37 0.15M NaCl@ B(Ln(HL)2) 167 [43]
Ala Sm gl 37 0.15M NaCl@ B(Lnz(HL)4) 5.02 [43]
Ala Sm gl 25 0.20M NaCl@ K1 6.68 [107]
Ala Sm gl 25 1.00 M BN.X B2 11.70 [126]
Ala Sm gl 25 1.00M BN.X K1 7.04 [126]
Ala Sm gl 25 0.10M KNQ@ K1 4.7 [110]
Arg Sm gl 37 0.15M NaCl@ K1 591 [45]
Arg Sm gl 37 0.15M NaCl@ B(LnHL) 9.84 [45]
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Table 3 Continued
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aa Ln Method T(°C) Medium Equilibrium logK Ref.
constant
Cys Sm gl 37 0.15M NaCl® K(Ln + HL) 1.443 [43]
Cys Sm gl 37 0.15M NaCl® B(LNH_1(HL)3) —1.71 [43]
His Sm gl 37 0.15M NaCl@ B(LnHL) 11.63 [45]
His Sm gl 37 0.15M NaClQ B(LnH2L) 17.43 [45]
His Sm gl 37 0.15M NaCl@ B(LnHsL3) 3342 [45]
His Sm gl 37 0.15M NaClQ B(LnaHgL4) 59.25 [45]
His Sm gl 35 0.10M KN@ K(Ln + HL) 3.85 [105]
His Sm gl 25 3.00M NaCl@ Ky 4.46 [111]
His Sm gl 25 3.00M NaCl@ B2 871 [111]
His Sm gl 25 3.00M NaCl@ B(LnHL) 11.78 [111]
His Sm gl 37 3.00M NaCl@ K1 4.37 [112]
His Sm gl 37 3.00M NaCl@ B2 8.78 [112]
His Sm gl 37 3.00M NaCl@ B(LnHL) 11.18 [112]
Leu Sm gl 25 0.20M NaCl@ Ky 6.18 [107]
Lys Sm gl 20 0.10M NaCl@ K1 7.71 [114]
Lys Sm gl 20 0.10 M NaCl@ B2 14.66 [114]
Phe Sm gl 37 0.15M NaClp B(LnHL) 11.49 [45]
Phe Sm gl 37 0.15M NaClp B2 7.95 [45]
Pro Sm gl 37 0.15M NaCl® K(Ln + HL) 2.95 [43]
Pro Sm gl 37 0.15M NaClp B(Ln(HL)2) 371 [43]
Pro Sm gl 25 0.10M NaCl® B2 5.53 [113]
Ser Sm gl 37 0.15M NaCl9 B(LnHL) 11.05 [45]
Ser Sm gl 37 0.15M NaCl® B(LnH>L3) 25.65 [45]
Ser Sm gl 37 0.15M NaCl9 B(LnHsL3) 3172 [45]
Ser Sm gl 37 0.15M NaClp B(LnH_1L) -37 [45]
Trp Sm gl 37 0.15M NaCl@ K(Ln + HL) 1.72 [43]
Trp Sm gl 37 0.15M NaCl® B(LnH_1(HL)3) 0.67 [43]
Tyr Sm gl 25 0.10 M KClI K(Ln + HL) 471 [124]
Tyr Sm gl 25 0.10M KClI K(LnHL + HL) 4.13 [124]
Val Sm gl 37 0.15M NaCIQ K(Ln + HL) 1.64 [43]
Val Sm gl 37 0.15M NaCl@ B(LnH_1(HL)3) 0.67 [43]
Val Sm gl 25 0.20M NaCl@ K1 6.68 [107]
Val Sm gl 25 0.10M KClI K1 39 [118]
Gly Eu dis 25 2.0M NaClQ K(Ln + HL) 0.7 [119]
Ala Eu sp 25 1.00 M NX K1 6.07 [126]
Ala Eu sp 25 1.00 M RNX B2 1173 [126]
Ala Eu dis 25 2.0M NaCl@ K1 0.74 [127]
Ala Eu gl 25 0.10M KNQ K1 4.7 [110]
Ala Eu sp 25 1.0M NaCl@ K(Ln + HL) 0.33 [128]
Pro Eu gl 25 0.10M NaCl@ B2 557 [113]
Pro Eu vit 25 0.20M NaCl@ K1 0.3 [129]
Pro Eu vit 25 0.20 M NaCl@ B> 1.78 [129]
Trp Eu vit 25 0.20 M NaClQ Ky 6.80 [129]
Trp Eu gl 25 0.10M NaCIQ Ky 6.78 [130]
Val Eu gl 25 0.10M KClI Ky 385 [118]
Gly Gd gl 35 0.10M KNQ K(Ln + HL) 3.72 [105]
Gly Gd gl 25 0.10M NaCIQ K(Ln + HL) 0.73 [131]
Ala Gd gl 15 0.10M KNQ K1 4.6 [110]
His Gd gl 35 0.10M KNQ K(Ln + HL) 3.76 [105]
His Gd gl 25 3.00M NaCIQ@ Ky 4.39 [111]
His Gd gl 25 3.00M NaClQ B2 8.61 [111]
His Gd gl 27 3.00 M NaCIQ B(LnHL) 11.47 [111]
His Gd gl 37 3.00 M NaCIQ Ky 4.94 [112]
His Gd gl 37 3.00M NaCIQ@ B> 9.16 [112]
His Gd gl 37 3.00 M NaCIQ B(LNHL) 11.3 [112]
Lys Gd gl 20 0.10M NaCl@ K1 7.42 [114]
Lys Gd gl 20 0.10M NaCIQ B2 14.03 [114]
Phe Gd gl 25 0.10 M KCl K1 4.25 [115]
Pro Gd gl 25 0.10M NaCl@ B2 5.6 [113]
Pro Gd al 25 0.10M NaCl® K1 5.58 [116]
Trp Gd gl 25 0.10M KClI Ky 5.0 [115]
Trp Gd gl 25 0.10M KCl B> 9.6 [115]
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aa Ln Method T(°C) Medium Equilibrium logK Ref.

