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Abstract

The main purpose of this review is to collect equilibrium data in aqueous solution and
structural properties in the solid state for significant examples of Gd(III) complexes with
both acyclic and macrocyclic polyamino-polycarboxylic ligands. The intent is to determine
the ligand characteristics which contribute to the complexes’ stability. Several aspects
connected with the use of similar Gd(III) complexes as contrast agents in nuclear magnetic
resonance imaging are also considered. © 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Nuclear magnetic resonance imaging (MRI) has become a powerful tool for
clinical diagnostics thanks both to the progress of the relevant technology and the
development of a new class of pharmaceuticals administered to patients to enhance
the contrast between normal and diseased tissues. Such contrast agents are mostly
based on metal complexes of paramagnetic metal ions, since they enhance the
relaxivity of water protons, the main factor determining the intensity of the
'"H-NMR image [1-5]. In this context, complexes of Fe(III), Gd(III) and Mn(IT)
have received the greatest interest because of their high magnetic moments and
relaxation efficiency.

To date, several Gd(IIT) complexes are the active constituents of pharmaceuticals
employed as contrast agents in clinical MRI diagnostics. The first human MRI
study employing a Gd(III) complex was reported in 1984 by Carr et al., who made
use of the [GA(DTPA)]*~ (DTPA = diethylentriaminepentacetic acid) complex to
identify the presence of cerebral tumors [6]. This complex has been the only
contrast agent available for many years until a few other polyamino-polycarboxylic
complexes, such as [Gd(HP-DO3A)], [Gd(DOTA)]~ and [Gd(BOPTA)]>*~ (HP-
DO3A = 10-(hydroxypropyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triacetic ~ acid,
DOTA = 1,4,7,10-tetraazacyclododecane-N,N’,N'',N""'-tetraacetic acid, BOPTA =4
-carboxy-5,8,11-tris(carboxymethyl)- 1 -phenyl-2-oxa-5,8,11-triazatridecan- 13- oic
acid (see Tables 1 and 2 for ligand drawings), were recognized to be of practical use
in clinical diagnostics [7].

Free Gd(III) ion is extremely toxic at the concentrations needed for MRI studies,
for this reason it must be administered in the form of stable complexes, unable to
release the metal ion before excretion. Furthermore, the use of synthetic ligands
offers an additional advantage consisting of the possibility to prepare specific
contrast agents that accumulate in target tissues or a physiological district. For
these purposes a large number of existing ligands have been studied and many
others have been expressly designed and synthesized. Among these ligands,
polyamino-polycarboxylic compounds have proven useful in forming Gd(III) com-
plexes characterized by efficient relaxivity properties, high thermodynamic stability
and acceptable toxicity.
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In this review we focus our attention on the thermodynamic [8-116] and
structural [36,83,93,117—123] properties of significant examples of Gd(III) com-
plexes with polyamino-polycarboxylic ligands, and a few derivatives containing
ethereal and alcoholic functions, in order to define the ligand characteristics which
determine the complex stability. As discussed later on, the toxicity of these
complexes, and consequently their applicability as contrast agents, is strictly
connected with their thermodynamic stability in aqueous solution. Accordingly,
only thermodynamic data obtained in aqueous solution will be considered.

Although many other ligands have been considered for Gd(III) complexation we
have restricted our review to these compounds which represent the substrate for the
evolution of metal-containing contrast agents.

The nomenclature of the ligands reported in this review is rather cumbersome.
For this reason the first time a ligand is encountered in the text we shall use the
IUPAC name and/or a progressive numerical designation corresponding to the
structural formula reported in the tables of thermodynamic data. In the tables we
have also included some simplified names used for the ligands. In some cases such
names have also been used in the text.

An apology is offered to those authors whose work has been inadvertently
omitted.

2. Complex stability and complex toxicity
The toxic effects of metal complexes administered to patients principally stem,

apart from the intrinsic toxicity of the complex itself, from the free metal ion and
the free ligand released before excretion. As shown in Table 1, where the acute

Table 1
Acute LDy, values for uncomplexed Gd(Ill), free ligands and Gd(III) complexes
Compound LDy, (mmol kg=!)  Animal  Route of administration® Ref.
GdCl, 0.5 Rat iv [124]

0.4 Mice iv [125,126]
Gd(OH), 0.1 Mice iv [125,126]
(Meg);H,DTPA® 0.15 Mice iv [126]
Na,H;DTPA 0.1 Mice iv [125]
(Meg),H,DOTA 0.18 Mice iv [126]
Meg[Gd(EDTA)] 0.3 Rat iv [124]
(Meg),[Gd(DTPA)] 6-10 Rat iv [124,127]
Na,[Gd(DTPA)] 5.6 Rat v [131]
Meg[Gd(DOTA)] 11 Mice iv [127]
Na[Gd(DOTA)] >10 Mice iv [126]
[GA(HP-DO3A)] 12 Mice iv [127]
(Meg),[Gd(BOPTA)] 5.8 Mice iv [128]

2 Route of administration: iv = intravenous.
® Meg = N-methylglucamine.
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LD, values (lethal dose for 50% of test animals) for some Gd(III) complexes are
compared with the analogous values for free metal ion and ligands, metal com-
plexes are commonly less toxic than uncoordinated Gd(III) and ligands. This is due
to the fact that the toxicity of both metal ion and ligands is determined by their
ability to bind to biological substrates, interfering in vital processes; by neutralizing
to a large extent their binding properties, complexation reduces their toxicity.
Accordingly, a high thermodynamic stability is commonly associated with a low
toxicity for these Gd(III) complexes. However, the toxicity of these metal com-
plexes depends on the variety of competitive equilibria that arise in vivo, such as
ligand protonation, transmetallation reactions involving endogenous metal ions,
binding of Gd(III) by endogenous ligands, precipitation of insoluble Gd(III)
compounds [113,129-131], in addition to the alteration of physiological functions
brought about by the administration of compounds which may affect the viscosity
and the osmolality of physiological fluids.

For example both [GA(EDTA)]~ and [Gd(DTPA)]?~ complexes (EDTA =
ethylenediaminetetraacetic acid) are characterized by very high thermodynamic
stability (log K= 17.35 and log K = 22.55, respectively [116]), but the EDTA com-
plex displays very high toxicity, the same as free Gd(III), as denoted by the LDy,
values reported in Table 1, in contrast to [GA(DTPA)]*>~, one of the less toxic
compounds of this class. This behavior can be predicted by considering the main
equilibria involving these complexes in serum, accounting for an almost complete
dissociation of [GA(EDTA)]~ in this medium [1]. This example seems to suggest
that only Gd(III) complexes with stability constants higher than [Gd(DTPA)J* ~ are
worth screening, although there are complexes more stable, but more toxic, that
[GA(DTPA)]*~. This is the case, for instance, for the [Gd(TTHA)]? ~ complex
(TTHA = triethylenetetraaminehexaacetic acid), whose higher toxicity has been
ascribed to its larger osmolality [86]. Hence, simple rules merely based on complex
stability constants are not of general validity, although they have been of great
importance in promoting the synthesis of target ligands.

Actually, the research groups presently involved in the study of MRI contrast
agents based on Gd(III) complexes do not disregard complexes with stability
constants even smaller than that of [GA(DTPA)J]*~. This is due both to thermody-
namic and kinetic considerations. Effectively, it is of fundamental importance that
a Gd(II)-containing contrast agent remains associated during the time it resides in
the body, and hence, its applicability can be determined by kinetic as well as by
thermodynamic factors. Obviously the better situation is represented by a complex
of very high thermodynamic stability and marked dissociation inertness. To this
purpose the present search for new contrast agents is largely devoted to metal
complexes with macrocyclic ligands, which are known to combine the properties of
high thermodynamic and kinetic complex stability.

3. General information about the determination of equilibrium data

A problem which is generally encountered in compiling a collection of thermo-
dynamic equilibrium data is that the data are difficult to compare because they
come from different sources and have been obtained under different experimental
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Table 2

313

Equilibrium constants for protonation and Gd(III) complexation reaction with acyclic polyamino-poly-

carboxylic ligands®

Aminoacetic acid

glycine HZN\/COOH
HL L1
Reaction logK method AH° TAS® T(°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
L-+Ht=LH* 9.75 pot. 35 0.1KNO3 13
9.57 pot. 25 0.1 NaClO4 14
LH* + Ht =LHp+ 2.50 pot. 35 0.1KNO3 13
2.36 pot. 25 0.1 NaClOg4 14
Gd3t + L- = GdL2+ 3.72 pot. 35 0.1KNO3 13
0.73 pot. 25 0.1NaClOg4 14
4.0 pot. 25 0.1 15
3.4 pot. 25 0.1 15
33 pot. 25 0.1 15
Gd3+ +2L- = GdLpt 6.5 pot. 25 0.1 15
Iminodiethanoic acid, Iminodiacetic acid
P
IDA, IMDA HN™ "COOCH
HoL L2 COOH
Reaction logK method AH° TAS® T(°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
L2-+H*=LH- 9.33 pot. 25 0.1KNO3 17
LH-+H*=LHp 2.58 pot. 25 0.1 KNO3 17
Gd3* +L2-=GdL+ 6.78 pot. 25 0.2NaClO4 16
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Table 2 (Continued)

6.68 pot. 25 0.1KNO3 17
7.02 pot. 25 0.1 KClI 18
GdL* + L2- = GdLy- 5.53 pot. 25 0.2NaClO4 16
5.39 pot. 25 0.1 KNO3 17
N-Methyliminodiacetic acid
COOH
MIDA,MIMDA
H,C—N._COOH
HoL L3
Reaction logK method AH° TAS® T(°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
Gd3+ + L2- = GdL* 6.68 pot. 25 0.1 KCI 26
7.02 pot. 25 0.1 KCI 32
GdL* + L2- = GdLy- 5.30 pot. 25 0.1 KCl 26
5.55 pot. 25 0.1 KCI 32
Gd3*+3L2" =GdL3- 14.82 pot. 25 0.1 KCI 26
Gd3++L2- +20H- = 16.56 pot. 25 0.1 KCl 26
GdL(OH)y"
N-(2-Hydroxyethyl)iminodiacetic acid
(2-Hydroxyethyl) COOH
HIDA, HIMDA
N COOH
H O/\/ ~~
HoL L4
Reaction logK method AH® TAS® T(°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
L2-+H*=LH- 8.57 pot. 25 0.1 KCl 19
8.72 pot. 25 0.1 KNO3 20
LH+H* =LHp 2.25 pot. 25 0.1 KCl 19
1.91 pot. 25 0.1 KNO3 20
Gd3t+ +L2- =GdL* 9.01 pot. 25 0.1KNO3 20
9.0 distr. 20 0.1 NaNO3 21

GdLt +L2-=GdLyp" 8.04 pot. 25 0.1KNO3 20
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Table 2 (Continued)

7.95 distr. 20 0.1 NaNO3 21
Gd3* +2L.2- = GdLy- 16.08 pol. 19

N-(2-Methoxyethyl)iminodiacetic acid

COOH
HoL LS
HC g~ N~ ~COOH
Reaction logk method AH° TAS® T(°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
L2-+H*=LH- 8.95 25 0.1 22
LH-+Ht=LHp 2.18 25 0.1 22
Gd3* + L2- = GdLt 7.88 25 0.1 22
Gd3* +2L2- = GdLy- 15.51 25 0.1 22
N-Benzyliminodiacetic acid COOH
N ~ COOCH
HoL L6
Reaction logk method AH° TAS® T (°C) medium ref.
(k¥/mol)  (kJ/mol) (mol dm-3)
Gd3* +L2-=GdLt 7.04 pot. 25 0.1 KCl 32
GdL* + L2- = GdLyp- 5.75 pot. 25 0.1 KCl
OH _COOH
N-(2-Hydroxybenzyl)iminodiacetic acid
N COOH
HBIDA ~~
H3L L7
Reaction logK method AH° TAS® T(°C) medium ref. *
(kJ/mol)  (kJ/mol) (mol dm-3)
L3-+Ht=LH2- 11.94 sp. 25 0.1KNO3 25
LH2- + H* =LHy" 8.15 pot. 25 0.1KNO3 25

LHp- + HY = LH3 234 pot. 25 0.1KNO3 25
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Table 2 (Continued)

Gd3* +L3-=GdL 13.55 pot. 25 0.1KNO3 25
Gd3+ +2L3- = GdL,3- 24.13 pot. 25 0.1KNO3 25
Gd3++ LH2- =GdLHt 5.82 pot. 25 0.1KNO3 25
Gd3++2LH2- =Gd(LH)y- 12.23 pot. 25 0.1KNO3 25
Nitrilotriethanoic acid
NTA COOH
HaL LS HOOCVN\/COOH
Reaction logk method AH° TAS® T (°C) medium ref.
(kJ/mol) (kJ/mol) (mol dm-3)
L3- + Ht =LH2- 9.75  pot. -19.6 36.0 25 0.1KNO3 27
9.57  pot. 242 30.4 25 0.5KNO3 28
9.76 (2)2 pot. 25 0.1 TMANO3 116
LH2- + H* = LHp" 2.64 pot. 25 0.5KNO3 28
2.56 (3) pot. 25 0.1 TMANO3 116
LHp- +Ht=LHj 157  pot. 25 0.5KNO3 28
1.68 (8) pot. 25 0.1 TMANO3 116
Gd3++13-=GdL 11.54  pot. 43 70.1 25 0.1KNO3 27
11.11 pot. 39cal. 595 25 0.5NaClOg4 28
11.63 (2) pot. 25 0.1 TMANO3 116
11.43 pol. 20 0.1KNO3 29
11.43 pot. 20 0.1 KCl 30
11.43 pol. 20 0.1KNO3 31
GdL + L3- = GdLy3- 926  pot. 243 28.5 25 0.1KNO3 27
9.18(9) pot. 25 0.1 TMANO3 116
9.36 pot. 20 0.1 KCI 30
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Table 2 (Continued)

DL-2-Benzylnitrilotriacetic acid

COOH
N ~ COOH
HsL L9 COOH
Reaction logK method AH° TAS® T(°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
GdL + L3- = GdLp3- 8.97 pot. 25 0.1 KCI 32
DL-2-Methyl-alanine-N,N-diacetic acid COOH
Hooc\r N._COOH
H3L L10
CH,
Reaction logKk method AH° TAS® T (°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
GdL + L3- =GdL 12.24 pot. 20 0.1KNO3 33
DL-2-Ethyl-alanine-N,N-diacetic acid rCOOH
HOOC.__N._COOH
H3L L11
CH,
Reaction logK method AH° TAS® T (°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)

GdL + L3-=GdL 11.25 pot. 20 0.1KNO3 33
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Table 2 (Continued)

DL-2-Propyl-alanine-N,N-diacetic acid COOH

HOOC N._ COOH

H3L L12
CH,
Reaction logK method AH° TAS® T (°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
GdL +L3-=GdL 10.99 pot. 20 0.1KNO3 33
L-2-HexyInitrilotriacetic acid (2-aminohexanoic-N,N-diacetic
acid) COOH

KaDA
HOOC N._-COOH

H3L L13 ,/\\v//\\v::f/
H.C

3

Reaction logk method AH° TAS® T(°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
L3-+ Ht =LH2- 10.08 pot. 20 0.1KNO3 24
LH2- + H* =LHyp" 2.51 pot. 20 0.1KNO3 24
LHyp- +H* =LH3 1.9 pot. 20 0.1 KNO3 24
Gd3t++1L3-=GdL 11.08 pol. 20 0.1KNO3 24
DL-2-(2-Propyl)-valine-N,N-diacetic acid COOH
HOOC N\/COOH
H3L L14
H,C~ TCH,
Reaction logk method AH° TAS® T(°C) medium ref. *
(kJ/mol)  (kJ/mol) (mol dm-3)

GdL + L3-=GdL 9.53 pot. 20 0.1KNO3 33
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Table 2 (Continued)
2,6-Dicarboxypiperidineacetic acid COOH
H3L L15 N ~COOH
COOH
Reaction logk method AH° TAS® T(°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)

L3-+ H* =LH2- 9.33 pot. 25 0.1KNO3 34
LH2- + H* = LHp" 2.71 pot. 25 0.1KNO3 34
LHp- +H*=LH3 1.3 pot. 25 0.1 KNO3 34
Gd3t+L3-=GdL 10.66 pot. 25 0.1 KNO3 34
GdL + L3- = GdLp3- 7.96 pot. 25 0.1 KNO3 34
DL-2-Carboxy-2’-ethliminodiacetic acid (1-carboxypropyl- CH
aminomalonic acid) 3

COOH
H3L L16

HN COOH

COOH

Reaction logK method AH° TAS® T (°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
L3-+Ht=LH2 9.05 pot. 25 0.1 KNO3 23
LH2- + H* = LHp" 3.75 pot. 25 0.1KNO3 23
LHp-+H*=LH3 1.9 pot. 25 0.1KNO3 23
Gd3* +L3- =GdL 8.71 pot. 25 0.1 KNO3 23
1,2-Diaminoethane-N,N’-diethanoic acid
1,2-bis(carboxymethylamino)-ethane H
Ethylenediamine-N,N’-diacetic acid HOOC /\N/\/N\/COOH :
H
EDDA
H4L L17
Reaction logK method  AH° TAS® T medium ref.
(kJ/mol) (kJ/mol) (°C) (mol dm-3)
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Table 2 (Continued)

L2-+Ht=LH- 9.57 pot. 25 0.1 KNO3 87
9.69 pot. 25 1.0NaClOog4 88
LH-+H*=LHp 6.48 pot. 25 0.1 KNO3 87
LHp + Ht =LH3* 237 pot. 25 1.0NaClOg 88
LH3t + Ht = LH44* 1.66 pot. 25 1.0NaClO4 88
Gd3*+L2-=GdL* 8.13 pot. 25 0.1 KNO3 87
GdL* + L2- = GdL- 6.08 pot. 25 0.1 KNO3 87
Gd3*+L2-=GdLt -89cal. 38 25 1.0NaClOog4 88
GdL* + L2- = GdL- -16cal. 20 25 1.0NaClO4 88
N-Methylethylenedinitrilo-N,N’, N’ -triacetic acid
COOH
MEDTA r
HiC N~ ~COOH
H3L L18 Hooc)
Reaction logk method AH° TAS® T (°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
L3-+Ht=LH2- 1031 pot. 31.2cal. 28 25 0.1KNO3 60, 61
10.19 pot. 36.1cal. 22 25 0.5NaClOs 61
LH2- + H* =LHyp- 5.42 pot. -10.92 cal. 20 25 0.1KNO3 60, 61
5.55 pot. -13.5cal. 18 25 0.5NaClOa 61
LHp- +H*=LH3 245 pot. 26cal. 17 25 0.1 KNO3 60, 61
2.40 pot. 2.76cal. 16 25 0.5NaClOg 61
LH3 + Ht =LH4* 1.93 pot. 18cal. 13 25 0.1 KNO3 60, 61
1.72 pot. 29cal. 13 25 0.5NaClOg 61
Gd3+ +L3- = GdL 12.98 pot. -43cal. 70 25 0.1 KNO3 60, 61
12.63 cal. -11.3cal. 61 25 0.5NaClOg 61
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Table 2 (Continued)

N’-Benzylethylenedinitrilo-N,N,N’-triacetic acid

COOH
N-Benzyldiaminoethane-N,N’,N’-triethanoic acid (
S
COOH
H3L L19
Reaction logK method AH° TAS® T medium (mol ref.
(k¥/mol) (kJ/mol) (°C) dm3)
L3- +H*t =LH2- 10.08 pot. 25 0.1KNO3 66
10.150 (3) pot. 25 0.1 TMANO3 116
LH2- + Ht =LHy" 5.24 pot. 25 0.1 KNO3 66
5.228 (5) pot. 25 0.1 TMANO3 116
LHyp- +H* =LH3 2.54 pot. 25 0.1 KNO3 66
2.531(8) pot. 25 0.1 TMANO3 116
LH3-+H*=LHgt 1.67 pot. 25 0.1 KNO3 66
1.94(2) pot. 25 0.1 TMANO3 116
Gd3++L3-=GdL 12.40 pot. 25  0.1KNO3 66
12.581(8) pot. 25 0.1 TMANO3 116
GdL + Ht = GdLH* 2.35(8) pot. 25 0.1 TMANO3 116
N-(Hydroxyethyl)diaminoethane-N,N’,N’-triethanoic acid
(Hydroxyethyl) COOH
N-(Hydroxyethyl)diaminoethane-N,N’,N’-triacetic acid (
HEDTA HO o~ 7N~ ~COOH
HOOC)
H3L L20
Reaction logk method AH° TAS® T(°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3) :
L3-+Ht=LH2- 9.90 pot. -28.0 cal. 28.5 25 0.5KNO3 28
9.93 pot. -30.5 26 25 0.1KNO3 44

10.09 pot. 20 0.1 45
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Table 2 (Continued)

LH2- + H* = LHp- 5.54 pot. 25 0.5KNO3 28
5.37 pot. -11.8 19 25 0.1KNO3 44
5.50 pot. 20 0.1 45
LHp- +HY=LHj3 2.83 pot. 25 0.5KNO3 28
2.39 pot. 14 15 25 0.1 KNO3 44
3.23 pot. 20 0.1 45
Gd3* +L3-=GdL 14.80 pot. -29.5 cal. 54.9 25 0.5NaClOg4 28
15.22 pot. -19.5 67 25 0.1 KNO3 44
15.44 pot. 20 0.1 45
15.10 pot. 25 0.1 KNO3 46
14.4 pol. 25 0.1KNO3 46
1,2-Diaminoethane-N,N,N’ ,N’-tetraethanoic acid COOH

Ethylenedinitrilotetraacetic acid

Eethylenediaminetetraacetic acid

COOH
HOOC™ N7 "

J

[

EDTA HOOC

H4L L21

Reaction logk method AH° TAS® T medium ref.

(kJ/mol) (k¥/mol) (°C) (mol dm-3)

L4- +Ht=LH3- 10.26 pot. 20 0.1 KNO3 35
10.05 pot. -7.0cal. 50.3 25  0.5KNOj3 28
10.11 pot. 25 0.1 TMANO3 36
9.42 pot. 25  0.1NaCl 36
10.08 pot. 25  0.1KCl 36
10.30 (1) pot. 25 0.1 TMANO3 116

LH3- + HY = LHp2- 6.16 pot. 20 0.1 KNO3 35
6.26 pot. -54cal. 303 25  0.5KNOj3 28
6.19 pot. 25 0.1 TMANO3 36
6.22 pot. 25  0.1NaCl 36
6.42 pot. 25 0.1KCl 36
6.09(1) pot. 25 0.1 TMANO3 116

LHp2-+ H* = LH3" 2.67 pot. 20  0.1KNO3 35
2.68 pot. 25  0.5KNOj3 28
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Table 2 (Continued)
2.87 pot. 25 0.1 TMANO3 36
2.88 pot. 25 0.1 NaCl 36
3.11 pot. 25 0.1 KClI 36
2.81(1) pot. 25 0.1 TMANO3 116

LH3+H"=LHy 1.99 pot. 20 0.1 KNO3 35
1.89 pot. 25 0.5 KNO3 28
2.26 pot. 25 0.1 TMANO3 36
2.19 pot. 25 0.1 NaCl 36
2.33 pot. 25 0.1 KCI 36
2.07(1) pot. 25 0.1 TMANO3 116

Gd3++ L4 =GdL- 16.28 pot. 229cal. 70 25  0.5NaClog 28
17.1 pot. 20 0.1 KCI 35
17.37 pol. 20 0.1 KNO3 35
17.7 sp. 25 0.1 TMACI 36
17.35(1) pot. 25 0.1 TMANO3 116
16.70 pot. 20 0.1 KCl 37
17.12 pot. 20 0.01 38
16.82 ion exc. 25 0.1 KCl 39
17.60 distr. 25 40
16.59 distr. 25 40
17.35 25 0.1 41
17.32 42

DL-(Methylethylene)dinitrilotetraacetic acid COOH

1,2-Diaminopropane-N,N,N’ N’-tetraethanoic acid CH3

PDTA HooC” N N~ ~COOH

HOOC
H4L L22
Reaction logKk method AH° TAS® T(°C) medium ref. .
(kJ/mol)  (kJ/mol) (mol dm-3)
Gd3t+ + L4 =GdL- 18.21 pol. 25 0.1KNO3 48



324

Table 2 (Continued)

A. Bianchi et al. / Coordination Chemistry Reviews 204 (2000) 309—-393

(Ethylethylene)dinitrilotetraacetic acid

1,2-Diaminobutane- N,N,N’,N’-tetraethanoic acid Hacj\/ l/COOH
DBUTA N COOH
Hooc’A:T ~
HOOC

HsL L23

Reaction logK method AH° TAS° T (°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)

Gd3+ + L4 =GdL- 18.56 pol. 20 0.1KNO3 54

(Propylethylene)dinitrilotetraacetic acid

1,2-diaminopentane- N,N,N’,N’-tetraethanoic acid

CH,
E:L\V/F/COOH
N.__COOH
Hooc’”tT ~

PEDTA
HOOC
HaL L24
Reaction logK method AH° TAS® T(°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
Gd3* + L4 = GdL- 18.53 pol. 20 0.1KNO3 56
(Buthylethylene)dinitrilotetraacetic acid CH 3
1,2-diaminohexane- N,N,N’,N’-tetraethanoic acid COOH
HEDTA
P N COOH
HOOC”™ N ~
Hal L25 HOOC
Reaction logk method AH° TAS® T(°C) medium ref.

Gd3t+ + L4 =GdL- 18.47 pol.

(kJ/mol)  (kJ/mol) (mol dm-3)

20  0.1KNO3 56
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Table 2 (Continued)

(Hexylethylene)dinitrilotetraacetic acid

COOH
1,2-diaminooctane- N,N,N’,N’-tetraethanoic acid H3C\/\/j\/ (
N COOH
ODTA H OOC/\ N N

HOOC
Hy4L L26
Reaction logK method AH° TAS® T (°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
L4-+Ht=LH3- 10.95 pot. 20 0.1KNO3 57
LH3- + Ht =LHp2- 6.05 pot. 20 0.1 KNO3 57
LHy2- + Ht =LH3- 2.98 pot. 20 0.1KNO3 57
LH3- +H* =LHy 228  pot. 20 0.1KNO3 57
Gd3t+ + L4 =GdL- 18.43 pol. 20 0.1KNO3 57
(2-Propylethylene)dinitrilotetraacetic acid
- - COCH
3-Methyl-1,2-diaminobutane- N,N,N’ N’-tetraethanoic acid I/ r
P N COOH
IPDTA HOOC )N ~N
HOOC
H4L L27
Reaction logk method AH° TAS® T(°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
Gd3* + L4- =GdL- 18.44 pol. 20 0.1 KNO3 55
(2-Methylpropylethylene)dinitrilotetraacetic acid CH
3
4-Methyl-1,2--Diaminopentane- N,N,N’,N’-tetraethanoic acid COOH
H,C
[HDTA
A N COOH
HOOC”™ N ~
HOOC

H4L L28
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Table 2 (Continued)

Reaction logK method AH° TAS® T(°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
Gd3* +L4- =GdL- 18.48 pol. 20 0.1 KNO3 54

DL-(Phenylethylene)dinitrilotetraacetic acid

COOH
1-Phenyl-ethylenediamine-N,N,N’,N’-tetraethanoic acid
PHEDTA HooC” >N N._-COCH

HOOC
H4L L29
Reaction logk method AH° TAS® T(°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)

L4+ Ht =LH3- 9.95 pot. 20 0.1 KNO3 62
LH3- + Ht = LHy2- 5.42 pot. 20 0.1KNO3 62
LH,2- + H* = LH3" 3.23 pot. 20 0.1KNO3 62
LH3- +H*=LH4 2.10 pot. 20 0.1 KNO3 62
Gd3* + L4-=GdL- 17.40 pol. 20 0.1KNO3 62

1,1-Dimethylethylenedinitrilotetraacetic acid

L o COOH
2-Methyl-1,2-diaminopropane- N,N,N’,N’-tetraethanoic acid

H,C [/
N COOH
MPDTA HOOC/\)N/ﬁ/ ~

HOOC CH,
H4L L30
Reaction logKk method AH° TAS® T (°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)

L4+ Ht=LH3- 11.46 pot. 20 0.1KNO3 53
LH3- + Ht = LHp2- 5.38 pot. 20 0.1 KNO3 53
LHy2- + H* =LHj3" 325 pot. 20 0.1 KNO3 53
LH3-+H* =LHy 245 pot. 20 0.1KNO3 53

“Gd3t+ L4 =GdL- 17.09 pol. 20 0.1 KNO3 53
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Table 2 (Continued)

meso-(1-2-dimethylethylene)dinitrilotetraacetic acid

COOH
meso-2,3-diaminobutane-N,N,N’,N’-tetraethanoic acid HOOC\‘
meso-DIMEDTA HOOC\/N N\/ COOH
H,C CH,
H4L meso-L31
Reaction LogK method AH° TAS® T(°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
Gd3* + L4 =GdL- 16.51 pol. 20 0.1KNO3 58
17.03 sp. 20 0.1 NaClO4 59
DL-(1-2-dimethylethylene)dinitrilotetraacetic acid
- L COOH
DL-2,3-diaminobutane-N,N,N’ N’-tetraethanoic acid CH3
DL-DIMEDTA HOOC N N
CH,
HOOC
H4L dl-L31
Reaction logk method AH° TAS° T(°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
Gd3t++ 14 = GdL- 18.84 pol. 20 0.1 59
18.64 sp. 20 0.1 NaClOg4 59
meso-N,N’-(1,2-diphenyl-1,2-1,2-ethanediyl)bis[N-

. COOH
carboxymethyl)]glycine O
meso-1,2-diphenylethylenediamine-N,N,N’,N’-tetraacetic acid N ~ COOH
meso-DPHEDTA A~

O N~ COOH
COOH
H4L meso-L32
Reaction LogK method  AH° TAS® T (°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
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Table 2 (Continued)

L4-+ H+ =LH3- 9.98 pot. 20 0.1 KNO3 47
LH3- + Ht = LHp2- 6.18 pot. 20 0.1KNO3 47
LHy2- + HY = LH3" 2.80 pot. 20 0.1 KNO3 47
LH3- +H* =LHy 2.00 pot. 20 0.1KNO3 47
Gd3++ L4 =GdL- 11.66 pol. 20 0.1 KNO3 47

S-(R,R*)-N,N’-(1,2-diphenyl-1,2-1,2-ethanediyl)bis[N-

carboxymethyl)]glycine |/COOH
.., N _-COOH

S
N COOH
H4L dl-L32
COOH
Reaction LogK method AH° TAS® T(°C) medium (mol ref.
(kJ/mol)  (kJ/mol) dm3)
L4+ H* =LH3- 11.85(4) pot. 25 0.1 TMANO3 116
LH3-+ Ht =LHp2- 5.62 (4) pot. 25 0.1 TMANO3 116
LHy2- + Ht = LH3- 3.84(4) pot. 25 0.1 TMANO3 116
LH3-+H*=LHy 2.47(4) pot. 25 0.1 TMANO3 116
LH4 +H*=LH5* 1.3 (1) pot. 25 0.1 TMANO3 116
Gd3+ + L4 =GdL- 2029 (2) pot. 25 0.1 TMANO3 116
rac-N,N’-(1,2-diphenyl-1,2-1,2-ethanediyl)bis[N-carboxymethyl)]glycine
: COOH
rac-1,2-diphenylethylenediamine-N,N,N’,N’-tetraacetic acid O r
rac-DPHEDTA N\/COOH
N~ COOH
HyL rac-L32 k
COOH
Reaction LogK method AH° TAS® T(°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
L4- + Ht = LH3- 9.97 pot. 20 0.1KNO3 47

LH3- + H* = LHy2- 5.44  pot. 20  0.1KNO3 47
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Table 2 (Continued)

329

LHp2- + H* = LH3- 3.76 pot. 20 0.1 KNO3 47
LH3-+H*=LHy 2.44 pot. 20 0.1 KNO3 47
Gd3+ + L4-=GdL- 17.48 pol. 20 0.1KNO3 47
trans-1,2-Cyclohexylenedinitrilotetraacetic acid HOOC COOH
trans-1,2-Diaminocyclohexane-N,N,N’ N’-tetraethanoic acid = HOOQOC COOH
trans-1,2-Diaminocyclohexane-N,N,N’ N’-tetraacetic acid
CDTA, DCTA
H4L L33
Reaction logk method AHP TAS® T(°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
L4+ Ht=LH3- 11.58 pot. 13 59 25 0.1KNO3 50
11.30 pot. 25 0.5KNO3 28
12.73 pot. 25 1.0KCl 51
LH3- + Ht = LHy2- 6.12 pot. -1.3 34 25 0.1 KNO3 50
6.51 pot. 25 0.5KNO3 28
6.005 pot. 25 1.0 KClI 51
LHy2- + H* = LH3" 3.01 pot. 25 0.5KNO3 28
3.25 pot. 25 1.0 KCI 51
LH3-+Ht=LHy 2.38 pot. 25 0.5KNO3 28
242 pot. 25 1.0 KCl 51
LHgq + H* =LHg* 1.56 pot. 25 1.0 KClI 51
Gd3+ + L4- = GdL- 18.80 pot. 24 131 25 0.1KNO3 50
18.12 pot. 25 0.5NaClO4 28
18.97 pot. 25 1.0 KClI 51
18.77 pol. 20 0.1KNO3 35
19.66 25 0.1 52
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Table 2 (Continued)

trans-1,2-Cyclopentylenedinitrilotetraacetic acid

e HOOC COOH
trans-1,2-Cyclopentane-iminodiacetic acid
HOOC COOH

CPDTA \—N UN\/ -
H4L L34
Reaction logk method  AH° TAS® T(°C) medium ref.

(k¥/mol)  (kJ/mol) (mol dm-3)
L4 +H* = LH3- 10.09 pot. 20 0.1 63
LH3- + H* = LHp2 7.48 pot. 20 0.1 63
LHy2- + H* = LH3" 2.44 pot. 20 0.1 63
LH3- +Ht=LHy 1.87 pot. 20 0.1 63
Gd3t++ L4 =GdL- 18.24 pot. 20 0.1 63
DL-Ethylenedinitrilo-N,N’-di(2-propanoic)-N,N’-diacetic acid r COOH

N COOH
Hooc” N7 Y
HyL L35 CH
HOOC™ ~CH, 3

Reaction logK method AH° TAS® T (°C) medium ref.

(kJ/mol)  (kJ/mol) (mol dm-3)
L4 +H*=LH3- 10.42 20 0.1 65
LH3- + Ht = LHy2- 6.65 20 0.1 65
LHp2- + H* = LH3" 2.00 20 0.1 65
LH3- +H* =LHy 1.90 20 0.1 65
Gd3* + L4 = GdL- 17.0 20 0.1 65
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DL-Ethylenedinitrilo-N,N’-di(2-butanoic)-N,N’-diacetic acid

[

COOH

Ethylenediamine-N,N’-diethanoic-N,N’-di-2-butyric acid HoOC” N N\[COOH

CH,
H4L L36 CH,
Reaction logK method AH° T(°C) medium ref.