constant

Tyr Gd gl 25 0.10M KClI K(Ln + HL) 4.35 [115]
Tyr Gd gl 25 0.10M KCI K(LnHL + HL) 4.2 [115]
Tyr Gd gl 25 0.10M KClI K(Ln + HyL) 4.63 [132]
Tyr Gd gl 25 0.10M KCI K(LnH,L + Hol) 4.17 [132]
Tyr Gd gl 25 0.10M KNQ K(Ln + HL) 4.92 [133]
Tyr Gd gl 25 0.10M KNQ K(LnHL + HL) 4.43 [133]
Val Gd gl 25 0.10M KCI K1 3.96 [118]
Ala Tb gl 25 0.10M KNG Ky 47 [110]
Phe Tb gl 25 0.10M KCI K1 43 [115]
Phe Tb gl 25 0.10M KCl B2 7.80 [115]
Pro Tb gl 25 0.10M NaClQ B2 5.62 [113]
Trp Tb gl 25 0.10M KCl Ky 5.0 [115]
Trp Tb gl 25 0.10M KClI B2 9.7 [115]
Tyr Tb gl 25 0.10M KClI K(Ln + HL) 4.35 [115]
Tyr Tb gl 25 0.10M KClI K(LnHL + HL) 43 [115]
Val Tb gl 25 0.10M KClI Ky 4.00 [118]
Gly Dy gl 35 0.10M KNG K(Ln + HL) 3.86 [105]
Ala Dy gl 25 0.10M KNG Ky 47 [110]
His Dy gl 35 0.10M KNG K(Ln + HL) 3.99 [105]
His Dy gl 25 3.00M NaCIQ Ky 4.40 [111]
His Dy gl 25 3.00M NaClQ B2 9.14 [111]
His Dy gl 27 3.00M NaCIQ B(LnHL) 11.16 [111]
His Dy gl 37 3.00M NaCIQ Ky 5.09 [112]
His Dy gl 37 3.00M NaCIQ B2 9.85 [112]
His Dy gl 37 3.00M NaCIQ B(LnHL) 11.56 [112]
Pro Dy gl 25 0.10M NaCIQ Ky 5.77 [116]
Pro Dy gl 25 0.10M NaCl@ B2 5.67 [113]
Tyr Dy gl 25 0.10M KCI K(Ln + HoL) 4.74 [132]
Tyr Dy al 25 0.10M KCI K(LnHzL + HyL) 4.30 [132]
Tyr Dy gl 25 0.10M KNG K(Ln + HL) 5.04 [133]
Tyr Dy gl 25 0.10M KNQ; K(LnHL + HL) 457 [133]
Val Dy gl 25 0.10M KCl Ky 4.03 [118]
Pro Ho gl 25 0.10M NaCl@® B2 5.75 [113]
Val Ho gl 25 0.10M KClI Ky 4.10 [118]
Ala Er gl 25 0.10M KNG K1 47 [110]
Gly Er gl 35 0.10M KNG K(Ln + HL) 3.93 [105]
His Er gl 35 0.10M KNQ K(Ln + HL) 4.06 [105]
His Er gl 25 3.00M NaCIQ Ky 4.49 [111]
His Er gl 25 3.00M NaClQ@ B2 8.99 [109]
His Er gl 27 3.00M NaCIQ B(LnHL) 11.18 [109]
His Er gl 37 3.00M NaClQ@ K1 4.99 [112]
His Er gl 37 3.00M NaCIQ B2 9.91 [112]
His Er gl 37 3.00M NaClQ B(LnHL) 11.40 [112]
Phe Er gl 25 0.10M KCl Ky 435 [115]
Phe Er al 25 0.10M KClI B2 8.25 [115]
Pro Er gl 25 0.10M NaCl@ B2 5.90 [113]
Trp Er gl 25 0.10M KCl Ky 5.1 [115]
Trp Er gl 25 0.10M KClI B2 9.6 [115]
Tyr Er gl 25 0.10M KClI K(Ln + HL) 4.4 [115]
Tyr Er gl 25 0.10M KClI K(LnHL + HL) 41 [115]
Tyr Er gl 25 0.10M KCI K(Ln + HzL) 4.83 [132]
Tyr Er gl 25 0.10M KClI K(LnHaL + HL) 451 [132]
Tyr Er gl 25 0.10M KNG K(Ln + HL) 5.15 [133]
Tyr Er gl 25 0.10M KNG K(LnHL + HL) 4.86 [133]
Val Er gl 25 0.10M KClI Ky 419 [118]
Ala Tm gl 25 0.10M KNG Ky 47 [110]
Pro Tm gl 25 0.10M NaCI@ B2 6.08 [113]
Ala Yb gl 25 0.10M KNG K1 4.9 [110]
His Yb gl 25 3.00M NaCIQ Ky 4.23 [111]
His Yb gl 25 3.00M NaClQ B2 9.83 [111]
His Yb gl 25 3.00M NaCIQ B(LnHL) 11.40 [111]
His Yb o] 37 3.00M NaClQ K1 476 [112]
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aa Ln Method T(°C) Medium Equilibrium logK Ref.
constant

His Yb gl 37 3.00M NaClQ B2 1031 [112]
His Yb al 37 3.00M NaClQ B(LnHL) 11.60 [112]
Tyr Yb gl 25 0.10M KNG Ky 5.00 [132]
Tyr Yb gl 25 0.10M KNGy B2 9.70 [132]
Tyr Yb gl 25 0.10M KNG K(Ln + HL) 5.35 [133]
Tyr Yb gl 25 0.10M KNG K(LnHL + HL) 5.00 [133]
Val Yb gl 25 0.10M KClI K1 4.3 [118]
Phe Lu gl 25 0.10M KClI Ky 4.45 [115]
Phe Lu gl 25 0.10M KCl B2 7.95 [115]
Pro Lu gl 25 0.10M NaCl@ B2 6.15 [113]
Trp Lu gl 25 0.10M KCI K1 52 [115]
Trp Lu gl 25 0.10 M KClI B2 9.90 [115]
Tyr Lu gl 25 0.10M KClI K(Ln + HL) 455 [115]
Tyr Lu gl 25 0.10M KCl K(LnHL + HL) 45 [115]
Val Lu gl 25 0.10M KClI K1 4.30 [118]

Method abbreviations are: gl, glass electrode; dis, distribution experiments; ix, ion exchange; vlt, voltammetry; sp, spectrophotometry.

formation of infinite chains. The carbonyHO group of the Equilibrium Equilibrium constant
peptide molecule which joins Nd atoms by a type 11l bridge, L 4 L™ s [LnL1E" K
is also linked to the same Nd atom (in this case the peptide L23+ N 2L"'_;[ [En]l_ js2ne B1
occupies four coordination positions in two Nd atoms). But [ je20y |~ %?LnL3](3-3n)+ Ki

carbonyl groups of peptides acting as a type | bridge interlink  mLn* + pL™ — [Ln,L,]*™™"* B(LNmLp)
cationic dimers, resulting in an infinite chain. This structure

3+ 3+
is also found in [Eu(Gly—Gly)H20),](ClO4)3-2H,0 [100]. Ln™ + Hol. - [Ln(HiL)] " K(Ln+H,L)
. Ln(H,.L H.L Ln(H.L K(LnH,L+H,L
[EU(Gly—Gly—Gly)(F0)a](CIO4)s-H,0[101]is the only [Lnti j]an*L % [:nnf(::L)r]sZ"Z*] ﬁ((L:m(HnL)o )

structure which contains a tripeptide. Eu atoms are connected i n** + pL™ + tH* > [LnHLJ*™ ™" B(Ln,H.Ly)
by a double COO bridge (type I). The overall structure is
built by the union of both carbonyl groups of a peptide with
another Eu atom belonging to a different dimer. Thus, the
tripeptide is tetradentate. It uses the carboxyl group to bridge
two metallic centres and the two carbonyl groups to chelate
another Eu ion.