(kJ/mol) (mol dm-3)
L4+ Ht=LH3- 10.42 pot. 20 0.1 KNO3 64
LH3- + Ht = LH,2- 6.09 pot. 20 0.1 KNO3 64
LHp2- + Ht =LH3" 2.69 pot. 20 0.1 KNO3 64
LH3-+Ht =LHy 1.8 pot. 20 0.1 KNO3 64
Gd3* + L4 = GdL- 16.48 pol. 20 0.1 KNO3 64
DL-Ethylenedinitrilo-N,N’-di(2-pentanoic)-N,N’-diacetic acid COOH
Ethylenediamine-N,N’-diethanoic-N,N’-di-2-valeric acid r
’ ’ N COOH
Hooc” N~ \Q
HOOC

HaL L37 )I

CH,

CH,
Reaction logk method AH° T(°C) medium ref.
(kJ/mol) (mol dm-3)

L4+ Ht=LH3- 10.47 pot. 20 0.1 KNO3 64
LH3- + Ht = LHp2- 6.15 pot. 20 0.1 KNO3 64
LHp2- + H* = LH3- 2.79 pot. 20 0.1 KNO3 64
LH3-+H*t=LHy 1.9 pot. 20 0.1 KNO3 64
Gd3* + L4 =GdL- 16.60 pol. 20 0.1 KNO3 64
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Table 2 (Continued)

DL-Ethylenedinitrilo-N,N’-bis-(2)-(3-methylbutanoic)-)-N,N’-

diacetic acid

Ethylenediamine-N,N’-diethanoic-N,N’-di-2-isovaleric acid

HOOC—\

N
Hooc—/( _\—-N
H.C”  CH

/—COOH

iCOOH

H4L L38 H,C™ "CH,
Reaction logK method  AH° TAS® T (°C) medium réf.
(kJ/mol)  (kJ/mol) (mol dm-3)
L4+ Ht =LH3- 10.38 pot. 20 0.1 KNO3 64
LH3- + Ht = LHp2- 5.60 pot. 20 0.1 KNO3 64
LHp2- + Ht = LH3" 3.02 pot. 20 0.1 KNO3 64
LH3-+H*=LHy 1.9 pot. 20 0.1KNO3 64
Gd3+ + L4 = GdL- 1339 pot. 20 0.1KNO3 64
1347  pol. 20 0.1KNO3 64
Trimethylenedinitrilotetraacetic acid
TMTA, TMDTA HOOC/\)N/\/\I\L/\COOH
HOOC COOH
H4L L39
Reaction logK method AH° TAS® T(°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
L4- + Ht =LH3- 10.46 pot. 20 0.1 KNO3 68
LH3- + Ht = LHp2- 8.02 pot. 20 0.1 KNO3 68
LHy2- + Ht =LH3" 2.47 pot. 20 0.1 KNO3 68
LH3- + Ht=LHg 1.88 pot. 20 0.1KNO3 68
Gd3++ L4 =GdL- 13.74 pot. 20 0.1 KNO3 68
13.80  pol. 20 0.1KNO3 68
13.73 pot. 20.7 cal. 98 20 0.1KNO3 68
13.79  pot. 20 0.1KNO3 69
13.60  pot. 20 0.1KNO3 69
1370 pol. 20 0.1KNO3 69
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Table 2 (Continued)

DL-(1,3-Dimethyltrimethylene)dinitrilotetraacetic acid

DL-2,4-diaminopentane-N,N,N’,N’-tetraacetic acid

CH,
APTA HOOC/\N/I\/j\N/\COOH
Joeny

HOOC COOH
H4L L40
Reaction logK method AH° TAS® T (°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
L4+ Ht=LH3- 10.84 pot. 20 0.1KNO3 170
LH3- + H* = LHp2- 8.54 pot. 20 0.1KNO3 170
LH2- + Ht = LH3" 2.42 pot. 20 0.1KNO3 170
LH3- + H* =LHy 2.09 pot. 20 0.1KNO3 70
Gd3* + L4-=GdL- 12.15 pot. 20 0.1KNO3 170
12.28 pol. 20 0.1KNO3 70

1,3-diamino-2-hydroxypropane-N,N,N’ ,N’-tetraacetic acid

DHPTA, HFDTA HOOC/\)N/Y\'L/\COOH

OH

HOOC COOH
HaL L41
Reaction LogK method AH° TAS® T (°C) medium ref.

(kJ/mol)  (kJ/mol) (mol dm-3)

L4+ H*t = LH3- 9.49 pot. 25 0.1 KNO3 71
LH3- + H = LH)2- 7.04 pot. 25 0.1KNO3 71
LHp2- + Ht = LH;3" 2.62 pot. 25 0.1KNO3 71
LH3- +H* =LHy 1.47 pot. 25 0.1KNO3 71

Gd3* + L4-=GdL- 13.94 25 0.1KNO3 71
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Table 2 (Continued)

Tetramethylenedinitrilotetraacetic acid

HOOC
1,4-diaminobutane-N,N,N’ N’-tetraacetic acid

HOOC N
N \/\/\N/\COOH

TMEDTA
COOH
HyL L42
Reaction LogK method AH® TAS® T(°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
L4+ Ht=LH3- 1024  pot. -29.49 cal. 29 25 0.5NaClO4 72
LH3- + Ht = LHp2- 927 pot. -27.97 cal. 25 25 0.5NaClOg 72
Gd3++ L4 =GdL- 9.94 pot. 24.34 cal. 81 25 0.5NaClOg4 72
6.66 pot. 25 0.5NaClog 72
GdHL + Ht = GdHoL+ 5.36 pot. 25 0.5NaClOg 72
1,5-diaminopentane-N,N,N’,N’-tetraacetic acid
Pentamethylenedinitrilotetraacetic acid HOOC rCOOH
PMDTA
HOOC. N _~_ ~_-N._ COOH
H4L L43
Reaction logKk method AH° TAS® T(°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
L4-+Ht =LH3- 1020  pot. 25 0.1KNO3 43
LH3- + Ht = LH,2- 9.35 pot. 25 0.1KNO3 43
LHp2- + H* = LH3- 2.71 pot. 25 0.1KNO3 43
LH3-+Ht =LHy 224 pot. 25 0.1KNO3 43
Gd3t + L4 =GdL- 1037  pot. 25 0.1KNO3 43

GdL- + H* = GdHL 6.79 pot. 25 0.1KNO3 43
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Table 2 (Continued)

Hexamethylenedinitrilotetraacetic acid

1,6-diaminohexane-N,N,N’ N’-tetraacetic acid HOOC

7~
HMDTA, HhDTA \\N N COOH
HoOC~_~ |
COOH
H4L L44
Reaction LogK method AH° TAS® T(°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
L4+ Ht =LH3- 10.30 pot. 25 1.0KCI 73
LH3- + Ht = LHy2- 9.59 pot. 25 1.0KCl 73
Gd3+ + L4- = GdL- 9.16 pot. 25 1.0 KClI 73
GdL- + Ht = GdHL 5.82 pot. 25 1.0KCI 73
Oxybis(ethylenenitrilo)tetraacetic acid
1,7-diaza-4-oxaheptane-1,1,7,7-tetraacetic acid HOOC COOH
EEDTA
HOOC N~ g~ N~_-COOH
Hy4L L45
Reaction LogK method AH° TAS® T (°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)

Gd3t + L4- = GdL- 18.13 pot. 20 0.1KNO3 78

18.21 pol. 20 0.1KNO3 78

18.34 20 0.1 79
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Table 2 (Continued)

N-(2-Carboxyethyl)oxybis(ethyleneamine)-N,N’,N’ -triacetic acid
Bis(2-aminoethyl)ether-N,N’,N’-triacetic acid N’-(3-propanoic acid

COOH
DETAP COOH

HOOC. N~ -~ N~ _-COOH

H3L L46
Reaction LogK method AH° TAS® T(°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
L4+ H* = LH3- . 9.55 pot. 25 0.1 KNO3 80
LH3- + H* = LH2- 9.98 pot. 25 0.1KNO3 80
LHy2- + Ht =LH3" 3.86 pot. 25 0.1 KNO3 80
LH3-+Ht=LHy 2.63 pot. 25 0.1 KNO3 80
Gd3* + L4 =GdL- 15.21 pot. 25 0.1KNO3 80
GdL- + H*=GdHL 9.32 pot. 25 0.1KNO3 80
Oxybis(trimethylenenitrilo)tetraacetic acid
Bis(3-aminopropyl)ether-N,N,N’ ,N’-tetraacetic acid
BPETA HOOC” N >0 "N cooH
HOOC COOH
H4L L47
Reaction LogK method AH° TAS® T (°C) medium ref.
(kJ/mol) (kJ/mol) (mol dm-3)
L4+ H+ =LH3- 10.03 pot. 25 0.1KNO3 77
LH3- + Ht = LHp2- 9.88 pot. 25 0.1 KNO3 77
LHp2- + H* = LHj3" 2.65 pot. 25 0.1KNO3 77
LH3-+H*=LHy 2.32 pot. 25 0.1KNO3 77
Gd3* + L4-=GdL- 11.74 pot. 25 0.1 KNO3 77

GdL- +H*=GdHL 7.30 pot. 25 0.1KNO3 77
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Table 2 (Continued)

Ethylenebis(oxyethylenenitrilo)tetraacetic acid

1,10-diaza-4,7-dioxadecane-1,1,10,10-tetraacetic acid

EGTA HOOC

HOOCVN\/\O/\/O\/\N/\COOH

H4L
4 L48 COOH
Reaction LogK method AH° TAS® T (°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
Gd3++L4-=GdL- 16.94 pot. 20 0.1KNO3 78
17.50 pol. 20 0.1KNO3 78
N-Ethyliminobis(etthylenitrilo)tetraacetic acid
N,N-bis(2-aminoethyl)ethylamine-N,N,N’,N’-tetraacetic acid
DEATA HOOCW |/COOH
HOOC\/N\/\N/\/NVCOOH
H4L L49 )
H,C
Reaction LogK Method AH° TAS® T (°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
L4+ Ht =LH3- 1044  pot. 25 0.1KNO3 74
LH3- + Ht = LH2- 7.42 pot. 25 0.1 KNO3 74
LHy2- + H* = LH3" 4.00 pot. 25 0.1KNO3 74
LH3-+H*=LHy 2.80 pot. 25 0.1KNO3 74

Gd3* + L4- =GdL- 17.79 pot. 25 0.1KNO3 74
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Table 2 (Continued)

[(Octilylimino)bis(ethylenenitrilo)]tetraacetic acid

HOOC COOH
BEOTA

HOOC _ N\~ N -COOH

H4L LSO H3C/\/\/\)

Reaction LogK Method AH° TAS® T (°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)

L4- + H* = LH3- 9.6 pot. 25 0.1 75

LH3- + Ht = LHp2~ 8.8 pot. 25 0.1 75

LH2- + Ht = LH3" 4.1 pot. 25 0.1 75

LH3-+Ht=LHy 2.9 pot. 25 0.1 75

Gd3* + L4 = GdL- 16.23 pol. 25 0.1 75

N-Phenyliminobis(etthylenitrilo)tetraacetic acid

N,N-bis(2-aminoethyl)aniline-N,N,N’,N’-tetraacetic acid

BEATA HOOC COOH
HOOC. N\~~~ N~_-COOH

H4L L51

Reaction LogK method AH° TAS® T(°C) medium ref.

- (kJ/mol)  (kJ/mol) (mol dm-3)

L4+ Ht =LH3- 10.15 pot. 25 0.1 KNO3 74
LH3- + Ht =LHy2- 9.18 pot. 25 0.1 KNO3 74
LHp2- + Ht =LH3" 3.46 pot. 25 0.1 KNO3 74
LH3-+Ht=LHy 191 pot. 25 0.1KNO3 74

Gd3* + L4 = GdL- 1542 pot. 25 0.1KNO3 74
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Table 2 (Continued)

[(Benzylimino)bis(ethylenenitrilo)]tetraacetic acid HOOC COOH

BEBTA
HOOC N\/\N/\/N\/COOH

H4L L52
Reaction LogK method AH° TAS® T (°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)

L4- + H* =LH3- 9.05 pot. 25 0.1 75
LH3- + H* = LHp2- 7.99 pot. 25 0.1 75
LH,2- + Ht = LH3- 3.98 pot. 25 0.1 75
LH3-+Ht=LHy 2.52 pot. 25 0.1 75
Gd3+ + L4 =GdL- 17.50 pol. 25 0.1 75

N’-(B-hydroxyethyl)diethylenetriamine-N,N,N"’,N"’-tetraacetic

acid
[(N-(2-Hydroxyethyl)-2,2’-iminodiethylene)- HOOC COOH
dinitrilo]tetraethanoic acid (
HOOC N N COOH
HDTTA, HEDTA NSNS
HyL L53 OH
Reaction LogK method AH® TAS® T (°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
L4+ H* =LH3- 9.3 pot. 25 0.1CaCly 76
LH3- + Ht = LHp2- 8.00 pot. 25 0.1CaCl 76
LHp2- + Ht =LH3" 3.54 pot. 25 0.1CaClp 76
LH3-+Ht=LHy 2.58 pot. 25 0.1CaCly 76
Gd3* + L4-=GdL- 15.44 pot. 25 0.1 76

13.45 pol. 25 0.1 76
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Table 2 (Continued)

DL-2,3-Diaminopropanoic-N,N,N’,N’-tetraacetic acid

COOH
CEDTA, DAPTA HOOC
Hooc” "N ~
HsL L54
HoocC
Reaction logKk method AH° TAS® T(°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
L5-+H* =LH4 9.52 pot. 25 0.1KNO3 67
LH4- + HY =LHp3- 6.32 pot. 25 0.1KNO3 67
LHy3- + Ht = LH32- 3.40 pot. 25 0.1KNO3 67
LH32- + Ht =LHy" 2.75 pot. 25 0.1KNO3 67
LH4 +H*=LHs 220 pot. 25 0.1KNO3 67
Gd3+ +L5- = GdL2- 15.93 pot. 25 0.1 KNO3 67
Diethylenetrinitrilopentaacetic acid
COOH
Diethylenetriamine-pentaethanoic acid
N
DTPA HOOC/\)N/\/ \/\NC\COOH
HOOC COOH
HsL LS55
Reaction logK method AH° TAS® T(°C) medium (mol ref.
(kJ/mol)  (kJ/mol) dm-3)
L5-+H* =LH4 9.86  pot. 25 0.5KNO3 28
1041  pot. 25 0.1 TMACI 36
945  pot. 25 0.1 NaCl 36
10.10  pot. 25 0.1 KCl 36
10.58  pot. 20 0.1KNO3  8I.
10.73 (1) pot. 25 0.1 TMANO3 116
LH4- + Ht = LHp3- 832  pot. 27.1cal. 20 25 0.5KNO3 28
837  pot. 25 0.1 TMACI 36
821  pot. 25 0.1 NaCl 36
834  pot. 25 0.1 KCl 36
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8.60  pot. 20 0.1KNO3 8l
8.62 (1) pot. 25 0.1 TMANO3 116
LHp3-+ H* = LH32- 412 pot. 25 0.5KNO3 28
409  pot. 25 0.1 TMACI 36
409  pot. 25 0.1 NaCl 36
421  pot. 25 0.1 KCl 36
433 pot. 20 0.1KNO3 81
432 (1) pot. 25 0.1 TMANO3 116
LH32- +Ht =LHg" 285  pot. 25 0.5 KNO3 28
251  pot. 25 0.1 TMACI 36
249  pot. 25 0.1 NaCl 36
248  pot. 25 0.1 KCl 36
255  pot. 20 0.1KNO3 81
2.79 (3) pot. 25 0.1 TMANO3 116
LHy4 +Ht=LHs 195  pot. 25 0.5KNO3 28
204  pot. 25 0.1 TMACl 36
1.87 pot. 25 0.1 NaCl 36
158  pot. 25 0.1 KCl 36
1.80  pot. 20 0.1KNO3 81
2.14(4) pot. 25 0.1 TMANO3 116
Gd3* + L5~ = GdL2- 20.73  pot. -47.5cal. 71 25 0.5NaClOg4 28
222 sp. 25 0.1 TMACl 36
2246  pot. 31 97 25 0.1KNO3 81
22.55(9) pot. 25 0.1 TMANO3 116
2301  pot. 25 0.1 KCl 18
2246  sp. 20 82
GdL2- + H* = GdHL- 239  pot. 25 0.1KNO3 81
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Table 2 (Continued)

4-Carboxy-5,8,11-tris(carboxymethyl)-1-phenyl-2-oxa-5.8,11- COOH

triazatridecan-13-oic acid
N
HOOC™ N7 """ >N cooH

BOPTA )
HooC HoOC

o
HsL L56
Reaction logk method AH® TAS® T(°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
L5-+H+=LH4 10.71 pot. 20 0.15KCl 83
10.86 (3) pot. 25 0.1 TMANO3 116
10.76 (2) pot. -14.91 cal. 469 25 0.15NaCl 116
LH4- + H* = LHp3- 827 pot. 20 0.15KCl 83
829(1) pot. 25 0.ITMANO3 116
8.17(2) pot. -14.74 cal. 327 25 0.15 NaCl 116
LHp3-+ Ht = LH32- 435 pot. 20 0.15KCl 83
434(1) pot. 25 0.ITMANO3 116
431(2) pot. -28lcal. 218 25 0.15NaCl 116
LH32- + H' =LH4" 2.83 pot. 20 0.I5KCl 83
2.78 (1)  pot. 25 0.ITMANO3 116
2.69(2) pot. -0.92cal. 15.1 25 0.15 NaCl 116
LH4~ + HY = LH; 2.07 pot. 20 0.15KCl 83
1223(1) pot. 25 0.ITMANO3 116
2.18(2) pot. 025cal. 13.0 25 0.15NaCl 116
Gd3+ + L5- = GdL2- 2259  pot. 20  0.15KCl 83
22.58 (3) pot. 2lcal. 108 25 0.ITMANO3 116
22.61 (4) pot. 25 0.15 NaCl 116

GdL2- + H* = GdHL- 1.75(3)  pot. 5.9 cal. 16 25 0.1TMANO3 116
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Table 2 (Continued)
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N,N-bis-[2-[bis-(carboxymethyl)]-aminoethyl]-O-

phenylmethyl-L-serine

ISOBOPTA
COOH
O/\'/
HsL L57 Ho0G” NN coon
HOOC COOH
Reaction logk method AH° TAS® T(°C) medium (mol ref.
(kJ/mol)  (kJ/mol) dm-3)

L5-+Ht =LH4 10.74 (4) pot. 25 0.1 TMANO3 116
LH4- + H* = LHp3- 9.16 (2) pot. 25 0.1 TMANO3 116
LHp3-+ Ht =LH32- 4.15(4) pot. 25 0.1 TMANO3 116
LH32- + Ht =LHg 2.51(4) pot. 25 0.1 TMANO3 116
LH4 +H*=LHs 2.35(4) pot. 25 0.1 TMANO3 116
Gd3+ + L5- = GdL2- 22.23 (6) pot. 25 0.1 TMANO3 116
GdL2- + Ht = GdHL- 20(2) pot. 25 0.1 TMANO3 116

(R*,S*)-4-carboxy-5,8,11-tris(carboxymethyl)1-phenylmetoxy)methyl]-2-0x0-5,8,11- triazatridecan-13-oic

acid
OOH
DIBOPTA HOOC coo
HOOCj/N\/\N/\/N\[COOH
HsL L58 go |\COOH o/\©
Reaction logKk method AH° TAS® T (°C) medium (mol ref.
(kJ/mol)  (kJ/mol) dm-3)
L5- + Ht =LH4 11.08 (6) pot. 25 0.1 TMANO3 116
LH4- + Ht = LHp3- 7.98(2) pot. 25 0.1 TMANO3 116
LHp3-+ Ht =LH32- 444 (6) pot. 25 0.1 TMANO3 116
LH32- + Ht = LHg" 2.83 (6) pot. 25 0.1 TMANO3 116
LH4 +H* =LH;s 2.30(8) pot. 25 0.1 TMANO3 116
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Table 2 (Continued)

Gd3+ + L5- = GdL2-
GdL2- + H* = GdHL-

2172 2)
233(3)

pot. 25 0.1 TMANO3 116
pot. 25 0.1 TMANO; 116

[4S-[4R*,8(R*),12R*]]-4-Carboxy-5,1 1-bis(carboxymethyl)-8-[1-carboxy-2- (phenylmethoxy)ethyl]-1-
phenyl-12-[(phenylmetoxy)methyl]-2-oxa-5,8,11-triazatridecan-13-oic acid

TRIBOPTA

HOOC COOH
HOOC .. N~ N COOH
HsL L59 ] % \[
o] COOH 0
o O
Reaction logKk method AH° TAS® T (°C) medium (mol ref.
(kJ/mol)  (kJ/mol) dm-3)

L5- + H* = LH4- 10.72(2) pot. 25 0.1 TMANO3 116
LHA4- + Ht = LHp3- 8.84 (4) pot. 25 0.1 TMANO3 116
LHp3-+ Ht = LH32- 4.36(6) pot. 25 0.1 TMANO3 116
LH32- + H¥ =LHyg" 2.69(8) pot. 25 0.1 TMANO3 116
LHy- +Ht =LH;s 2.09(9) pot. 25 0.1 TMANO3 116
Gd3+ + L5-=GdL2- 22.18(5) pot. 25 0.1 TMANO3 116
GdL2- + H* = GdHL- 2.45(6) pot. 25 0.1 TMANO3 116

S-4-(-ethoxybenzyl)-3,6,9-tris(carboxymethyl)-3,6,9-

triazaundecanedioic acid COOH (COOH
EOB-DTPA N/\\/N

COOH
HsL L60 o N._COOH

COOH
Reaction logK method AH° TAS® T (°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)

L5- + Ht=LH4 11.52(6) pot. 25 0.1 TMACI 116
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Table 2 (Continued)

LH4- + Ht = LHp3- 8.83(2) pot.
LHp3-+ Ht = LH32- 445(2) pot.
LH32- + H* = LHyg- 295(3) pot.
LH4- + H* =LH; 2.45(4)  pot.
Gd3t+ +L5-=GdL2- 23.5 pot.

22.76 (6) pot.

25 0.1 TMACI 116
25 0.1 TMACI 116
25 0.1 TMACI 116
25 0.1 TMACI 116
0.1 KCI 84
25 0.1 TMACI 116

4-Carboxy-5,8,11-tris(carboxymethyl)-1-cicloesil-2-oxo-

5,8,11-triazatridecan-13-oic  acid

COOH

N
HOOC” NN cooH

HOOC) Hooc)\

HsL Lol
o]
Reaction logK method AH® TAS® T (°C) medium (mol ref.
(kJ/mol)  (kJ/mol) dm-3)

L3- + Ht = LH4 10.70 (2) pot. 25 0.1 TMANO3 116
LH4 + Ht =LHy3- 8.38(4) pot. 25 0.1 TMANO3 116
LHp3-+ H* = LH32- 4.49 (6) pot. 25 0.1 TMANO3 116
LH32-+ Ht=LHg4 2.88(8) pot. 25 0.1 TMANO3 116
LH4- + H* =LH; 2.43 (6) pot. 25 0.1 TMANO3 116
Gd3+ + L5- = GdL2- 21.73 (6) pot. 25 0.1 TMANO3 116

N,N-Bis[2-[bis(carboxymethyl)amino]ethyl]-O-(4-
hydroxyphenyl)-3,5-diiodo-L-tyrosine

QL
(0]

IotyrDTPA | |
HeL L62 COOH
Hooc” NN SN cooH
HOOC) COOH
Reaction logK method AH° TAS® T (°C) medium (mol ref.

(kJ/mol)  (kJ/mol) dm-3)
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Table 2 (Continued)

L6-+ Ht =LH3- 10.23 (2) pot. 25 0.1 TMANO3 116
LH5- + Ht = LHp4- 9.91(1) pot. 25 0.1 TMANO3 116
LHp4-+ H+ =LH33- 8.91(2) pot. 25 0.1 TMANO3 116
LH33- + Ht = LHy2- 421(4) pot. 25 0.1 TMANO3 116
LH42- + Ht = LHs5" 2.86 (4) pot. 25 0.1 TMANO3 116
LHs- +Ht =LHg 2.43(5) pot. 25 0.1 TMANO3; 116
Gd3* + L6~ = GdL3- 21.87(5) pot. 25 0.1 TMANO3 116
GdL3- + Ht = GdHL2- 9.55(3) pot. 25 0.1 TMANO3 116
N,N-Bis[2-[bis(carboxymethyl)amino]ethyl]-O-(4- HO
hydroxyphenyl)-L-tyrosine \©\
o
HeL Lé63
COOH
HO0C” NN oo
HooC COOH
Reaction logKk method AH° TAS° T (°C) medium (mol ref.
(kJ/mol)  (kJ/mol) dm-3)
L6-+ Ht = LH5- 10.49 (1) pot. 25 0.1 TMANO3 116
LHS5- + Ht = LHp4- 9.78 (1) pot. 25 0.1 TMANO3 116
LHp4-+ Ht =LH33- 8.96 (3) pot. 25 0.1 TMANO3 116
LH33- + Ht = LH42- 421(4) pot. 25 0.1 TMANO3; 116
LH42- + H* = LHs" 2.71(5) pot. 25 0.1 TMANO3 116
LHs- + H* = LHg 2.09 (5) pot. 25 0.1 TMANO3 116
Gd3* + L6- = GdL3- 22.30(6) pot. 25 0.1 TMANO3 116
GdL3- + H* = GdHL2- 9.58 (4) pot. 25 0.1 TMANO3 116
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Table 2 (Continued)

347

N’-(B-hydroxyethyl)diethylenetriamine-N,N,N>’,N*’-tetraacetic

acid
(”\COOH
CEDTA
HooC” NN coon
HsL L64 HOOC COOH
Reaction logK method AH° TAS® T (°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)

L5-+Ht=LH4 9.31 pot. 25 0.1 85
LH4 + H* = LHy3- 8.14 pot. 25 0.1 8s
LHy3-+ H* = LH32- 4.7 pot. 25 0.1 85
LH32- + H* = LHy" 2.97 pot. 25 0.1 85
LH4- + H* =LH; 2.58 pot. 25 0.1 85
Gd3t + L5- = GdL2- 16.71 pot. 25 0.1 85

18.4 pol. 25 0.1 85

2-(di{2-[di(carboxymethyl)amino]ethyl}amino)-

pentanedioic acid

HOOC\V/A\T/COOH

N
HoOOC” N7 "N cooH

HeL L65 HOOC COOH
Reaction logK method AH° TAS® T (°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)

L6- + H+ = LH5- 10.41 (1) pot. 25 0.1 TMACI 116
LH3- + Ht = LHp%- 9.16 (1) pot. 25 0.1 TMACI 116
LHy4-+ H* = LH33- 534(1) pot. 25 0.1 TMACI 116
LH33- + Ht = LH42- 4.10(1) pot. 25 0.1 TMACI 116
LH42- + H* = LH5" 2.75(2) pot. 25 0.1 TMACI 116
LHs5- + H* = LHg 2.08(5) pot. 25 0.1 TMACI 116
Gd3* + L6- = GdL3- 21.66 (3) pot. 25 0.1 TMACI 116
GdL3- + H* = GdHL2- 525(2) pot. 25 0.1 TMACI 116
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Table 2 (Continued)

Triethylenetetranitrilohexaacetic acid

1,4,7,10-tetraazadecane-1,1,4,7,10,10-hexaacetic acid
COOH COOH
TTHA g

N N COOH
HOOC/\N/\/ \/\N/\/ N

J

HeL L66 HOOC HOOC
Reaction logkK method AH° TAS® T (°C) medium ref.
(kJ/mol)  (kJ/mol) (mol dm-3)
Gd3* + L6- = GdL3- 28.4 pot. 25 86
23.83 pol. 87

# Values in parenthesis are standard deviations in the last significant figures.

® Method abbreviation are pot. (potentiomeric), sp. (spectrophotometric), ca. (calorimetric), kin.
(kinetic), ion exc. (ion exchange), distr. (electrophoretic). Log K values with standard devition in
parentheses refer to equilibrium constants not previously reported [116,132]

conditions. In the case of Gd(IIT) complexes further complications in evaluating the
data derive from the different approaches adopted for determining very high
equilibrium constants in metal-ligand systems requiring, in many cases, long
equilibration times. Furthermore, the ligands considered may coordinate the alka-
line metal cations of the electrolytes employed by several authors to keep the ionic
strength constant during the measurements. For instance in the case of
[GA(DOTA)] , the complex most studied of this class, stability constants ranging
from log K =22.1 to 28.0 have been reported [36,96—100,113] for different experi-
ments performed at 25°C, by means of various techniques (potentiometric, spec-
trophotometric, kinetic), in quite different ionic media (0.1 mol dm —3 NMe,Cl or
NMe,NO; or NaCl or KCI, and 1 mol dm ~2 NaCl) and extensive complexation of
Nat and K* occurs. Regarding the kinetic aspect, it has been observed that
equilibration times of about 3 weeks are necessary in the formation of
[GA(DOTA)]~ in aqueous solution at 25°C [98,100,113], while from some days to
several weeks, depending on pH, are necessary for a complete acid-catalyzed
dissociation of the complex at the same temperature [100]. This figure is further
complicated by the presence of intermediate complex species, formed after relatively
short equilibration times, which develop very slowly towards the final equilibrium
[49,100,113]. Similar intermediate equilibration stages may be deceptive and erro-
neously interpreted as the final stage.

The problems arising from the high values of the stability constants to be
determined are commonly resolved by the use of auxiliary competing ligands, while
the kinetic inertness can be overcome by performing out-of-cell experiments in
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which individual solutions corresponding to single points of a conventional titra-
tion are stored in a thermostat and periodically checked to ensure achievement of
the equilibrium.

In order to make our presentation of equilibrium data as homogeneous as
possible we will refer, when possible, to data obtained under equal, or very
similar, experimental conditions in the absence of interacting electrolytes (Na™,
K™*). This does not mean that we are not confident with the other results. To help
readers in the evaluation of the equilibrium data reported, we have included,
when possible, the ligand protonation constants employed by the respective au-
thors in the determination of the complex stability constants.

Tables 2 and 3 also contain equilibrium data determined in our laboratories,
that have not been previously published. For a critical evaluation of the experi-
mental procedures we employed in the determination of these new data we
address the readers to Ref. [132].

In several parts of this review we will compare the stability of Gd(III) com-
plexes with different ligands. In such cases the comparison will refer to the
stability constants of the complexes formed by the fully deprotonated forms of the
ligands, unless otherwise noted. Should our readers be interested in analyzing the
binding properties of these ligands under particular pH conditions and concentra-
tion of metal ion and ligands, a common computer program for the determination
of species distribution diagrams can be used to obtain the desired information.
For this purpose we suggest the use of the computer program HySS which is
readily available on the Web (http://www.chiml.unifi.it/group/vacsab/hyss.htm).

All difficulties found in the determination of the stability constants of Gd(III)
complexes with polyamino-polycarboxylic ligands, are also encountered in the
determination of the enthalpy changes associated with such complexation reac-
tions, in addition to other problems connected with the relevant instrumenta-
tion and methodologies. There are two ways in which the enthalpy change
accompanying a chemical process can be determined. One is to measure directly,
by means of a calorimeter, the amount of heat involved in the reaction. In this
case, there are instrumental limitations, at present, to the accurate determina-
tion of thermal effects that develop over very long times (days or weeks), such as
those required by the complexation reactions of Gd(III) with macrocyclic
polyamino-polycarboxylic ligands. As a matter of fact no calorimetrically deter-
mined enthalpy changes have been so far reported for similar complexation
reactions.

The other problem consists of determining the equilibrium constants at various
temperatures, and applying the Van’t Hoff isochore to derive the value of AH®.

Once AH® is known, the entropy term AS° can be obtained from the relation-
ship AG°=AH®° — TAS®, the standard free energy change being related to the
equilibrium constant by the expression AG°= — RT In K.

Of these two methods, the second may lead to high uncertainties if not used
with great care. Since there is a logarithmic correlation between stability constants
and AH°®, the propagation of the experimental errors in the determination of
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Table 3
Equilibrium constants for protonation and Gd(III) complexation reaction with macrocyclic polyamino-
polycarboxylic ligands®

1,4,7,10-tetraazacyclododecane-1,7-diacetic acid
DO2A / \ _—COOH

HyL C1 [ ]

Hooc—/ \ /

Reaction logk method T (°C) medium ref.
(mol dm-3)
L2-+Ht=LH- 11.38 pot. 25.0 0.1 NMe4Cl 102
10.91 pot. 25.0 0.1 KCl 102
10.94 pot. 25.0 0.1 NMe4Cl 114
LH-+H*=LHp 9.62 pot. 25.0 0.1 NMeyCl 102
9.45 pot. 25.0 0.1 KCl 102
9.55 pot. 25.0 0.1 NMeyCl 114
LH + HY =LH3* 3.95 pot. 25.0 0.1 NMeyCl 102
4.09 pot. 25.0 0.1 KCl 102
3.85 pot. 25.0 0.1 NMeyCl 114
LH3*+ + Ht =LH42t 2.62 pot. 25.0 0.1 NMe4Cl 102
3.18 pot. 25.0 0.1 KCl1 102
2.55 pot. 25.0 0.1 NMe4Cl 114
Gd3++12-=GdLt 19.4 pot. 25.0 0.1 102
19.1 pot. 25.0 0.1 102
13.06 c.e. 25.0 0.1 NMe4Cl 114
113,3372 0-Tetraazacyclododecane- 1,4,7 -triacetic acid \ /—\ _—COOH
H3L C2 [ ]
Hooc—" \__/ ¥c00H
Reaction logk method T (°C) medium ref.