Ln® + mL™ - [Ln(OH)LI®™™* + H*  B(LnH.,L)
[Ln(OH)I** + L™ — [Ln(OH)L]®™* K(LnOH+L)
[Ln(OH)P** + mH,L — [Ln(OH)(HoL)m]" K(LNOH+mH,L)
Ln* + mH,L - [Ln(Hmnolm)”® + aqH™ B(LNH.q(HoL)m)

Scheme 2. Definition of equilibrium constants used in this revieyL $
the neutral form of the ligands.

7. General information about equilibrium data thanides, the more importance should be given to hydrolysis

reactions. The formation of [Ln(OHJT, [Ln2(OH),]** and

[Ln3(OH)s]*t have been reported for all lanthanide ions and a

consistent increase in acidity is observed as the charge/radius

ratio increases due to the lanthanide contraction. The lan-

thanide trihydroxides are only weakly amphoteric but those
a?f the heavier metals dissolve in excess base. There is evi-
dence for the formation of [Ln(OH)~ [102].

Hydrolysis is mostly governed by two reactions:

In the present and following sections, we will discuss the
stability of coordination compounds of lanthanide ions in
oxidation state +3 with different ligands. A problem gener-
ally found upon collecting thermodynamic equilibrium data
is the difficulty to compare them. They come from different
sources and have been obtained under different experiment
conditions. Regarding the formation constants of coordina-
tion compounds, we will express them as they were reported,
except when needed for comparis@theme Xhows the
corresponding nomenclature.

Another point should be taken into account. Due to the Ln(OH); + 3HT = Ln® + 3H,0* Ko
low stability of lanthanide complexes with aa and peptides,
hydrolysis reactions are obvious competing processes. Of p(*K1) is near 8.5, whilg(*Kgg) is quoted as having a value
course, the extension of hydrolysis depends on the particularnear—17. Even when numerous data on hydrolysis constants
ion since the acidity of these f-transition metal ions increases are available in the literatufé03], most of the experimental
with decreasing ionic radii. Thus, the smaller are the lan- work on Lnh—aa systems does not take them into account.

Lt + Hy0 = [Ln(OH)1>t + H* *K7,
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With this in mind, in the following sections we will dis- 100 . NG(OHR ()]
cuss the available themodynamic data on the complexation /°8N0d_ No* NG #
2

of Ln in oxidation state 3+ with aa and peptides. In addition,
we have included equilibrium data obtained from ternary sys-
tems, i.e., mixed-ligand systems containing auxiliary ligands 40
bound to the metal ions and the aa ligand. For such exper-

60 1

[N(L)**Y/ [NIOH)*¢

iments we will focus on the effective formation constant of 207 :
the complexes: (a)U 3 Z 2 5 pH 11
[Sm(A)] + aa= [Sm(A)(aa)]
where A represents the auxiliary ligand (charges and protons %1,22 Ng** Nd(OH)a(sy"
are omitted for clarity). A is generally a polycarboxylate, 80 1
and the amino acid can participate aglHor L™ in these 60 -
complexes.

40 1

20 1
8. Thermodynamic stability of lanthanide complexes 0
with amino acids (b) 3 5 7 9 pH "

Tables 3 and 4how the data on complexation of lan-  Fig. 11. Species distribution diagrams of Nd with alanine, HL (a) and glu-
thanides with aa, together with the experimental method used tamic acid, HL (b). Stability data were taken from R¢L20] and hydrolysis
and the experimental conditions. Asp and Glu are presenteddata of the metal from Reffl41,142] T=37.0°C, 1 = 0.15M NaCl, [Nd]

in a separate table, considering their additional carboxylate = 1 MM. [Ala] or [Glu] = 3mM.

group.
As can be seen ifable 3 the behavior of lanthanide ions
in the presence of these ligands is almost the same, reflectinglysine, arginine, histidine) do not generally form species
their well-known chemical similarity. So, even when small with protonated ligands with the exception of [Sm(H1g)]
differences among them will be pointed out later, we shall [45].
begin with the general trends. Formation of the monomeric  Tables 3 and 4eflect the strong analogy among all Lh—aa
species [Ln(KL)]3* or [Ln(H,—1L)]%" with 1:1 stoichiom- complexes. We can take two examples to show the depen-
etry has been reported for all amino acids, these species beinglence of speciation at different pH valuésg. 11displays
the most prominent Ln—aa species under acidic conditions.the species distribution diagram of the systems Nd-Ala and
Concerning the charge of the coordinated aa, the data are noNd-Glu. For both systems, and even under excess of ligand, a
fully consistent. The most reliable data suggest that aa arehigh percentage of the metalis still free, especially in acid me-
coordinated as neutral zwitterions. Only a few reports have dia. This is a direct consequence of the low thermodynamic
detected the existence of soluble species with higher ligandstability of the complexes. As pH is raised, hydrolysis com-
to metal molar ratio§43,45,104,111-115,123,124,126,129] petes with the formation of complexes. [Nd(OH)becomes
for simple amino acids. detectable, and finally Nd(OHl)precipitates. In Nd-Ala
Little attention has been paid to hydroxylated and poly- (Fig. 11a) two complex species are formed. Obviously, for
meric species in these systems. Nevertheless they appear ifower ligand to metal molar ratios, the 1:1 species appears
some reportft3,45,126] Even though hydroxylated species as predominant. But, when a large excess of the ligand is
are generally not predominant, they are important when the present, species containing more than one ligand per metal
pH is raised. ion are favoured. [Nd(Alg) ™ coexists with [Nd(Ala)f™ and
Aspartic and glutamic acidible 4 also show the forma-  [Nd(OH)]?*. When acidic ligands are present, as in the case
tion of complexes with ligand to metal molar ratios 1 and 2. of glutamic acid, complexed metal is present over a wider
Much greater consistency exists in these systems regardingnterval of pH. Besides, even when a species containing two
complex formation with deprotonated forms of the ligands, ligands was not detected, deprotonation of the ligand causes
due to their additional acid groups. Indeed, some authors havethe retention of an important percentage of the metal in so-
simultaneously detected both kinds of coordinated ligands, lution (Fig. 11b).
HoL, and HL™ [45,120,135,140] In general, amino acids show a weak binding to lan-
On the other hand, hydroxyl groups, present in serine thanide metals. Formation constant values are always low
and tyrosine (as well as the thiol group of cysteine and and variations for different amino acids are quite small.
methionine) do not deprotonate by metal interaction. These Despite this, it is possible to observe that the interaction
groups, therefore, do not participate in coordination. Con- of lanthanides with these ligands is mostly determined by
versely, for tyrosine, coordination compounds with partially electrostatic interaction. Some observed trends support this
protonated ligands were detectd82]. Basic amino acids  idea:
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Table 4