(mol dm-3)
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Table 3 (Continued)

L3-+Ht=LH2- 11.59 pot. 25.0 0.1 NMegCl 36
12.46 pot. 25.0 0.1 NMe4Cl 113
LH2-+H*=LHy" 9.24 pot. 25.0 0.1 NMegCl 36
9.49 pot. 25.0 0.1 NMe4Cl 113
LHy- +H*=LH3 4.43 pot. 25.0 0.1 NMe4Cl 36
426 pot. 25.0 0.1 NMe4Cl 113
LH3 + Ht=LHgt 3.48 pot. 25.0 0.1 NMe4Cl 36
3.51 pot. 25.0 0.1 NMe4Cl 113
LH4t +Ht=LH52+ 1.97 pot. 25.0 0.1 NMe4Cl 113
Gd3t++1L3-=GdL 21.0 sp. 25.0 0.1 NMegCl 36
22.02 pot. 25.0 0.1 NMe4Cl 49,113
GdL +H* = GdHL* 2.1 sp. 25.0 0.1 NaCl 115
Il),g,;io Tetraazacyclododecane-1,4,7,10-tetraacetic acid HOOCﬂ N/"'—\N /—COOH
H4L C3 [ N Nj
Hooc — \__/ \—coon
Reaction logk Method T (°C) medium ref.
(mol dm-3)
L4 +Ht=LH3- 11.14 pot. 25.0 0.1KCl 94
12.09 pot. 25.0 0.1 NMegNO3 95
11.73 pot. 25.0 0.1 NMe4Cl 36
11.74 pot. 25.0 0.1 NMegCl 113
LH3- + Ht = LHp2- 9.69 pot. 25.0 0.1KCl 94
9.680 pot. 25.0 0.1 NMegNO3 95
9.40 pot. 25.0 0.1 NMe4Cl 36
9.76 pot. 25.0 0.1 NMe4Cl 113
LHy2- + Ht =LH3" 4.34 pot. 25.0 0.1 KCl 94
4548 pot. 25.0 0.1 NMegNO3 95
4.50 pot. 25.0 0.1 NMe4Cl 36
4.68 pot. 25.0 0.1 NMe4Cl 113
LH3- +H*=LHy 3.95 pot. 25.0 0.1KCl 94
4.130 pot. 25.0 0.1 NMegNO3 95
4.19 pot. 25.0 0.1 NMe4Cl 36
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Table 3 (Continued)

4.11 pot. 25.0 0.1 NMe4Cl 113
LH4 +H*=LHst 237 pot. 25.0 0.1 NMe4Cl 113
Gd3+ + L4 =GdL- 28.0 pot. 25.0 1 NaCl 96
24.6 sp. 25.0°? 0.1 NaC1? 97
24.0 pot. 25.0 0.1 KCl 97
27.0 pot. 25.0 0.1 NMegNO3 99
22.1 kin. 25.0 1.0 NaCl 100
23.6 sp. 37.0 1.0 NaCl 101
25.3 sp. 25.0 0.1 NMegCl 36
24.67 pot. 25.0 0.1 NMegCl 113
GdL- + H* = GdHL 2.3 pot. 25.0 0.1KCl 97
2.8 sp. 25.0 0.1 NaCl 115
2.3 pot. 25.0 0.1 KCl 98
1.35 pot 25.0 0.1 NaCl 96
(;L’,Z;jtl o?t . tlp-;ate‘t:l;atli-rcleat:':iy(;-1,4,7,10-Tetraaza<;yclododecane- Hooc _Cng )CiSCOOH
DOTMA N N
H4L C4 N N]
HOOC—C{H 3\ / ECOOH
Reaction logK method T (°C) medium ref.
(mol dm-3)
L4-+Ht =LH3- 12.04(4)2 pot. 25.0 0.1 NMegNO3 116
LH3- + Ht = LHp2- 8.38(1) pot. 25.0 0.1 NMegNO3 116
LHy2- + Ht =LH3- 5.11(1) pot. 25.0 0.1 NMegNO3 116
LH3- +H* =LHy 5.37(1) pot. 25.0 0.1 NMegNO3 116
LHy +Ht=LHs* 2.53(3) pot. 25.0 0.1 NMegNO3 116

Gd3++14-=GdL- 23.6(1) pot. 25.0 0.1 NMegNO3 116
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Table 3 (Continued)

4,10-bis(2-hydroxyethyl)-1,4,7,10-tetraazacyclododecane-1,7-

diacetic acid HOOC—\ / \ /—/

DO2A-2HE
HoL C5 [ ]

/—/ \_/ \-COOH

Reaction logk method T (°C) medium ref.
(mol dm-3)
L2-+Ht=LH- 10.71 pot. 25.0 0.1KCl 102
LH-+H*=LHp 8.98 pot. 25.0 0.1 KCl 102
LHy + H* =LH3" 4.06 pot. 25.0 0.1 KCl 102
LH3*t+Ht = LH42+ 2.73 pot. 25.0 0.1 KCl 102
Gd3+ +12-=GdL* 21.1 pot. 25.0 0.1 102
10-(2-hydroxyethyl)-1,4,7,10-tetraazacyclododecane- HOOC M\ COOH
1,4,7 -triacetic acid \ /_

HE-DO3A [ ]

H3L Cé HOOC—/ \ / \

Reaction logK method T (°C) medium ref.
(mol dm-3)
L3-+Ht=LH2- 11.01 pot. 25.0 0.1 NMegCl 103
LH2-+H*=LHp" 9.28 pot. 25.0 0.1 NMegCl 103
LHy- +Ht=LH3 4.50 pot. 25.0 0.1 NMegCl 103
LH3 + Ht = LHg* 3.49 pot. 25.0 0.1 NMegCl 103
Gd3* +L3-=GdL 223 sp. 25.0 0.1 NMegCl 103

10-(hydroxypropyl)-1,4,7,10-tetraazacyclododecane-1,4,7-

triacetic acid HOOC\ / \ /—<

HP-DO3A

H3L C7 [ ]
ooc—/\ / \—cooH

Reaction logK method T (°C) Medium ref.

(mol dm-3)
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Table 3 (Continued)

L3-+Ht=LH2- 11.96 pot. 25.0 0.1 NMe4Cl 36
11.17 pot. 25.0 0.1 NMe4Cl 113
LH2- + Ht = LHp" 9.43 pot. 25.0 0.1 NMe4Cl 36
9.33 pot. ) 25.0 0.1 NMeyCl 113
LHy-+H*=LHj3 4.30 pot. 25.0 0.1 NMe4Cl 36
4.99 pot. 25.0 0.1 NMe4Cl 113
LH3 + H* = LHgt 3.26 pot. 25.0 0.1 NMe4Cl 36
3.80 pot. 25.0 0.1 NMe4Cl 113
LH4* + HT = LH52+ 2.84 pot. 25.0 0.1 NMe4Cl 113
Gd3t+13-=GdL 23.8 sp. 25.0 0.1 NMe4Cl 36
245 pot. 25.0 0.1 NMe4Cl 113
GdL + H* = GdHL* 24 sp. 25.0 0.1 NaCl 115
1.1 pot. 25.0 0.1 NaCl 112

10-(2-hydroxyisopropyl)-1,4,7,10-tetraazacyclododecane-

1,4,7 -triacetic acid HOOC\ / \ N/—COOH

HIP-DO3A

H3L C8 [ ]

Hooc—/ \ / TCH:‘

Reaction logk method T (°C) medium ref.
(mol dm-3)

L3-+H* =LH2- 12.4 pot. 25.0 0.1 NMeyCl 103

LH2- + Ht = LHp" 9.48 pot. 25.0 0.1 NMe4Cl 103

LHy- + Ht =LHj3 43 pot. 25.0 0.1 NMe4Cl 103

LH3 + Ht =LHg4t 3.41 pot. 25.0 0.1 NMe4Cl 103

Gd3t+13-=GdL 239 sp. 25.0 0.1 NMe4Cl 103

4,10-bis(2-hydroxypropyl)-1,4,7,10-tetraazacyclododecane-1,7-

diacetic acid HOOC—\ / \ /_<CH
3

DO2A-2HP

HoL c9 [ ]

H3C
>_/ \__/ \—'COOH
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Table 3 (Continued)

355

Reaction logKk method T (°C) medium ref.
(mol dm-3)
L2-+H* =LH- 12.23 pot. 25.0 0.1 KCl 102
LH-+Ht=LHp 8.92 pot. 25.0 0.1 KCl 102
LHy +Ht=LH3t 4.04 pot. 25.0 0.1 KCl 102
LH3* + Ht = LH42* 3.00 pot. 25.0 0.1KCl 102
Gd3++12-=GdLt 22.5 pot. 25.0 0.1 102
o,a’,a”’-tristhydroxymethyl)-1,4,7,10-tetraazacyclo- COOH COOH
dodecane-1,4,7-triacetic acid HO
DO3A-3HM N/ \ OH
HiL C10 [ :I
N NC
HO \ / "H
COOH
Reaction logk method T(°C) medium ref.
(mol dm-3)
L3-+H*=LH2 10.93 pot. 25.0 0.1 NMeqCl 113
LH2- + H* = LHy- 7.07 pot. 25.0 0.1 NMegCl 113
LHp-+H*=LHj 4.04 pot. 25.0 0.1 NMegCl 113
LH3 + Ht=LHgt 3.49 pot. 25.0 0.1 NMegCl 113
Gd3t+L3-+=GdL 18.82 pot. 25.0 0.1 NMegCl 113
GdL + OH- + = GdLOH- 2.63 pot. 25.0 0.1 NMeyCl 113
a,o’ 0" -tris(hydroxymethyl)-10-(2-hydroxy- COOH COOH
propyl)-1,4,7,10-tetraazacyclododecane-1,4,7- HO\)\ / \ /I\/
triacetic acid N N OH
HPDO3A-3HM
OH
N N\/kc
HiL C11 Ho \ ) Hy
COOH
Reaction Logk method T (°C) medium ref.
(mol dm-3)
L3-+Ht=LH2- 10.68 pot. 25.0 0.1 NMe4Cl 113
LH2- + H* = LHp" 7.81 pot. 25.0 0.1 NMe4Cl 113
LHp-+H*=LHj 4.14 pot. 25.0 0.1 NMe4Cl 113
LH3 + H*=LH4" 3.37 pot. 25.0 0.1 NMeyCl 113
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Table 3 (Continued)

Gd3++1L3-+=GdL 19.4 pot. 25.0 0.1 NMe4Cl 113
(IR,4R,7R)-a, 0’0" -trimethyl-1,4,7,10- CH, CHs
tetraazacyclododecane-1,4,7-triacetic acid HOOC—k / \ )—COOH
DO3MA N

N
H3L C12 [N N]

Hooc—c(H 3\ /H

Reaction logk method T (°C) Medium ref.
(mol dm-3)

L3-+Ht=LH2- 13.46 sp. 25.0 0.1 NMegCl 104

13.38 pot. 25.0 0.1 NMeyCl1 104
LH2-+Ht=LHy" 9.15 pot. 25.0 0.1 NMe4Cl 104
LHy-+H*=LH3 5.30 pot. 25.0 0.1 NMeyCl 104
LH3 +Ht =LHg4t 4.07 pot. 25.0 0.1 NMeyCl 104
Gd3t++13-=GdL 25.3 sp. 25.0 0.1 NMe4Cl 104
0-[2,3-dihydroxy-81 -hydroxyn%ethil.)-prc‘)pyl]-l,4,7, 10- HO. OH
tetraazacyclododecane-1,4,7-triacetic acid
DO3A-B HOOC—\N/——\N OH
H3L C13 [ j

N N
Hooc—"\___/\_coon
Reaction logk method T (°C) medium Ref.
(mol dm-3)

L3-+H*t =LH2- 9.46 pot. 25.0 0.1 NaCl 112

11.46 pot. 25.0 0.1KCl1 112

11.75 pot. 25.0 0.1 MegNCl 112
LHZ-+Ht=LHp" 9.36 pot. 25.0 0.1 NaCl 112

9.26 pot. 25.0 0.1KCl1 112

9.23 pot. 25.0 0.1 MeggNCl 112
LHy-+H*t=LH3 4.17 pot. 25.0 0.1 NaCl 112

4.14 pot. 25.0 0.1 KCl1 112

4.13 pot. 25.0 0.1 MegNCl 112
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Table 3 (Continued)

LH3 + Ht = LHg* 3.02 pot. 25.0 0.1 NaCl 112
2.96 pot. 25.0 0.1 KCl 112
2.97 pot. 25.0 0.1 KCl 112
Gd3*+ + 13- +=GdL 18.7 pot. 25.0 0.1 NaCl 112
21.8 pot. 25.0 0.1 KCl 112
20.8 pot. 25.0 0.1 NMegCl 112
GdL+H*=GdHLt* 1.1 pot. 25.0 0.1 NaCl 112

Tris[(phenylmetoxy)methyl]-1,4,7,10-

tetraazacyclododecane-1,4,7-triacetic acid @\/ COOH COOH \/@
o A\ 0
H3L C14 EN N
N 'g
0/\( \__/H
COOH

Reaction logK method T (°C) medium ref.
(mol dm-3)
L3-+Ht=LH2- 10.21(3) pot. 25.0 0.15 NaCl 116
LH2- + Ht* =LHy" 7.16(4) pot. 25.0 0.15 NaCl 116
LHy-+H*=LHj 4.53(7) pot. 25.0 0.15 NaCl 116
LH3 +HY =LHgt 4.03(6) pot. 25.0 0.15 NaCl 116
Gd3*t+L3-+Ht=GdHL* 18.21(3) pot. 25.0 0.15 NaCl 116

10-(2-hydroxypropyl)-a,a’,0.’’-
tris[(phenylmetoxy)methyl]-1,4,7,10- COOH \/@
tetraazacyclododecane-1,4,7-triacetic acid 0\/k [\ )\/
HiL C15 [ j oH
DA
COOH

Reaction LogK method T (°C) medium Ref.
(mol dm-3)

L3-+H*t=LH2- 11.35(3) pot. 25.0 0.1 NMe4Cl 116

LH2- + Ht = LHy" 8.04(3) pot. 25.0 0.1 NMegCl 116

LHy-+H* =LH3 4.4103) pot. 25.0 0.1 NMe4Cl1 116
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Table 3 (Continued)

LH3 +H* =LHg* 3.53(4) pot. 25.0 0.1 NMe4Cl 116
LH4* +H*=LHs52t  1.84(4) pot. 25.0 0.1 NMe4Cl 116
Gd3*++L3-+=GdL  18.37(5) pot. 25.0 0.1 NMegCl 116
al,a7 dimethyl-a4-(phenylmetoxy)methyl-1,4,7,10-
COOH
tetraazacyclododecane-1,4,7-triacetic acid o \/@
H\ / \
N N
oy C16 C ]
N N
HOOC7 \ / Y—COOH
HiC CH,
Reaction LogK method T (°C) medium Ref.
(mol dm-3)
L3-+Ht=LH2- 11.57Q1) pot. 25.0 0.1 NMe4Cl 116
LH2- + H* =LHy" 8.44(2) pot. 25.0 0.1 NMe4Cl 116
LHy + Ht =LHj3 4.64(2) pot. 25.0 0.1 NMe4Cl 116
LH3 + Ht =LHg* 3.92(3) pot. 25.0 0.1 NMe4Cl 116
LH4t + Ht =LH52* 1.69(4) pot. 25.0 0.1 NMe4Cl 116
Gd3t++13-+=GdL 18.57(9) pot. 25.0 0.1 NMe4Cl 116
GdL + OH- + = GdLOH-~ 3.4(1) pot. 25.0 0.1 NMe4Cl 116
1,4,7,10-tetraazacyclotetradecane-1,4,7,10 - tetraacetic
acid HOOCj '/\\ /—COOH
TRITA [N Nj
HyL C17 N N
Hooc—" \__/ “—cooH
Reaction logk method T (°C) medium Ref.
(mol dm-3)
L4 +H* =LH3- 11.79 pot. 25.0 0.1 KCl 94
LH3- + Ht =LHp2- 9.20 pot. 25.0 0.1 KCl 94
LHy2- + H* =LH3" 4.00 pot. 25.0 0.1KCl 94
LH3-+Ht=LHy 2.57 pot. 25.0 0.1KCl 94
Gd3t+L4-=GdL- 19.17 pot. 25.0 0.1 KCl 98

GdL- + H*- = GdHL 32 pot. 25.0 0.1 KCl 98
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Table 3 (Continued)

1,4,8,11-tetraazacyclotetradecane-N,N’,N*’ N’’’-tetraacetic
acid HOOC—\ [/\l /—COOH
TETA N N
HgL C18 EN Nj
Hooc—" U \—CcooH
Reaction logk method T(°C) medium ref.
(mol dm-3)
L4+ Ht=LH3- 10.11 pot. 80.0 1 NaCl 105
10.28 pot. 25.0 0.1 KCl 94
LH3- + Ht = LH2- 9.50 pot. 80.0 1 NaCl 105
10.10 pot. 25.0 0.1KCl 94
LHy2- + Ht = LH3- 4,02 pot. 80.0 1 NaCl 105
4.15 pot. 25.0 0.1KCl 94
LH3-+Ht=LHy 3.29 pot. 80.0 1 NaCl 105
3.21 pot. 25.0 0.1KCl 94
LH4 +H*=LHs* 1.90 pot. 80.0 1 NaCl 105
Gd3* + L4- = GdL- 15.75 pot. 80.0 1 NaCl 106
13.77 pot. 25.0 0.1 KCl 98
GdL- + H* = GdHL 3.75 pot. 80.0 1 NaCl 106
452 pot. 25.0 0.1KCl 98
I1):;11,;/&,; é)e,tlii-;):ir:itaazacyclopentadecane-N,N NV NN HOOC— N/_\ . _—COOH

"

N N
HsL C19 HOOC—/\\/ N\J \—COOH

HOOC)
Reaction logk method T (°C) .medium ref.

(mol dm-3)

LS- + Ht=LH4- 10.15 pot. 25.0 0.2 NaNO3 107
LH4- + Ht = LHp3- 9.41 pot. 25.0 0.2 NaNO3 107
LHy3- + H* = LH32- 6.14 pot. 25.0 0.2 NaNO3 107
LH32-+H*=LHy- 411 pot. 25.0 0.2 NaNO3 107

LHg4 +H* =LHs 3.19 pot. 25.0 0.2 NaNO3 107
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Table 3 (Continued)

Gd3* + L5- = GdL2- 15.88 pot. 25.0 0.2 NaNO3 107
1,4,7,10,13,16-hexaazacyclooctadecane- COOH
N,N’,N”’)N””’ N’*”’ N’**"’-hexaacetic acid l/

HEHA Hooc—, /7 N\ —coou

HeL C20 (N Nj
N

Hooc—" \\/N N\_.COOH
)\J

Reaction logk method T (°C) medium ref.
(mol dm-3)
L6- + H* = LH5- 10.10 pot. 25.0 0.2 NaNO3 107
LH5- + H* = LHp%- 10.01 pot. 25.0 0.2 NaNO3 107
LHp4- + Ht = LH33- 8.92 pot. 25.0 0.2 NaNO3 107
LH33- + Ht = LHy2- 8.20 pot. 25.0 0.2 NaNO3 107
LH42- + HY = LHs" 4.64 pot. 25.0 0.2 NaNO3 107
LHs-+H* =LHg 3.53 pot. 25.0 0.2 NaNO3 107
Gd3* + L6- = GdL3- 22.95 pot. 25.0 0.2 NaNO3 107
Gd3++HyL4-=GdHpL-  17.26 pot. 25.0 0.2 NaNO3 107
1-oxa-4,7,10-triazacyclododecane-N,N’ N”’-triacetic acid HOOC T\ COOH
N-ac3[12]ane N3O N v
H3L Cc21 |: O]
Hooe—" \_/
Reaction logk method T (°C) medium ref.
(mol dm-3)
L3-+H*=LH2- 11.24 pot. 25.0 0.1 KCl 108
LH2- + Ht=LHyp" 7.76 pot. 25.0 0.1KCl 108
LHp-+H* =LH3 4.00 pot. 25.0 0.1 KCl 108
LH3 + H* = LHg4t 2.59 pot. 25.0 0.1KCl 108
Gd3* +L3-=GdL 21.6 pot. 25.0 0.1KCl 108
GdL + Ht =GdHL* 1.45 pot. 25.0 0.1 KCl 108

GdL + OH- = GdLOH- 3.43 pot. 25.0 0.1KCl1 108
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Table 3 (Continued)

1,7-dioxa-4,10,13-triazacyclopentadecane-N,N’,N’’-triacetic

HOOC H
acid ﬂN/—\ N/—COO
N-ac3[15]ane N3O ( 3

C22 Q 0

H3L

HOOC
Reaction logk method T (°C) medium ref.

(mol dm-3)

L3-+H*=LH2- 9.55 pot. 25.0 0.1KCl 108
LH2- + H* =LHy" 8.92 pot. 25.0 0.1 KCl 108
LHy- + H* =LH3 4.51 pot. 25.0 0.1 KCl 108
LH3 + Ht =LH4* 1.59 pot. 25.0 0.1KCl 108
Gd3*++L3-=GdL 17.23 pot. 25.0 0.1KCl 108
GdL + H* =GdHL* 2.32 pot. 25.0 0.1 KCl 108
GdL + OH- = GdLOH- 10.79 pot. 25.0 0.1KCl 108
;ﬁg-trioxa-{10,16-triazacycloctadecane-N,N’,N"-triacetic HOOG—, /\ O/\ —coon

N
N-ac3[18]ane N303 (

o

0

H3L C23 \\/)N -

HooC”
Reaction LogK method T (°C) medium Ref.

(mol dm-3)

L3-+H*=LH2- 9.57 pot. 25.0 0.1 KCl 108
LH2- + Ht =LHp- 8.15 pot. 25.0 0.1KCl 108
LHy- +H*=LH3 7.67 pot. 25.0 0.1KCl 108
LHj + H* =LHgt 2.05 pot. 25.0 0.1 KCl 108
LHy4* + H* = LH52+ 1.07 pot. 25.0 0.1KCl 108

Gd3*++13-=GdL 18.02 pot. 25.0 0.1KCl 108
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Table 3 (Continued)

1,7-dioxa-4,10,13-triazacyclopentadecane-4,10,13-

HOOC COOH
tripropionic acid ~ Ve NVand
N-pr3[15]ane N3O ( N N3
H3L C24 o o]

o/
COOH
Reaction LogK method T (°C) medium ref.
(mol dm-3)
L3-+Ht=LH2- 8.16 pot. 25.0 0.1 NaClO4 111
LHZ2- + Ht = LHp- 7.14 pot. 25.0 0.1 NaClOg4 111
LHy- + H* = LH3 4.79 pot. 25.0 0.1 NaClO4 111
Gd3t +L3-=GdL 11.23 pot. 25.0 0.1 NaClO4 111

1,7-diaza-4,10,13-trioxacyclopentadecane-N,N’-diacetic

VRN
acid o 0,
dacda ( 3
HpL ' C25 AN N
HoOC \\/ o] “—coon

Reaction Logk method T (°C) medium ref.

(mol dm-3)
L2-+Ht=LH- 9.02 pot. 25.0 0.1 NMe4Cl 110
LH-+H* =LH) 8.79 pot. 25.0 0.1 NMe4Cl 110
LHp + H* =LH3* 2.95 pot. 25.0 0.1 NMe4Cl 110
Gd3* + L3-=GdL 11.66 pot. 25.0 0.1 NMe4Cl 110
1,10-diaza-4,7,13,16-tetraoxacyclooctadecane- COOH

N,N’-diacetic acid

dacda, K22DA /\ N/\
(o]

HoL C26 ( ‘5
o 0
HOOC

Reaction LogK method T (°C) medium ref.

(mol dm-3)
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Table 3 (Continued)

L2-+H*=LH- 8.45 pot. 25.0 0.1 NMegCl 109
LH-+H*=LH) 7.80 pot. 25.0 0.1 NMegCl 109
LHy + Ht =LH3*t 2.90 pot. 25.0 0.1 NMe4Cl 109
Gd3++13-=GdL 11.93 pot. 25.0 0.1 NMeqCl 109

1,10-diaza-4,7,13,16-tetraoxacyclooctadecane-
N,N’-di-B-propionic acid

l
K22DpP N

HoL C27 ( j

(0]

CH,CH,COOH

o
Lo

~J

CH2CH,COOH
Reaction LogK Method T (°C) medium ref.

(mol dm-3)

L2-+H*=LH- 8.97 pot. 25.0 0.1 NMegCl 115
LH-+H*=LHj 8.16 pot. 25.0 0.1 NMeyCl 115
Gd3++1L3-=GdL 7.02 pot. 25.0 0.1 NMe4Cl 115
1,10-diaza-4,7,13,16-tetraoxacyclooctadecane-N-acetic acid COOH
K22MA /\ N

C
HoL 28 (O O)

Reaction logk method T (°C) medium ref.
(mol dm'3)
L2-+H*=LH- 8.80 pot. 25.0 0.1 NMegCl 115
LH-+H*=LH, 7.26 pot. 25.0 0.1 NMeqCl 115
Gd3t+13-=GdL 7.29 pot. 25.0 0.1 NMegCl 115

# Values in parenthesis are standard deviations in the last significant figures.

® Method abbreviation are pot. (potentiomeric), sp. (spectrophotometric), ca. (calorimetric), kin.
(kinetic), ion exc. (ion exchange), distr. (electrophoretic). Log K values with standard devition in
parentheses refer to equilibrium constants not previously reported [116,132]
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equilibrium constants on the enthalpy values is exponential:
d(R log K)/d(1/T)= — AH®

and
log K= — AH*®/2.303RT + const

Therefore, the temperature range explored should be as wide as possible and the
equilibrium constants have to be of great accuracy. However, the temperature range
of study is limited by the experimental conditions, such as solvent boiling and
freezing point, etc. and the assumed constancy of AH® with temperature is less
likely to occur the larger the temperature range used. Thus, the dependence of AC,
with temperature should be known to correct the enthalpy for its temperature
variation, 6(AH®)/6T = AC,,.

In conclusion, the direct method is, by far, much more accurate provided that
adequate instrumentation (calorimeter) is used.

4. General information regarding Gd(III)

The development of the coordination chemistry of the lanthanides (Ln) dates
back to about 1950, when the first studies involving the Ln(IIl) ions in solution
were performed for analytical and separation purposes [133-135], but only by the
end of the 1970s did Gd(IIT) become the subject of specific coordination studies,
since it was recognized of practical use in MRI investigations [1,4].

Gadolinium is the seventh element of the lanthanide series. The most stable state
of lanthanides in their complexes is the Ln(IIl) ion in which all outer electrons
reside in the 4f orbitals. Hence, Gd(III) has a 4f7 configuration corresponding to an
88, electronic ground state, all 4f orbitals being singly occupied. Accordingly the
Gd(III) ion is colorless and displays a high magnetic moment.

Because of the large number of unpaired electrons, in addition to its especially
long electron relaxation time, Gd(IIT) became of great interest as a contrast medium
for MRI.

An important characteristic of lanthanides is the occurrence of the so-called
lanthanide contraction, a steady decrease in atomic and ionic size with increasing
atomic number. A principal cause of such contraction is the electronic effect of
increasing nuclear charge imperfectly screened by 4f electrons. As a consequence of
this size contraction the charge density of the Ln(III) ions increases along the series
affecting their chemical properties which undergo a gradual change. Nevertheless,
this trend is not completely smooth, and there is considerable evidence of disconti-
nuity in various properties around Gd(III). For instance the stability of many
Ln(IIT) complexes increases, along the series, with decreasing ion size (increasing
charge density), but the trend is reversed, or discontinuous, at Gd(III). To explain
such a ‘gadolinium break’ the existence of a small LFSE associated with partially
occupied 4f orbitals (no stabilizing contributions are expected for high spin {7 ions)
has been suggested, although a change in coordination number from nine to eight,
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N

tricapped trigonal prism capped square antiprism

&

Fig. 1. Coordination environments of Gd(III) in the hydrated ions [Gd(H,O)g** [138] and
[Gd(H,0),**+ [139].

determined by the ion size contraction and occurring at Gd(III), may also be a
major cause of this phenomenon.

Accordingly, there is a general opinion that the number n of water molecules
directly bound to the metal in the solvated [Ln(H,0),]** ion changes with ion size,
being nine for the lighter lanthanides and eight for the heavier ones. There is also
evidence of the fact that n» may vary with ionic strength, increasing with increasing
Gd(IIT) concentration [136,137].

Salts containing both [Gd(H,O)]?* and [Gd(H,O),]* * have been isolated and
characterized by X-ray analysis [138,139]. Fig. 1 displays the structure of these
hydrated ions as observed in the 4,4'-bipyridyl clathrate of [Gd(H,0)s]Cl; [138] and
in [Gd(H,0),](C,HsSO,); [139]. The coordination polyhedron of the octaaqua-
gadolinium(III) cation is a dodecahedron (Fig. 1(a)), while that of the enneaaqua-
gadolinium(III) cation is a tricapped trigonal prism (Fig. 1(b)).

Enneacoordination is the most typical coordination environment of Gd(III)
complexes. Based on a repulsive model (VSEPR), the tricapped trigonal prismatic
geometry (Fig. 2) generates the most stable stereochemistry for coordination
number nine, the capped square antiprismatic geometry (Fig. 2) being slightly less
stable [140]. Both coordination geometries are frequently recognized in the crystal
structures determined for Gd(III) complexes, although irregular polyhedra are also
commonly found, especially when different ligands, or ligands with steric con-

Fig. 2. Coordination polyhedrons in tricapped trigonal prismatic (left) and capped square antiprismatic
(right) geometries.
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straints, participate in the complex formation. There is some tendency to rationalize
these irregular polyhedra in terms of semiregular polyhedra, although unequivocal
descriptions of similar coordination environments cannot be made. Thus an enna-
coordinated complex may be described well both as distorted tricapped prismatic
and as distorted capped square antiprismatic. In such cases the assignment of
coordination geometry must be critically evaluated.

5. Acyclic ligands

Equilibrium data (log K, AH® and TAS°) for Gd(III) complexation by acyclic
polyamino-polycarboxylic ligands are listed in Table 2.

In spite of some discrepancy in the values of the stability constants reported
[13—-15] for the 1:1 Gd(III) complexes with glycine (L1), log K =3.3-4.0 seems to
be acceptable for complexation reactions studied in solution with 0.1 mol dm 3
ionic strength (/) at 25-35°C. Such values, when compared with the stability
constants reported for the 1:1 complexes of Gd(I1I) with ammonia [31] and acetate
[8—12], are clearly indicative of the chelating nature of glycine. The equilibrium
constant for the formation the [Gd(L1),]" complex was also reported (log K = 6.5
for Gd*+ + 2L1~ = [Gd(L1),]*, I =0.1 mol dm —3, 25°C) [15]. The reduced differ-
ence between the equilibrium constants for the binding of the first and the second
ligand molecules is consistent with the high number of coordinative positions
available on the metal ion.

Replacement of an amine hydrogen of glycine by a CH,—~COOH group, leads to
the iminodiacetic acid (L2), whose fully deprotonated form behaves as a tridentate
ligand. The presence of an additional carboxylate binding group in L2 is reflected
by a stability increment for the 1:1 complex of about 3 log units [16—18] with
respect to L1. The stability constants of the 1:2 of L2 complex were also deter-
mined. As previously observed for glycine, also the equilibrium constants for
binding of the second ligand of L2 is considerably high, compared with binding of
the first one, in agreement with numerous ligand coordination sites. Potentiometric
measurements performed in very alkaline solution with ligand to metal molar ratios
up to 10 furnished some evidence of the existence of complexes containing more
than two ligand molecules per metal ion, but the errors inherent in measurements
performed under these conditions were such that no satisfactory stability constants
could be obtained [17]. Hence, the existence of such complexes could not be
confirmed nor excluded.

Functionalization of the amine group of L2 has been carried out by insertion of
CH,, CH,—CH,-OH, CH,—CH,—O-CH,, CH,-benzene and CH,—(o-phenol) groups
leading to the L3—-L7 ligands, respectively. All these ligands in their fully deproto-
nated forms bind Gd(I11) forming stable complexes with 1:1 and 1:2 stoichiometry.
The stability constants reported for the 1:1 complexes [19-22,25,26,32] indicate
important modifications of the ligand binding properties brought about by the
different substituents. Actually, while the insertion of methyl and benzyl groups
(L3, L6) does not significantly affect the complex stability, stability increases of
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about 1, 2, and 6.5log K units were found for L5 (CH,-CH,-O-CH,), L4
(CH,~CH,-OH), and L7 (CH,—(o-phenol)), respectively, indicating very good
coordination properties of phenolate oxygens towards Gd(III), a lower, although
appreciable, binding ability of alcoholic oxygens, and modest coordination proper-
ties of ethereal ones. Evidently coordination of the L7 ligand to the metal ion is
favored by the presence of an additional negative charge produced by deprotona-
tion of the phenol group.

The 1:2 complexes of these ligands also display considerable stability, both in an
absolute sense and relative to the 1:1 species, the stability trend observed for the 1:1
complexes (L3 =~ L6 < L5 < L4 « L7) being maintained for the 1:2 ones.

These observations suggested that even in the case of the ligand L7, containing
a bulky CH,—(o-phenol) group, no steric hindrance occurs between the two ligands
in the 1:2 complex, in spite of the fact that eight coordination sites are occupied by
the ligand molecules on the metal ion [25].

L7 also forms monoprotonated 1:1 and diprotonated 1:2 complexes in which the
phenol groups are protonated. Comparative analysis of the equilibrium constants
for the formation of L7 and L2 complexes with all lanthanide ions from Y(III) to
Lu(III) suggested that L7 is likely to behave as a tridentate ligand, the protonated
phenol group not being involved in the coordination [25]. The second stepwise
stability constant of the diprotonated 1:2 complex (K =[Gd(HL);]//GdHL*
JIHL? ) is higher by 0.59 log K units than the first constant. This situation is very
unusual, since the second stepwise stability constant does not generally exceed the
first one, and it is not observed for any other complex of L7 with metal ions
different from lanthanides. This peculiarity was ascribed to hydrogen bonding
between the free phenol group of each ligand molecule and the other ligand
molecule in the 1:2 complex.

Substitution of the amine hydrogen of the iminodiacetic acid L2 by a
CH,—COOH group generates the nitrilotriacetic acid L8, characterized by a sym-
metrical tripod structure containing four potential donor groups. L8 forms Gd(III)
complexes with both 1:1 and 1:2 stoichiometry. The equilibrium constants for the
formation of these complexes [27-31,116] are significantly higher than those found
for the analogous complexes of L2, in accordance with the involvement of all four
donor groups in the coordination to the metal ion.

The enthalpy change for the formation of the 1:1 complex was first estimated by
following the dependence of the stability constant with temperature [27]. In spite of
the fact that no significant variations of the log K value were found, within the
presumed experimental errors, at the various temperatures considered in the range
15-40°C, no unequivocal trend in log K values was observed; a AH® value of 4.3
kJ mol ~! was calculated and reported. The enthalpy change for the same complex-
ation reaction was later measured by means of a microcalorimetric technique which
furnished a reliable value of —3.9 kJ mol~! [28]. The small, but favorable,
enthalpic contribution indicates that the stability of the 1:1 complex of Gd(III) with
L8 is mostly determined by the largely favorable entropic term (7AS°=159.5 kJ
mol ~!), which can be ascribed to the strong desolvation produced by the charge
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neutralization accompanying the complexation reaction. No microcalorimetric en-
thalpy changes for the formation of the 1:2 complex are available.

Several derivatives of nitrilotriacetic acid (L9-L14) were considered for Gd(III)
complexation in solution [24,32,33]. These ligands do not contain additional donor
groups and hence, similarly to L8, they are expected to behave at most as tetradentate
ligands. Stability constants for both 1:1 and 1:2 complexes were reported for
L10-L12 and L14. In the case of the benzyl derivative L9 only the equilibrium
constant for the addition of one ligand molecule to the 1:1 complex was reported [32].
Only the stability constant of the 1:1 complex was reported for L13, although
electrophoretic measurements also revealed the formation of the 1:2 complex [24].
The coordination properties of these molecules [24,32,33] are very similar to that of
the parent ligand L8, apart from the modest increase of complex stability found for
the methyl derivative L10 and the stability decrease reported for the complexes of
L14 containing a 2-propyl substituent [33]. For all these ligands the equilibrium data
for the formation of the 1:1 and 1:2 Gd(III) complexes are consistent with the
involvement of all donor atoms in the coordination to the metal ion.

As far as complexes of the previous tripod L8—L14 ligands with the whole series
of lanthanide(III) ions are concerned [24,27-33], it is noted that the difference
between the first and the second stepwise stability constants for the formation of 1:1
and 1:2 species is rather small and remains nearly constant across the series, as
expected for complexes in which there are no particular steric effects as the size of
the metal ion decreases. In other words, two such ligand molecules do not suffer
significant steric hindrance in the 1:2 complexes of lanthanide, including Gd(III).