Equilibrium constants for Ln(Ill) complexation reactions with Asp and Glu

aa Ln T(°C) Medium Equilibrium constant log Ref.
Asp La 30 0.10 M KCI K1 4.84 [104]
Asp La 30 0.10M KCI B2 8.26 [104]
Asp La 25 0.20M NaCl@ K1 561 [107]
Asp La 25 0.10M KCI K1 5.0 [134]
Asp La 25 0.10M KClI B2 9.20 [134]
Asp La 20 0.10M NaCl@ K1 4.53 [135]
Asp La 22 0.10M NaCl@ B(LnHL) 12.49 [135]
Asp La 30 0.10M NaCl@ K1 4.47 [136]
Asp Ce 30 0.10M KCI K1 513 [104]
Asp Ce 30 0.10M KCI B2 8.78 [104]
Asp Ce 30 0.10M KCI Ks 2.75 [104]
Asp Ce 25 0.20M NaCl® K1 577 [107]
Asp Ce 25 0.10M KClI K1 52 [134]
Asp Ce 25 0.10M KClI B2 9.80 [134]
Asp Ce 30 0.10M NaCl® B2 891 [136]
Asp Ce 30 0.10M NaCl® K1 477 [136]
Glu Ce 37 0.15M NaCl K1 381 [120]
Asp Pr 30 0.10M KCI K1 5.23 [104]
Asp Pr 30 0.10M KClI B2 9.07 [104]
Asp Pr 30 0.10M KCI Ks 272 [104]
Asp Pr 25 0.20M NaCl® K1 5.90 [107]
Asp Pr 25 0.10M KCI K1 5.4 [134]
Asp Pr 25 0.10M KClI B2 10.20 [134]
Asp Pr 20 0.10M NaCl@ K1 514 [135]
Asp Pr 20 0.10M NaCl® B(LnHL) 12.62 [135]
Asp Pr 30 0.10M NaCl@ K1 4.90 [136]
Asp Pr 30 0.10M NaCl@ B2 9.44 [136]
Asp Pr 25 0.10M KCI K1 5.20 [137]
Asp Pr 25 0.10M KClI B2 8.80 [137]
Glu Pr 37 0.15M NaCl K1 3.85 [120]
Glu Pr 37 0.15M NaCl B(LnHL) 11.05 [120]
Asp Nd 30 0.10M KCI K1 5.40 [104]
Asp Nd 30 0.10M KCI B2 9.48 [104]
Asp Nd 30 0.10M KCI Kz 3.06 [104]
Asp Nd 25 0.20M NaCl@ K1 6.04 [107]
Asp Nd 25 0.10M KCI K1 55 [134]
Asp Nd 25 0.10M KCI B2 10.40 [134]
Asp Nd 30 0.10M NaCl@ K1 5.02 [136]
Asp Nd 30 0.10M NaCl@ B2 9.24 [136]
Asp Nd 25 0.10M KCI K1 5.36 [137]
Asp Nd 25 0.10M KCI B2 9.26 [137]
Asp Nd 30 0.10M NaCl@ K1 5.66 [138]
Asp Nd 30 0.10M NaCl@ B2 10.46 [138]
Glu Nd 37 0.15M NaCl K1 3.94 [120]
Glu Nd 37 0.15M NaCl B(LnHL) 11.27 [120]
Glu Nd 37 0.15M NaCl B(LnHzL) 14.88 [120]
Asp Sm 37 0.15M NaCl® K1 5.56 [45]
Asp Sm 37 0.15M NaCl® B(LnHL) 11.84 [45]
Asp Sm 37 0.15M NaCl® B(LnH_1L) -1.8 [45]
Asp Sm 37 0.15M NaCl® B(LnHzL) 14.89 [45]
Asp Sm 25 0.20M NaCl® K1 6.16 [107]
Asp Sm 30 0.10M NaCl® K1 513 [136]
Asp Sm 30 0.10M NaCl® B2 9.64 [136]
Asp Sm 25 0.10M KClI K1 5.55 [137]
Asp Sm 25 0.10M KClI B2 9.72 [137]
Asp Sm 40 0.10M NaCl® K1 9.45 [138]
Asp Sm 40 0.10M NaCl® B2 15.85 [138]
Glu Sm 37 0.15M NaCl® B(Lnz(H2L)4) 10.05 [43]
Glu Sm 37 0.15M NaCl@ B(LnH_1(H2L)2) 0.48 [43]
Glu Sm 37 0.15M NaCl® B(LnH_2(H2L)2) -34 [43]

Asp Eu 30 0.10 M NaClQ K1 5.20 [136]



C. Kremer et al. / Coordination Chemistry Reviews 249 (2005) 567-590 583

Table 4 Continued

aa Ln T(°C) Medium Equilibrium constant loig Ref.
Asp Eu 30 0.10M NaCl® B2 9.8 [136]
Asp Eu 25 0.10M KCI K1 5.62 [137]
Asp Eu 25 0.10M KClI B2 9.77 [137]
Asp Gd 30 0.10M NaCl@ Ky 5.30 [136]
Asp Gd 30 0.10M NaCl@ B2 9.80 [136]
Asp Gd 25 0.10M KCI K1 5.74 [137]
Asp Gd 25 0.10 M KCI B2 10.50 [137]
Asp Tb 30 0.10M NaCl@ K1 5.45 [136]
Asp Tb 30 0.10 M NaCl@ B2 10.12 [136]
Asp Tbh 25 0.10M KCI K1 58 [137]
Asp Tb 25 0.10M KClI B2 10.28 [137]
Asp Dy 30 0.10M NaCIQ B2 10.24 [136]
Asp Dy 25 0.10M KClI B2 1078 [137]
Asp Dy 25 0.10M KClI Ky 5.85 [137]
Asp Dy 30 0.10M NaClQ@ Ky 5.54 [136]
Asp Ho 30 0.10M NaCl@ K1 5.68 [136]
Asp Ho 30 0.10M NaCl@ B2 1047 [136]
Asp Ho 25 0.10M KCI K1 5.91 [137]
Asp Ho 25 0.10M KClI B2 1081 [137]
Asp Ho 30 0.10M NaCl@ K1 6.36 [139]
Glu Ho 25 0.10M KClI K1 4.57 [140]
Glu Ho 25 0.10M KClI B(LnHL) 11.36 [140]
Asp Er 30 0.10M NaCI@ Ky 5.71 [136]
Asp Er 30 0.10M NaCIQ@ B2 1054 [136]
Asp Er 25 0.10M KClI Ky 6.08 [137]
Asp Er 25 0.10M KClI B2 1093 [137]
Asp Tm 30 0.10M NacCl@ Ky 5.87 [136]
Asp Tm 30 0.10M NaCl@ B2 10.80 [136]
Asp Tm 25 0.10M KClI K1 6.10 [137]
Asp Tm 25 0.10M KClI B2 11.10 [137]
Asp Yb 30 0.10M NaClQ@ Ky 5.93 [136]
Asp Yb 30 0.10M NaCl@ B2 1093 [136]
Asp Yb 25 0.10M KClI Ky 6.18 [137]
Asp Yb 25 0.10M KClI B2 11.45 [137]
Asp Yb 30 0.10M NaClQ@ Ky 7.00 [139]
Asp Lu 20 0.10M NaClQ@ B(LnHL) 12.71 [135]
Asp Lu 30 0.10M NaClQ@ Ky 6.07 [136]
Asp Lu 30 0.10 M NaCl@ B2 10.90 [136]
Asp Lu 25 0.10M KClI Ky 6.25 [137]
Asp Lu 25 0.10M KClI B2 11.58 [137]