A similar consideration was also reported for the ligand L15 which can be
considered another L8 derivative, ideally obtained by removing a hydrogen atom of
each of two methylene groups of L8 and incorporating these two groups into a
piperidine ring [34]. L15 form 1:1 and 1:2 Gd(III) complexes of slightly lower
stability than L8. Examination of molecular models of these two ligands indicated
that L15 should be more suited for coordination to the metal ion and, hence, the
lower stability was ascribed to the lower basicity of the nitrogen donor atoms of
L15 [34].

Another aminotricarboxylic ligand (L16) not having a tripod structure was
considered for Gd(II) complexation [23]. The 1:1 complex (the only complex
reported) displayed reduced stability with respect to those of nitrilotriacetic acid L8
and all its tripod-like derivatives.

A large number of aminocarboxylic ligands used for Gd(III) complexation are
based on the ethylendiamine structure. In .17 an acetic residue has been inserted
on each amine nitrogen of ethylenediamine, giving rise to a diaminodiacetic ligand
able to bind the metal ion via the formation of three five-membered chelate rings.
Complexes with both 1:1 and 1:2 metal to ligand stoichiometry were found [88].
The stability of both species is intermediate with respect to the analogous com-
plexes formed by the monoaminodiacetic ligand L2 and the monoaminotriacetic
ligand L8, indicating that the formation of a five-membered N-Gd-N chelate ring
contributes to a lower extent than five-membered N-Gd-O(carboxylate) chelate
rings to the stability of the Gd(III) complexes.
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The enthalpy changes, and the derived entropies, for the formation of both 1:1
and 1:2 L17 complexes were microcalorimetrically determined on the basis of
equilibrium constants extrapolated at 1.0 mol dm ~? ionic strength [89] from values
obtained at 0.1 mol dm ~3 [88]. The complexation reactions are favored by both
enthalpic and entropic contributions, the latter being predominant in accordance
with the large desolvation determined by the charge neutralization occurring upon
metal ion interaction with the negatively charged ligand. The greater charge
neutralization occurring in the first complexation stage determines a larger entropic
contribution. On the other hand, since desolvation is an endothermic process, the
enthalpy change for the formation of the 1:1 complex is lower than that found for
the 1:2 species.

Three derivatives of ethylenediamine containing three acetic substituents and one
methyl (L18), or benzyl (L19) or hydroxyethyl (L20) group, respectively, were
studied for analytical assay of lanthanides and for their separation by ion exchange
[28,44-46,60,61,66]. These ligands have been found to only form 1:1 complexes
with lanthanide(I11) ions including Gd(I1I). The stability constants for such Gd(I11)
complexes indicate a similar binding ability of the pentadentate ligands L18 [60,61]
and L19 [66,116], while L20 bearing an additional alcoholic oxygen donor atoms
displays a larger propensity to bind this metal ion [28,44—46]. Since pentadentate
chelation of lanthanide(I1I) ions by L18 was assessed by 'H-NMR measurements
[90], the larger stability of the Gd(III) complex with L20 can be ascribed to the
involvement of the alcoholic oxygen in the coordination. The hexadentate coordina-
tion of L.20 is supported by the more favorable enthalpy change measured for the
Gd(III) complex of this ligand [28] with respect to the L18 complex [61]. Both
enthalpic and entropic contributions are favorable to the formation of these
complexes the entropic one being largely dominant.

It is noteworthy that the stability constants for the formation of the Gd(III)
complexes with L18 and L19 are only 1-1.5 log units higher than the stability
constants reported for the 1:1 complex with the nitrilotriacetic acid L8 which
contains only one amine group. This observation suggests that the stability of such
complexes is principally determined by the number of carboxylate groups, the
amine groups furnishing a minor contribution.

On the contrary, a significant stability enhancement (Alog K =4.37; 25°C, I =0.1
mol dm ~3, stability constants potentiometrically determined) is observed when the
Gd(III) complex of L18 [60] is compared with the complex of EDTA (L21) [116]
which contains an additional acetate group. Such stability enhancement has been
interpreted as proof of the hexadentate chelation of Gd(III) by EDTA in solution.
This coordination behavior of L21 has been confirmed in the solid state by the
crystal structure of the Na[Gd(L21)(H,O);] compound containing the
[Gd(L21)(H,0);]~ complex anion in which the Gd(III) ion displays a coordination
number nine, being coordinated to two nitrogen and four oxygen atoms of L21 and
three oxygen atoms of water molecules [117] (Fig. 3). It seems reasonable that such
a structure is retained in solution. Hence, complexation of Gd(III) in aqueous
solution by L21 is expected to occur through the replacement of six water molecules
in the aqua ion [Gd(H,O),]* * by six donor atoms of the ligands. A similar reaction
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Fig. 3

Fig. 5

Fig. 3. Crystal structure of [Gd(L21)(H,0);]~ (L21 = EDTA) [117]. Gd, yellow; N, blue; O, red; C gray.
Fig. 4. Crystal structure of [Gd(L55)H,O0? ~ (L55 = DTPA) [93]. Gd, yellow; N, blue; O, red; C gray.
Fig. 5. Crystal structure of [Gd(L56)H,0]* ~ (L56 = BOPTPA) [83]. Gd, yellow; N, blue; O, red; C gray.
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is accompanied by an important desolvation of the reacting species due both to the
release of six water molecules from the first solvation sphere of the metal ion and
the general mobilization of solvent molecules determined by the charge neutraliza-
tion accompanying complex formation. Accordingly complexation of Gd(III) by
L21 is promoted by a largely favorable entropic contribution, the enthalpic one also
being favorable although of minor importance [28].

The stability constant of the Gd(III) complex with L21 has been determined in
numerous studies by means of different methods under different experimental
conditions, the log K values obtained vary in the range 16.28—17.7 [28,35-42].

EDTA (L21) has proven particularly useful for metal ion coordination, and a
large number of ligand modifications have been developed in attempts to enhance
its binding ability. According to the aim of this review, we will consider here only
those L21 derivatives that have been employed for Gd(III) complexation
[28,35,43,47,48,50-59,62—-65,68—-73,77-80,116]. Hence, three kinds of modifica-
tions will be considered: (i) insertion of substituents on the ethylenic chain
connecting the two nitrogen atoms (L22-134); (ii) insertion of substituents on the
carbon atoms connecting the carboxylate groups to the nitrogen atoms (L35-L38);
and (iii) elongation of the chain connecting the two nitrogen atoms (L39-L48). In
(i) and (ii) the modifications considered do not change the set of donor atoms of
L21, while modifications of type (iii) involve, in some cases, the use of ethereal
oxygen atoms, which may act as donors, to elongate the chain. The insertion of
amine and/or carboxylate groups will not be considered modifications of EDTA
(L21), even when the structural features of EDTA can be recognized after the
modification, since such insertions give rise to different polyamino-polycarboxylic
ligands.

Polarographic measurements performed at 20°C revealed that mono-substitution
of type (i), performed by insertion of —-(CH,),CH; (n=0-3, 5; L22-1.26) or
—(CH,),,CH(CH,;), (m =0, 1; L27, L28) groups enhances the coordinating ability of
the ligand, the stability increase being almost independent of the substituent
structure, as shown by the small difference in stability between the Gd(III)
complexes of 1.22-1.28 (log K = 18.21-18.56) [48,54—57]. An inductive effect of the
substituents and preorientation of donor atoms determined by the groups inserted
has been invoked to account for the stability enhancement observed.

In contrast a similar ligand functionalization obtained by insertion of a phenyl
group (L29) does not produce a significant modification of the ligand binding
properties toward Gd(IIT) [62]. Similar results were observed for the ligand L30
containing two methyl groups on the same carbon atom of the ethylenic chain [53].

Interesting results were obtained by functionalization of both carbon atoms of
the ethylenic chain connecting the two amine groups in the EDTA structure, by
using methyl and phenyl substituents. Such functionalization gave rise to meso and
DL isomers of L31 (2,3-diaminobutane-N,N,N',N'-tetraacetic acid) and L32 (1,2-
diphenylethylenediamine-N,N,N',N'-tetraacetic acid) which display very different
coordination properties. While meso-L31 does not show significant modification of
the binding ability (log K= 16.51-17.03; 20°C, I = 0.1 mol dm ~?) with respect to
EDTA, the Gd(IIT) complex of DL-L31 exhibits an apparent increase in stability
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(log K =18.64-18.84; 20°C, I=0.1 mol dm—3) [58,59]. An even more evident
stability enhancement was found for the Gd(I1I) complex of DL-L32 (log K = 20.29;
25°C, I=0.1 mol dm—?) [116], in contrast to the large stability loss observed for
the meso-L32 complex (log K= 11.66; 20°C, I=0.1 mol dm ~3 [47]. The different
behavior of the meso and DL isomers was accounted for, in the case of L31, by
considering the conformational strain imposed by the proximity of the two adjacent
methyl groups in the chelated ethylenediamine moiety of the meso complex [59].
The same argument can be applied to 132, since a greater conformational strain,
and a consequent stability loss, is expected to occur in the complex of meso-L32,
owing to the presence of the bulkier phenyl groups. On the other hand the greater
stability of the DL-L32 complex seems to be determined by a greater ligand
preorganization.

Actually L21 does not contain the donor atoms in the most appropriate
orientation for complexation, since the two N(CH,COOH), groups can freely
rotate around the central ethylenic chain. A better preorientation of the set of
donor atoms in EDTA (L21) was achieved by incorporating the ethylenic chain of
EDTA in a cyclohexane ring, obtaining the trans-1,2-diaminocyclohexane-
N,N,N’,N’-tetraacetic acid (L33), in which the cyclohexane ring forces the
N(CH,COOH), groups to maintain an appropriate arrangement for coordination.
Successfully, L33 displays enhanced coordinating ability, the stability constant of its
Gd(I1T) complexes being higher, by more than one order of magnitude, than those
of the L21 complex [28,35,50—52].

The enthalpy change for complexation of Gd(III) by L33 was estimated by
determining the complex stability constants at three different temperatures in the
range 20-39.9°C [50]. The thermodynamic parameters obtained indicate that the
formation of this complex is determined by a very large entropic contribution
(TAS° =131 kJ mol ~!) the enthalpic one being unfavorable (AH° = 24 kJ mol ~ ).
While a more favorable entropic contribution is expected for L33 in the formation
of the GA(ITT) complex with respect to L21 (TAS° =70 kJ mol —! [28]) due to the
greater preorganization of the former ligand for coordination, an enthalpy loss of
about 47 kJ mol ! is rather surprising considering the strict analogy with L21
(AH®° = —22.9 kJ mol ~'[28]). Such a difference in the enthalpic contribution, not
commented on by the authors [28], must be critically evaluated considering that
thermodynamic data for L21 were microcalorimetrically measured while those for
L33 derive from the determination of equilibrium constants at only three, very close
temperatures (see Section 4).

Another EDTA derivative (L.34), very similar to L33, but containing a cyclopen-
tane ring instead of the cyclohexane one, was considered for Gd(IIT) complexation.
The unique stability constant reported for the L34 complex demonstrates that, also
in this case, the greater preorganization of the ligand imposed by the structural
modifications made to EDTA gives rise to a significant increase (by about one log K
unit) of complex stability [63].

Modifications of type (ii) were made in order to study the effect of alkyl
substituents, in the position o to the carboxylate groups of EDTA (L21), on the
coordination properties of this ligand [64,65]. For this purpose both n-alkyl
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(L35-L37) and iso-alkyl (L38) substituents were considered. Equilibrium data
obtained at 20°C, I = 0.1 mol dm ~3, indicate that, while the presence of two methyl
groups (L35) does not significantly modify the stability constants of the Gd(III)
complex (log K=17.0) with respect to that of L21, although a modest stability
decrease can be recognized [65], a moderate to marked stability loss is found when
two ethyl or n-propyl (L36, L37; log K=16.48, 16.60) or two iso-propyl sub-
stituents (L38; log K = 13.47) are considered [64]. This is due to the steric hindrance
for chelation brought about by such substituents.

Regarding the type (iii) EDTA (L21) modifications, first of all let us consider the
simple elongation of the N(CH,),, N chain connecting the two nitrogen atoms (n = 2
for EDTA), achieved by increasing the number of methylene groups. Ligands L39,
L42-1.44 (n=3-6) were considered for Gd(III) complexation in solution
[43,68,69,72,73]. In spite of the rather different experimental conditions employed in
the determination of the thermodynamic parameters for Gd(IIT) complexation with
such ligands and EDTA, some interesting features can be identified. First of all the
complex stability undergoes marked decreases of about 3.5log units on passing
from EDTA (n =2) to L39 (n = 3) and from L39 to L42 (n = 4), while considerably
smaller variations are observed for the longer ligands L43 (n =5) and L44 (n = 6).
Secondly, the complexes with the longer ligands (n=4-6) display a marked
tendency to undergo protonation, while similar behavior is not observed for EDTA
and L3, the equilibrium constants for proton binding being typical of amine groups.
Finally, the formation of 1:1 complexes with .39 and L42 are promoted by largely
favorable entropic contributions, the enthalpic ones being unfavorable. The stabil-
ity loss observed with increasing separation of the two amine groups is clear
evidence of the fact that six- and seven-membered chelate rings are increasingly less
suitable than five-membered ones for fitting the coordination sphere of a metal ion,
such as Gd(III), which forms complexes with high coordination numbers. Com-
monly, large chelate rings reduce the interaction of the amine groups with the metal
ion favoring the cleavage of the coordinative N-Gd(III) bonds and the formation
of protonated complexes. On the other hand, the insertion of additional methylene
groups is less effective for large than for small chelate rings, representing, in
proportion, a smaller structural modification for larger chelate rings. The weaken-
ing of the metal to ligand interaction, observed upon increasing the length of the
N(CH,),,N chain, is consistent with the observed loss of complexation enthalpy, the
reactions of Gd(III) with L39 (n = 3) and L42 (n = 4) being endothermic in contrast
with the exothermic reaction of EDTA (n =2). On the other hand, a weaker metal
to ligand interaction determines a smaller entropy loss by the ligand in the
complexation reaction, the desolvation processes becoming of greater importance in
determining a favorable entropic contribution.

Functionalization of the propylenic chain in L39 by inserting two methyl groups
(L40) further reduces the stability of the Gd(III) complex [70], while the introduc-
tion of an alcoholic group (L41) does not modify the coordinating ability of the
ligand towards this metal ion [71]. Although L41 could act as heptadentate ligand,
it seems [71] that its backbone is not sufficiently flexible for this to happen with
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Gd(I11). Enhancement of stability, and heptacoordination, is otherwise expected for
the complex of L41 in very alkaline solution where the hydroxyl proton is released
[71], but no equilibrium data are available in this respect.

A marked stability enhancement of the Gd(III) complex is otherwise observed
when the central CH, group of the N(CH,)sN chain in L43 is replaced by an oxygen
atoms leading to L45 [78,79]. The L45 complex is even more stable than the
corresponding EDTA complex. The greater stability is ascribable to the involvement
of the ethereal oxygen in the coordination to the metal ion, which gives rise to the
formation of an additional five-membered chelate ring with respect to EDTA. The
higher stability of five-membered chelate rings with respect to larger ones can be
further noted by considering the ligands L46, in which a CH,—~COOH function of
L45 is replaced by a longer (CH,),COOH arm, and L47, containing two propylenic
chains instead of ethylenic ones. In spite of the moderately different experimental
conditions employed for the determination of the stability constants of the Gd(III)
complex with L46 [80], an apparent loss of stability is observed when this complex,
containing one six-membered chelate ring, is compared with the L45 complex, and
a further stability decrease is found for L47, whose complex contains two six-mem-
bered chelate rings [77]. Evidently the increment of ligational ability of donor atoms,
expected as a consequence of the inductive effect due to the additional methylenic
groups, is largely overcome by the chelate ring effect. Also in these cases the
weakening of the metal—ligand interaction facilitates the formation of protonated
species [77,80].

Further extension of the chain connecting the two amine groups in L45 by
inserting a (CH,),O moiety generates L48, in which eight potential donor groups
might form seven five-membered chelate rings. In spite of the possibility to form an
additional five-membered chelate ring, the Gd(III) complex of L48 displays a lower
stability, by about one log K unit, than that with L45 [78]. The origin of this stability
loss was not elucidated. It seems reasonable, however, that when the number of
donor atoms in a ligand is close to the maximum coordination number of the metal
ion, in particular for high coordination numbers, the ligand must be accurately
tailored to achieve a proper fit of the metal coordination sites. 148, which is not the
product of a specific molecular design, might have a less adequate structure than L45
for coordination to Gd(III). Nevertheless, in the absence of structural information
it is not possible to obtain conclusive opinions in this respect.

Another group of ligands (L49-L53) employed for Gd(IIT) complexation [74—76]
derives ideally from diethylenetriamine (H,N(CH,),NH(CH,),NH,). All these lig-
ands contain four acetate residues on the terminal amine groups, while the central
nitrogen bears different substituents (L49, ethyl; L50, n-octyl; L51, phenyl; L52,
benzyl; L53, hydroxyethyl) and potentially can form only five-membered chelate
rings. The stability constant reported for the Gd(IIT) complex with L49 (log K =
17.79; 25°C, I = 0.1 mol dm ~?) is very similar to the stability constant of the EDTA
complex. This is evidence of the fact that the presence of further amine groups,
leading to the formation of an additional five-membered chelate ring of ethylenedi-
amine type, does not significantly contribute to complex stability. On the other
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hand, the nature of the central substituent affects the stability of the Gd(III)
complex. L49 forms the most stable complex among this group of ligands, the trend
of decreasing stability for the other complexes being ascribable [74—76] to different
inductive effects and steric hindrance of the central substituents. These two contri-
butions can be antagonistic in determining the complex stability, as in the case of
L50 for which the greater inductive effect of the octyl group is expected to enhance
the binding ability of the central amine group, with respect to L49 bearing an ethyl
group, but the bulky octyl residue hampers the ligand leading to a less stable
complex.