In all cases, potentiometric titrations (glass electrode) were used to ¢btailues.

a. An increase in formation constant values is observed as
the basicity of the ligand increasdsg. 12).

b. Stability is also enhanced when more negatively charged 12 -
ligands are bound to the metdtig. 13. Asp and Glu ?10 1. -
provide a good example of this point. We can find reported o . . .
values ofK; for the species [Ln(kL)]**, [Ln(HL)]3, X 84 .
and [Ln(L)}**. K values for [Ln(L)F* (containing L), 2 4 s . ° *e
are at least two orders of magnitude greater than those for 4 ¢ ° %4
[Ln(HL)]*. T ey
c. A steady increase in formation constants is observed as 2 — T T T T T
ionic radii of the lanthanide ions decrea§#36]. 16 17 1.8 19 2 21 22 2-3p112;4

The linearity of the three relations supports that Ln—aa Fig. 12. Variation of complexes stability with the basicity of the lig-
bonds are largely electrostatic. They can be understood ina“‘gsi-_r'og<l (elmtlt)tlé S‘;liafefs)thoﬁzl_ (f'”zd Sgutafes) f0ft Cl;‘ly' ?'U' /;SF;
H - . . an IS are plotted vsig O e ligandas. Data were taken from Refls.
ter\rrvs ?}f simple eI(_aétrots_tatl;tcr:]orgSIdlv_a(;at![(ﬁ]t}gS]i ¢ [43,45,104,105,107,108,111,112,120,125,134,136-138,143,k44{ata
€ have seen lipbection at solid state Structures ar€ yere taken from the same reference when possible. Alternatively, data in

governed by LAROCO binding, mostly asw>-carboxylate similar conditions were usgd03].
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Table 5

Stability constants of Ln(Ill) mixed-ligand complexes

aa Ln Auxiliary ligand (A) Method T(°C) Medium Equilibrium constant lolg Ref.
Gly La edta gl 25 0.20M NaCl® K(Ln(A) + L) 4.09 [107]
Gly La cyt gl 35 0.10M KNQ K(Ln + A + HL) 8.27 [105]
Ala La edta gl 25 0.20M NaCl® K(Ln(A) + L) 4.28 [107]
Asp La edta gl 25 0.20M NaClp K(Ln(A) + L) 4.55 [107]
His La cyt gl 35 0.10M KNQ K(Ln+ A + HL) 8.47 [105]
Leu La edta gl 35 0.10M KN@ K(Ln + A + HL) 4.31 [105]
Val La edta gl 25 0.20M NaCl® K(Ln(A) + L) 5.10 [107]
Gly Ce edta gl 25 0.20M NaClp K(Ln(A) + L) 4.32 [107]
Ala Ce edta gl 25 0.20M NaClp K(Ln(A) + L) 4.40 [107]
Asp Ce edta gl 25 0.20M NaClO K(Ln(A) + L) 4.71 [107]
Leu Ce edta gl 25 0.20M NaClo K(Ln(A) + L) 4.59 [107]
Val Ce edta gl 25 0.20M NaClp K(Ln(A) + L) 5.33 [107]
Gly Pr edta gl 25 0.20M NaClp K(Ln(A) + L) 4.63 [107]
Gly Pr cyt gl 35 0.10M KNQ K(Ln + A + HL) 8.34 [105]
Ala Pr edta gl 25 0.20M NaClp K(Ln(A) + L) 4.99 [105]
Ala Pr cyt gl 35 0.10M KNQ K(Ln + A + HL) 8.34 [105]
Asp Pr edta gl 25 0.20 M NaClp K(Ln(A) +L) 491 [107]
Cys Pr but-diol gl 25 Unknown B(Ln(A)L) 17.41 [159]
Cys Pr but-diol gl 25 Unknown B(Ln(A),L) 22.99 [159]
Cys Pr but-diol gl 25 Unknown B(Ln(A)L2) 24.32 [159]
Cys Pr eth-diol gl 25 Unknown B(Ln(A)L) 17.80 [159]
Cys Pr eth-diol gl 25 Unknown B(Ln(A),L) 22.82 [159]
Cys Pr eth-diol gl 25 Unknown B(Ln(A)L2) 25.04 [159]
Cys Pr hex-diol o] 25 Unknown B(Ln(A)L) 17.57 [159]
Cys Pr hex-diol gl 25 Unknown B(Ln(A),L) 22.05 [159]
Cys Pr hex-diol gl 25 Unknown B(Ln(A)L2) 2392 [159]
Cys Pr pent-diol gl 25 Unknown B(Ln(A)L) 16.60 [159]
Cys Pr pent-diol gl 25 Unknown B(Ln(A),L) 21.72 [159]
Cys Pr pent-diol gl 25 Unknown B(Ln(A)L2) 24.29 [159]
Cys Pr prop-diol gl 25 Unknown B(Ln(A)L) 16.68 [159]
Cys Pr prop-diol gl 25 Unknown B(Ln(A),L) 23.37 [159]
Cys Pr prop-diol gl 25 Unknown B(Ln(A)L2) 25.02 [159]
Cys Pr 2-but-diol gl 25 Unknown B(Ln(A)L) 17.88 [159]
Cys Pr 2-but-diol gl 25 Unknown B(Ln(A),L) 25.60 [159]
Cys Pr 2-but-diol gl 25 Unknown B(Ln(A)L2) 2777 [159]
His Pr cyt gl 35 0.10M KNQ@ K(Ln+ A+ HL) 8.50 [105]
Leu Pr edta al 25 0.20M NaClp K(Ln(A) + L) 4.72 [107]
Val Pr edta al 25 0.20 M NaCl® K(Ln(A) + L) 5.45 [107]
Gly Nd edta al 25 0.20M NaCl® K(Ln(A) + L) 4.89 [107]
Gly Nd cyt gl 35 0.10M KNQ K(Ln+ A+ HL) 8.41 [105]
Ala Nd edta gl 25 0.20M NaCl® K(Ln(A) + L) 5.17 [107]
Asp Nd edta al 25 0.20M NaClp K(Ln(A) + L) 4.98 [107]
His Nd cyt gl 35 0.10M KNQ K(Ln + A + HL) 8.54 [105]
Leu Nd edta gl 25 0.20M NaClp K(Ln(A) + L) 4.92 [107]
Val Nd edta al 25 0.20M NaCl® K(Ln(A) + L) 5.86 [107]
Gly Sm ida gl 37 0.15M NaCl® B(LN(A)H_2(HL)2) -103 [78]
Gly Sm edta gl 37 0.15M NaClp K(Ln(A) + 2L + HL) 5.96 [78]
Gly Sm edta al 37 0.15M NaClp K(Ln(A) + 3L) 5.85 [78]
Gly Sm edta gl 37 0.15M NaClp K(Ln(A) + HL) 1.58 [78]
Gly Sm edta gl 37 0.15M NaClp K(Ln(A) + L + 2HL) 5.36 [78]
Gly Sm edta gl 25 0.20M NaClp K(Ln(A) + L) 4.97 [107]
Gly Sm ida gl 37 0.15M NaCl® K(Ln(A) + 2HL) 4.68 [78]
Gly Sm ida gl 37 0.15M NaCl® K(Ln(A) + HL) 2.85 [78]
Gly Sm ida gl 37 0.15M NaCl® K(Ln(A)(OH)2 + 2HL) 5.0 [78]
Gly Sm nta gl 37 0.15M NaCl® K(Ln(A) + 2HL + HyL) 5.55 [78]
Gly Sm nta gl 37 0.15M NaCl® K(Ln(A) + HL) 1.83 [78]
Gly Sm nta gl 37 0.15M NaCl® K(Ln(A)2 + HL) 2.25 [78]
Gly Sm cyt al 35 0.10M KNQ@ K(Ln+ A + HL) 8.51 [105]
Ala Sm edta gl 37 0.15M NaClp K(Ln(A) + HL) 0.86 [78]
Ala Sm edta gl 37 0.15M NaClp K(Ln(A) + L) 1.08 [78]
Ala Sm edta gl 25 0.20M NaClp K(Ln(A) + L) 5.37 [107]
Ala Sm nta gl 37 0.15M NaCl® K(Ln(A) + HL) 1.68 [78]
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Table 5 Continued
aa Ln Auxiliary ligand (A) Method T(°C) Medium Equilibrium constant log Ref.
Ala Sm nta gl 37 0.15M NaCl@ K(Ln(A)2 + 2HL) 1.84 [78]
Ala Sm nta gl 37 0.15M NaCl® K(Ln(A)(OH) + HL) 2.08 [78]
Arg Sm edta gl 37 0.15M NaClp K(Ln(A) + HL) 1.88 [78]
Arg Sm edta gl 37 0.15M NaClp K(Ln(A) + L) 1.9 [78]
Arg Sm nta gl 37 0.15M NaCl® K(Ln(A) + HL) 3.40 [78]
Arg Sm nta gl 37 0.15M NaCl® K(Ln(A)2 + HL) 3.76 [78]
Arg Sm nta al 37 0.15M NaCl® K(Ln(A)(OH) + 2HL) 7.94 [78]
Asp Sm edta gl 25 0.20 M NaClo K(Ln(A) + L) 5.37 [107]
Cys Sm edta gl 37 0.15M NaClo K(Ln(A) + 2HL) 4.06 [78]
Cys Sm edta gl 37 0.15M NaClOo K(Ln(A) + 2L) 5.19 [78]
Cys Sm edta gl 37 0.15M NaClo K(Ln(A) + HoL) 2.36 [78]
Cys Sm edta gl 37 0.15M NaClOo K(Ln(A) + HL) 2.26 [78]
Cys Sm edta gl 37 0.15M NaClo K(Ln(A) + L) 2.72 [78]
Cys Sm edta gl 37 0.15M NaClo K(Ln(A) + L + HL) 5.13 [78]
Cys Sm nta gl 37 0.15M NaClpo K(Ln(A) + HoL) 4.97 [78]
Cys Sm nta al 37 0.15M NaClp K(Ln(A)2 + 2HL + HyL) 8.6 [78]
Cys Sm nta gl 37 0.15M NaClp K(Ln(A)2 + 2HoL) 6.8 [78]
Cys Sm nta gl 37 0.15M NaClp K(Ln(A)2 + HL) 4.40 [78]
His Sm cyt al 35 0.10M KN@ K(Ln+ A+ HL) 8.63 [105]
Leu Sm edta al 25 0.20M NaClo K(Ln(A) + L) 5.09 [107]
Pro Sm edta gl 37 0.15M NaClo K(Ln(A) + L) 34 [78]
Pro Sm nta gl 37 0.15M NaClp K(Ln(A) + 2HL) 4.56 [78]
Pro Sm nta gl 37 0.15M NaClpo K(Ln(A) + HL) 2.68 [78]
Pro Sm nta gl 37 0.15M NaClp K(Ln(A)2 + 2HL) 455 [78]
Pro Sm nta gl 37 0.15M NaClp K(Ln(A)2 + HL) 2.77 [78]
Val Sm edta gl 25 0.20 M NaClp K(Ln(A) + L) 6.05 [107]
Gly Gd cyt gl 35 0.10M KNQ K(Ln+ A+ HL) 8.49 [105]
His Gd cyt gl 35 0.10M KNQ@ K(Ln + A+ HL) 8.47 [105]
Gly Dy cyt gl 35 0.10M KNG K(Ln+ A+ HL) 8.59 [105]
Asp Th dga cpl 25 0.10M NaClp K(Ln(A)2 + L) 1.33 [160]
Asp Tb ide cpl 25 0.10M NaCl® K(Ln(A)2 + L) 1.16 [160]
Asp Th py-dca cpl 25 0.10M NaClp K(Ln(A)2 + L) 0.75 [160]
Asp Th ssa cpl 25 0.10M NaClo K(Ln(A)2 + L) 1.62 [160]
His Dy cyt gl 35 0.10M KNQ K(Ln + A+ HL) 8.76 [105]
Gly Er cyt gl 35 0.10M KNQ K(Ln+ A+ HL) 8.64 [105]
His Er cyt gl 35 0.10M KNQ@ K(Ln + A+ HL) 8.81 [105]

Method abbreviations are: gl, glass electrode; cpl, circularly polarized luminescence spectroscopy. Auxiliary ligands abbreviationetrgtesdtdigmine
tetraacetic acid), cyt (cytidine), but-diol (butane-2,3-diol), eth-diol(ethanediol), hex-diol (hex-1,6-diol), pent-diol (pent-2,4rdmligd (prop-1,2-diol),
2-but-diol (2-butene-1,4-diol), ida (iminodiacetic acid), nta (nitrilotriacetic acid), dga (diglycolic acid), ide (iminodiethanoic acittg gyridine-2,6-
dicarboxylic acid), ssa (sulfosalicylic acid). A denotes the fully deprotonated form of auxiliary ligands.

bridges. The majority of reports in agueous solution reveal the
presence of 1:1 species. Several studies using UV-vis spec-
tra[146], 13C NMR [147], 1H NMR [148-153] absorption

6 1 and circular dichroic spectrd54,155] and luminescence

25 ] - ] spectra[156,157]demonstrate that complexing takes place
through the carboxylate group. Perhaps the best evidence of
41 Ln(Ill) binding to the carboxylate group has been obtained
3 1 from circularly polarized luminescence and total lumines-
2 cence spectroscopy. The fundamental work in this area has
;| or been previously reviewed58].
OHL
0 - r WH.L

La-asp Pr-asp Sm-asp Nd-glu Pr-glu Y-glu

9. Stability of other Ln(lll) species containing amino

. - Lo . . acids in the coordination sphere
Fig. 13. Variation of complexes stability with the charge of incoming ligand

for Asp and Glu with various metal&es means the effective formation
constant: LAt + L2~ (or HL™ or HoL) — [M(L, HL or HoL)] > 2+0r3t,
Data were taken from Reff5,120,135]

As already discussed, due to the low stability of these
coordination compounds, hydrolysis processes are always
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Table 6

Equilibrium constants for Ln(Ill) complexation reactions with peptides
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Peptide Ln Method T(°C) Medium Equilibrium constant log Ref.

Gly—Gly La gl 30 0.10M NaClQ K1 3.35 [162]
Gly-Gly La al 30 0.10M NaCl@ B2 5.85 [162]
Gly—Gly La gl 30 0.10M NaClQ Kg 2.43 [162]
Gly-Gly Ce gl 30 0.10M NaCl@ K1 3.60 [162]
Gly-Gly Ce gl 30 0.10M NaCl@ B2 6.17 [162]
Gly-Gly Ce gl 30 0.10M NaCl@ Ks 2.50 [162]
Gly-Gly Pr gl 30 0.10M NaCl@ K1 3.75 [162]
Gly-Gly Pr al 30 0.10M NaCl@ B2 6.50 [162]
Gly-Gly Pr gl 30 0.10M NaCl@ Kg 2.64 [162]
Tyr-Val-Asp-Ala Pr nmr 25 0.50 M KCI K1 3.15 [163]
Tyr—Val-Asp-Ala Pr nmr 25 0.50M KClI K(Ln + HL) 2.50 [163]
Tyr-Val-Asp-Ala Pr nmr 25 0.50 M KCI K(Ln + HyL) 0.75 [163]
Asp-Gly—Tyr—Val-Asp-Ala Pr nmr 25 0.50M KClI K(Ln + HL) 3.13 [163]
Asp-Gly-Tyr-Val-Asp-Ala Pr nmr 25 0.50 M KClI K(Ln + HyL) 2.47 [163]
Asp—Gly—Tyr-Val-Asp-Ala Pr nmr 25 0.50 M KCI K(Ln + HzL) 0.78 [163]
Gly-Gly Nd al 25 0.10M KClI K1 2.35 [164]
Ala—Gly Nd gl 25 0.10M KClI Ky 2.30 [164]
Gly-Ala Nd al 25 0.10M KClI K1 2.30 [164]
Gly—Leu Nd gl 25 0.10M KClI K1 24 [164]
Gly-Met Nd al 25 0.1MKCI K1 2.40 [164]
Gly-Ser Nd gl 25 0.10M KCl K1 2.25 [164]
Gly-Tyr Nd gl 25 0.10M KClI K(Ln + HL) 2.70 [164]
Leu-Gly Nd gl 25 0.10M KClI K1 1.85 [164]
Pro-Gly Nd gl 25 0.10M KCI K1 2.75 [164]
Gly-Gly-Gly Nd gl 25 0.10MKCI K1 2.15 [164]
Leu-Gly-Gly Nd gl 25 0.10M KCI K1 1.75 [164]
Gly-Gly Sm gl 37 0.15M NaCl@ B(LnHL) 9.53 [97]

Gly-Gly Sm gl 37 0.15M NaCl@ B(LnHaL2) 18.7 [97]

Gly-Gly Sm gl 30 0.10M NaCl@ K1 4.08 [162]
Gly-Gly Sm gl 30 0.10M NaCl@ B2 6.93 [162]
Gly-Gly Sm gl 30 0.10M NaCl@ Ks 2.80 [162]
Ala—Gly Sm gl 37 0.15M NaCl@ B(LnHL) 9.35 [97]

Gly—Val Sm o] 37 0.15M NaCl@ B(LnHL) 9.67 [97]

Pro-Gly Sm gl 37 0.15M NaClp K1 5.44 [97]

Pro—-Gly Sm gl 37 0.15M NaCl® B(LnHL) 10.95 [97]

Arg—Asp Sm gl 37 0.15M NaCl® B(LnHL) 13.7 [97]

Arg—Asp Sm gl 37 0.15M NaCl® B(LnHzL) 21.07 [97]

Val-Glu Sm gl 37 0.15M NaCl® B(LnHL) 10.48 [97]

Val-Glu Sm gl 37 0.15M NaCl® B(LnH,L) 14.38 [97]

Asp-Glu Sm gl 37 0.15M NaClp B(LnHL) 12.24 [97]

Asp-Glu Sm gl 37 0.15M NaCl® B(LnH,L) 15.98 [97]

Asp-Glu Sm gl 37 0.15M NaClp B(LnHsL) 19.02 [97]

Gly-Gly-Gly Sm gl 37 0.15M NaCl® B(LnHL) 9.68 [97]

Ala—Gly Eu gl 25 0.10M KClI K1 2.55 [164]
Gly-Ala Eu al 25 0.10M KClI K1 2.60 [164]
Gly-Gly Eu gl 25 0.10M KClI K1 2.65 [164]
Gly-Leu Eu gl 25 0.10M KClI K1 2.45 [164]
Gly—Met Eu gl 25 0.1MKClI K1 2.60 [164]
Gly—Phe Eu al 25 0.10M KCI K1 2.65 [164]
Gly—Ser Eu gl 25 0.10M KClI K1 2.50 [164]
Gly-Tyr Eu al 25 0.10M KClI K(Ln + HL) 2.85 [164]
Leu-Gly Eu gl 25 0.10M KClI K1 2.45 [164]
Pro-Gly Eu gl 25 0.10M KCI K1 3.10 [164]
Gly-Gly-Gly Eu gl 25 0.10M KClI K1 2.55 [164]
Leu-Gly-Gly Eu gl 25 0.10M KCI K1 2.40 [164]
Ala—Gly Gd o] 25 0.10M KClI K1 2.40 [164]
Gly-Ala Gd al 25 0.10M KClI K1 2.40 [164]
Gly—Gly Gd gl 25 0.10M KClI K(Ln + HL) 0.58 [131]
Gly-Gly Gd al 25 0.10M KClI K1 2.35 [164]
Gly—Leu Gd gl 25 0.10M KClI K1 2.30 [164]
Gly-Met Gd gl 25 0.1MKClI K1 2.50 [164]
Gly—Phe Gd gl 25 0.10M KClI K1 2.40 [164]
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Table 6 Continued

Peptide Ln Method T(°C) Medium Equilibrium constant lol§ Ref.

Gly-Ser Gd al 25 0.10M KCI K1 2.50 [164]
Gly—Tyr Gd gl 25 0.10M KClI K(Ln + HL) 2.65 [164]
Leu-Gly Gd gl 25 0.10M KClI K1 2.25 [164]
Pro—Gly Gd gl 25 0.10M KClI K1 3.00 [164]
Gly-Gly-Gly Gd gl 25 0.10M NaCl@ K(Ln + HL) 0.43 [131]
Gly—Gly-Gly Gd gl 25 0.10M KClI K1 2.20 [164]
Leu-Gly-Gly Gd gl 25 0.10M KClI K1 1.95 [164]
Tyr-Val-Asp-Ala Dy nmr 25 0.50M KClI K(Ln + HyL) 0.70 [164]
Tyr-Val-Asp-Ala Dy nmr 25 0.50 M KClI K(Ln + HL) 2.48 [163]
Tyr—Val-Asp-Ala Dy nmr 25 0.50 M KClI K1 3.11 [163]
Asp—-Gly—Tyr-Val-Asp-Ala Dy nmr 25 0.50M KClI K (Ln + HsL) 0.75 [163]
Asp-Gly—Tyr-Val-Asp-Ala Dy nmr 25 0.50M KClI K(Ln + HyL) 2.42 [163]
Asp—-Gly—-Tyr-Val-Asp-Ala Dy nmr 25 0.50M KClI K(Ln + HL) 3.09 [163]
Ala—Gly Ho gl 25 0.10M KClI K1 2.45 [164]
Gly-Ala Ho al 25 0.10M KCI K1 2.55 [164]
Gly—Gly Ho gl 25 0.10M KClI K1 2.65 [164]
Gly-Leu Ho gl 25 0.10M KClI K1 2.60 [164]
Gly—Met Ho gl 25 0.1MKCI K1 2.60 [164]
Gly—Phe Ho al 25 0.10M KCI K1 245 [164]
Gly—Ser Ho gl 25 0.10M KClI K1 2.60 [164]
Leu-Gly Ho gl 25 0.10M KCI K1 2.40 [164]
Pro—Gly Ho gl 25 0.10M KClI K1 3.25 [164]
Gly-Gly-Gly Ho gl 25 0.10M KClI K1 2.35 [164]
Leu-Gly—Gly Ho gl 25 0.10M KClI K1 2.0 [164]
Ala—Gly Yb al 25 0.10M KCI K1 2.80 [164]
Gly—-Ala Yb gl 25 0.10M KClI K1 2.80 [164]
Gly-Gly Yb gl 25 0.10M KCI K1 2.75 [164]
Gly-Met Yb gl 25 0.1MKCI K1 2.85 [164]
Gly-Leu Yb gl 25 0.10M KClI K1 2.85 [164]
Gly-Phe Yb al 25 0.10M KCI K1 2.75 [164]
Gly-Ser Yb gl 25 0.10M KClI K1 2.80 [164]
Gly-Tyr Yb gl 25 0.10M KClI K(Ln + HL) 2.85 [164]
Leu-Gly Yb gl 25 0.10M KClI K1 2.60 [164]
Pro-Gly Yb gl 25 0.10MKCI K1 3.50 [164]
Gly-Gly-Gly Yb al 25 0.10M KClI K1 2.50 [164]
Leu-Gly—Gly Yb gl 25 0.10M KCI K1 2.30 [164]

Method abbreviations are: gl, glass electrode; nmr, nuclear magnetic resonance.

observed for Ln—aa systems. But when mixed-ligand com-  The last constant is comparable[4d ]:
plexes with an auxiliary ligand such as edta are prepared,
precipitation of hydroxide is not observed, even in alkaline

media. Polycarboxylic ligands stabilize the metals, and they
are retained in solution even for relatively high pH values. Ob-

viously, this fact depends on the auxiliary ligands employed.

As the coordination numbers of the lanthanide metals are
high, formation of mixed-ligand complexes from these sta-

ble cores is possible.

Table 5shows the reported thermodynamic data on these be
systems. Interaction of the cores with amino acids is still
weak. Even though overall formation constants may be ap-
parently high, the effective formation constant from the pri-
mary complex is always low. It can be exemplified by the
equilibria[78]:

SnPt + HGly = [Sm(HGIy)Pt logK = 1.6

With this in mind, a large excess of the aa should be used to
make the mixed-ligand species predomindiig(14). When
alarge excess of amino acids is employed, mixed-ligand com-
plexes predominate even for high pH values, due to the high
affinity of the auxiliary ligand for the metals.

Binding of amino acids to these stable cores appears to
still governed by electrostatic interaction. The same de-
pendence of stability on the size of the metal is observed, as
stated inSection 8

10. Thermodynamic stability of lanthanide
complexes with peptides
Sntt 4 nta®~ = [Sm(nta)] logk = 9.85,
[Sm(nta)]+ HGly = [Sm(nta)(HGIly)] logk = 1.83 Interaction of Ln with peptides is very similar to that found
foramino acids. Thus, even though available data for peptides
are still scarce, all results show the same behaVile 6
presents the compiled thermodynamic data.
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10 dependent on the metal. Small changes appear when the lig-
and possesses an additional carboxylate group (aspartic and
glutamic acid). In any case, the thermodynamic stability is
low, but the formation of stable compounds containing amino
acids can be reached in mixed-ligand complexes.

The interaction behaves in a purely electrostatic manner.
This fact is reflected in the scarce participation of amino

Sm{OH (9 groups in coordination, and the dependenck gélues with
@ 0 2 4E S 3 pI:I charge of ligand and lanthanide radium.

In the solid state structure, carboxylate groups also play a
very important role. Different spatial arrangements are found,
but the presence of COObridges is a common structural
framework.
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