As already observed ligand rigidity is of major importance in determining the
binding ability of polyamino-polycarboxylic ligands, especially when the ligands
contain a large number of donor groups and a metal ion such as Gd(III), having
many coordination sites, is considered. As matter of fact, ligand rigidity may have
opposite effects on complex stability, since it furnishes a favorable contribution
when the ligand is well-preorganized to bind the metal ion, but an unfavorable one
when the ligand needs to rearrange its conformation for coordination. In the last
case, one or more donor atoms could be unable to coordinate.

The last effect seems to be at the origin of the loss of complex stability observed
when a carboxylic group is inserted in the ethylenic chain of EDTA to form L54
[67]. On the contrary L.54 might have been expected to form more stable complexes
than EDTA due to the presence of a further donor group. Nevertheless, the
additional donor group would determine, upon complexation, the formation of
interlaced, more strained chelate rings, increasing the energetic cost required for
ligand orientation. From an energetic point of view it might be less expensive not
to involve all the donor groups in complexation.

A ligand of great importance for the development of Gd(III) coordination
chemistry, has been the penta-acetic derivative of diethylenetriamine L55 (DTPA).
The Gd(IIT) complex of DTPA was the first contrast agent used for human MRI
study, and it has been the only contrast agent available for clinical diagnostics for
many years.

This ligand forms a very stable Gd(III) complex whose stability constant has
been determined by several authors under rather different experimental conditions
[18,28,36,81,82,116]. Log K values ranging from 22.2 to 23.1 were obtained by
means of potentiometric and spectrophotometric methods in 0.1 mol dm 3 solu-
tions of electrolytes containing both tetramethylammonium or K* ions at 20/25°C
[18,36,81,82,116]. A lower value (log K =20.73) was obtained at the same tempera-
ture in solutions containing 0.5 mol dm~—* NaClO,, in which extensive Na™
complexation takes place [28]. The equilibrium constants for complex protonation
taking place in very acidic solutions were reported in a single paper [81]. Also
evidence for the formation of complex species with 2:1 metal-ligand stoichiometry
was reported, but the relevant stability constants were not determined [82].

The large stability enhancement observed when the L55 complex is compared
with those of L49, a similar ligand also containing a diethylentriamine backbone
but having only four acetic groups, is strongly indicative of the involvement of all
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donor atoms in the coordination to Gd(III) via the formation of seven five-mem-
bered chelate rings. Such a coordination mode was observed in two crystal structures
containing [Gd(L55)H,OF ~ [93] and [Gd,(L55),]* ~ [118], respectively.

Both structures display similar coordination environments of the metal ion (Fig. 4)
constituted by three nitrogen and six oxygen atoms. The coordination geometry
could be described by either a highly distorted square antiprism, with one of the
square planes capped by the oxygen atom of the exogenic ligand, or by a distorted
tricapped trigonal prism. The second geometry, however, seems to better describe
the coordination environment of the metal ion. In [Gd(L55)H,O]>~ one oxygen
atom in the coordination polyhedron belongs to the coordinated water molecule,
while in the centrosymmetric [Gd,(L55),]*~ the corresponding position for each
Gd(III) ion is occupied by an oxygen atom of a bridging carboxylate group of the
adjacent complex unit. No evidence about the formation of a similar 2:2 complex
in solution has been so far reported, and hence it appears that the solid state
structure of the complex depends on the nature of the counter ions in the crystal
lattice [118]. In solution, independent of the counter ion, the complex is expected to
have a structure very similar to that shown by [Gd(L55)H,O)* ~ in the solid state,
in which a water molecule is directly bound to the nine-coordinated metal ion. This
water molecule, being in rapid exchange with the bulk solvent, allows an efficient
relaxation enhancement of solvent protons determining the effectiveness of this
complex as an MRI contrast agent.

The enthalpy change for the complexation reaction of Gd(III) with L55 was first
estimated (AH® = — 31 kJ mol ~') by determining the complex stability constant at
different temperatures with solutions containing 0.1 mol dm 2 KNO; [81] This
enthalpic contribution was later measured by means of a microcalorimetric method
in 0.5 mol dm ~3 NaClO, [28]. The result indicates that both favorable enthalpic
(AH®° = —47.5 kJ mol ~!) and entropic (TAS° =71 kJ mol —!) terms contribute to
the high stability of the complex. The entropic change furnishes the major contribu-
tion also revealing that in the case of LS55 desolvation plays a fundamental role in
the complexation of Gd(III).

The success encountered by the Gd(III) complex of L55 as a contrast agent for
MRI, stimulated the development of modifications of L55 in search of new ligands
with high tissue and/or organ specificity. For example, [Gd(L55)H,0]>~ does not
enter cells and is excreted almost exclusively by the kidney. In order to obtain a
contrast agent that would enter hepatocytes and which could be excreted in the bile,
several Gd(III) complexes with polyamino-polycarboxylic ligands carrying various
substituents were considered [91]. Among these compounds the Gd(III) complex
with L56 (BOPTA), containing a B-benzyloxy-a-propionic (CH,OCH,-benzene)
residue on a lateral arm, proved useful for the imaging of liver and myocardium in
animals [92] in addition to its effectiveness in all applications requiring extracellular
agents.

The equilibrium constant determined for the L56 complex (log K =22.58-22.61;
20/25°C, I=0.1/0.15 mol dm—3) [49,83,116] reveals that the insertion of the
CH,OCH,—-benzene substituent does not modify the binding ability toward Gd(III)
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of the parent L55 ligand. Thermodynamic parameters for the coordination of
Gd(I11) indicate that the similar stability of 156 and L55 complexes is determined
by a sort of enthalpic/entropic compensation, since the less favorable enthalpic
contribution measured for the L56 complex (AH® = — 21 kJ mol ~ ') is counterbal-
anced by a more favorable entropic term (TAS° = — 108 kJ mol ~') [49]. It seems
likely that such compensation is due to a larger desolvation occurring upon
formation of the LS56 complex, probably determined by the presence of the
lipophilic substituents, since, as suggested by the crystal structure of the
[Gd(L56)H,0)*~ complex (Fig. 5) [83], L56 and LS55 are expected to have very
similar binding features in their Gd(III) complexes. Actually the coordination
environment of Gd(III) in [Gd(L56)H,O]*>~ is quite similar to that observed in the
L55 complex (Fig. 4), in terms of ligand arrangement, bonding distances, and
coordination geometry [83]. Also in this case it seems that a tricapped trigonal
prismatic geometry fits the coordination environment of Gd(III) better than a
square capped antiprismatic one.

In order to increase the specificity of the L56 complex, L57, an L56 isomer in
which the lipophilic residue has been moved to the central nitrogen of DTPA (L55),
L58 and L59, containing two and three such lipophilic residues, respectively, were
tested for Gd(IIT) complexation [116]. The stability constants determined for the
complexes with L57-159 are quite similar to the constant obtained for the L56
complex. Nevertheless, although the specificity of these complexes increases with
increasing number of lipophilic residues, their toxicity exceeds clinical advantages.
Similar situations were found for other DTPA derivatives such as L60, L61, 162
and L63, containing -CH,—benzene— OCH,CH,, -CH,OCH,—cicloesane, O-(4-hy-
droxyphenyl)-3,5-diiodo-L-tyrosine, O-(4-hydroxyphenyl)-L-tyrosine residues, re-
spectively, in spite of the considerable stability displayed by their Gd(II1) complexes
[116].

L64 is a close analogue of L55; its structure is formally obtained by inserting a
methylenic (CH,) group in the central acetic arm of L55. As a consequence of such
ligand modification L64 can bind Gd(III) forming six five-membered and one
six-membered chelate rings, instead of the seven five-membered ones formed by
L55, manifesting a loss of complex stability of at least four log K units [85]. As
observed for previous ligands, the increment of binding ability of the central
carboxylate group, expected as a consequence of the greater inductive effect
determined by the additional methylenic group, is largely overcome by the chelate
rings effect.

In an attempt to enhance the coordination ability of L55 towards Gd(III), a
propionic acid residue was attached to the methylenic carbon of the central acetic
arm, leading to L65. In spite of the additional binding group, the Gd(III) complex
with this ligand displayed a lower stability, by about one log K unit [116], than the
analogous complex with the parent L55 ligand. On the contrary it could have been
expected that the formation of the additional six-membered chelate ring would
increase, although modestly, complex stability, but, as already found for other
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ligands, the formation of interlaced chelate rings seems to be responsible for the
lower binding ability.

Conversely, a remarkable enhancement of complex stability is achieved with the
ligand L66, constituted by six acetic pendent functionalities attached to a triene
(triethylenetetraamine) structure [86,87]. This ligand, which contains ten potential
donor groups arranged in manner to form nine five-membered chelate rings, is able
to fulfil the coordination environment of Gd(III) justifying the very high complex
stability. It is to be noted that Gd(III) complexation by this ligand is largely
promoted by the high negative charge (6-) of its fully deprotonated form, which
gives rise, on the other hand, to the formation of highly charged complexes
characterized by high osmolality. Such a characteristic seems to be responsible for
the rather high toxicity of the Gd(III) complex with L66, which prevented its
applicability as an MRI contrast agent [86].

In spite of the fact that only equilibrium data have been reported for the 1:1
complex with L66, the compound K,[Gd,(HL66),] - 14H,O was crystallized from
aqueous solution [119]. This product contains two monoprotonated ligand
molecules forming the binuclear complex [Gd,(HL66),]*~ in which each Gd(III)
ion is coordinated by three nitrogen atoms and four carboxylate oxygen atoms of
a ligand molecule and by two carboxylate oxygens from the other one, defining a
tricapped trigonal prism coordination polyhedron (Fig. 6) [119].

6. Cyclic ligands

The thermodynamic parameters determined for the formation of Gd(III) com-
plexes with macrocyclic polyaminopolycarboxylic ligands are listed in Table 3.

Most of these ligands are based on the cyclic structure of cyclen (1,4,7,10-te-
traazacyclododecane) [94-103,111-113,36,49,116]. The use of this building block
for the preparation of such ligands is justified by the fact that this cyclic moiety can
bind to metal ions forming five-membered chelate rings which, as already observed,
are of particular stability for complexes of metals with high coordination numbers
such as Gd(III).

Three ligands (C1, C2, C3) containing two, three, and four acetate groups
attached to the nitrogen atoms of cyclen have been of basal importance in the
development of a large number of Gd(III) chelators.

In C1 (DO2A) the two pendent carboxylate groups are located on opposite
nitrogen of the cyclen ring. The stability constant of the Gd(III) complex with this
ligand is surprisingly high (log K =19.1, 19.4; 25°C, I =0.1 [102]) if compared with
that of the analogous complex with EDTA (L21) (Table 2), which is lower by
about two log K units. Actually C1 employs four amine nitrogens and only two
carboxylate groups to bind the metal ion, while EDTA uses four carboxylate
groups and two nitrogen atoms. The greater binding ability of C1 can be ascribed
to the cyclic nature of the ligand backbone which induces a preorganized arrange-
ment of binding sites. Along with the high thermodynamic stability the Gd(III)
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complex with C1 displays considerable inertness in both formation and acid
catalyzed dissociation reactions [102], as commonly observed for polyamine macro-
cycles.

Insertion of a further acetate group on a C1 nitrogen gives rise to C2, commonly
known as DO3A. Although two rather different equilibrium constants for the
formation of the Gd(III) complex (log K=21.0 [36] and log K =22.02 [49,113])
were obtained, by different methods under equal experimental conditions, the
enhancement of binding ability brought about by the additional acetate groups
is apparent. The involvement of all donor groups of C2 in the coordination to
Gd(I1I) was confirmed in the solid state by the crystal structure of the
{{Gd(C2)]; - Na,CO,} - 17TH,0 compound containing three crystallographically in-
dependent [Gd(C2)] units displaying essentially the same structure and conforma-
tion [120]. Each enneacoordinated Gd(III) is bound to the four nitrogens and an
oxygen from each carboxylate arm of the ligand, as well as to two oxygens of the
carbonate anion acting as a tris-bidentated ligand (Fig. 7). The macrocyclic rings
adopt a C corner (square) [3333] conformation with carbon atoms at the corner
positions, the carboxylate groups pointing to the same side of the ring. In solution
it is expected that two water molecules replace the carbonate oxygens in the metal
ion coordination sphere.

As displayed by the crystal structure of C2-H,SO,, the metal-free ligand has
almost the same arrangement as that adopted in the Gd(III) complex [36]. Such
preorganization is primarily encouraged by the stability of the [3333] conformation
of the macrocycle which defines a rigid binding cavity with well defined size.

Most likely such characteristics of both free ligand and Gd(III) complex are
retained in solution. The rigidity and preorganization of the ligand justify the
formation of the very stable and kinetically inert metal complex.

Evidence of metal complex protonation was obtained by mixing [Gd(C2)] solu-
tion with H* solution allowing the determination of the relevant protonation
constant (log K=2.1) [141]. In such experiments rapid proton binding is followed
by a slow dissociation reaction of the complex and hence, from this experimental
evidence it is not possible to establish if the protonated complex is actually a
thermodynamically stable species or just an intermediate species formed in the acid
catalyzed dissociation of the complex. As a matter of fact, the formation of this
species was not observed in any experiment developed to perform the speciation of
the Gd(IIT)/C2 system at equilibrium, although on the base of the reported stability
constant such a protonated complex should have been present in most of the
sample solutions employed. Nevertheless, as presented later, different authors found
similar protonated species for Gd(III) complexes with analogous ligands.

DOTA (C3), the ligand containing an acetate group linked to each nitrogen atom
of cyclen, is probably the best known macrocyclic ligand used for Gd(I11) complex-
ation, and it is surely the macrocyclic ligand which up to now has been the subject
of the largest number of studies concerning the determination of equilibrium
constants for Gd(III) complexation [36,49,96—101,113]. As a matter of fact, the
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Fig. 7

Fig. 8

Fig. 6. Crystal structure of [Gd,(HL66),]* ~ (L66 = TTHA) [119]. Gd, yellow; N, blue; O, red; C gray.
Fig. 7. Crystal structure of {{Gd(C2)]5(CO;)}*>~ (C2=DO3A) [120]. Gd, yellow; N, blue; O, red; C

gray.
Fig. 8. Crystal structure of [Gd(C3)H,O]~ (C3 =DOTA) [121]. Gd, yellow; N, blue; O, red; C gray.
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Gd(III) complex of DOTA has been one of the first contrast agents (DOTAREM)
used in diagnostic MRI. Notwithstanding that, the values reported for the equi-
librium constant for the formation of the Gd(III) complex with DOTA span a
considerable range (log K= 22.1-28.0) only part justified by the different methods
and experimental conditions employed. Nevertheless, if the values determined in
solutions with 0.1 mol dm ~ 3 ionic strength, in the absence of alkali metal ions, by
means of batchwise methods employing auxiliary (competitive) ligands at 25.0°C are
considered, a log K of 25.0 4+ 0.3 seems acceptable. This value compares well with
log K = 24.0 [98] determined in 0.1 mol dm —3* KCIl if K* complexation is taken into

account.
Such values indicate that an increment of complex stability of about three log K

units corresponds to the insertion of a fourth acetate group in the C2 structure.

As shown by the crystal structure of Na[Gd(C3)]- 5H,O the metal ion is linked
to the four nitrogen atoms of the cyclic ring and to an oxygen atom of each
carboxylate groups completing the enneacoordinated environment by a water
molecule which caps the square antiprismatic arrangement of the other eight
coordinated atoms (Fig. 8) [121]. Also in this case the macrocycle adopts a C corner
[3333] conformation with the carboxylate groups pointing to the same side of the
ring. Similarly to C2, C3 also displays well-suited conformation for Gd(III) binding.

Such a compact structure is likely maintained in solution, where the ligand is
expected to occupy eight coordination sites of the metal ion forming four N-Gd-N
and four N-Gd—O(carboxylate) five-membered chelate rings which confer very high
stability to the complex.

Several studies indicate the formation of the monoprotonated [Gd(HC3)] complex
in acidic solutions, but rather different equilibrium constants were obtained in spite
of the similarity of experimental conditions [96,98,141].

In order to confer additional rigidity, and possibly a greater preorganization to
C3, the ligand C4 containing an a-methyl group in each acetate arm, was considered.
In addition the inserted groups are expected to enhance the binding ability of
carboxylate groups by an inductive effect. Such modification, however, produces a
loss of complex stability of about one log K unit [116], suggesting that the principal
effect of the a-methyl groups is, presumably, a reduction of ligand preorganization
for Gd(IIT) complexation.

The secondary amine groups of C1 have been functionalized by insertion of
hydroxyethyl residues (CH,CH,OH) leading to C5, a ligand containing eight
potential binding groups. The stability constant of the Gd(III) complex with this
ligand (log K= 21.1) [102], which is about two log K units higher than that of the
corresponding C1 complex, suggests the involvement of the alcoholic oxygens in
metal ion coordination.

C2 has also been subjected to analogous functionalization by attachment of a
hydroxyethyl residue to the unique secondary nitrogen. The C6 ligand, obtained by
this way, displays at most a modest enhancement of complex stability (log K =22.3
[103]) with respect to C2.
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Fig. 9. Crystal structure of [Gd(C7)H,0] (C7 = HP-DO3A) [36]. Gd, yellow; N, blue; O, red; C gray.
Fig. 10. Crystal structure of [Gd,(C12),(H,0),] (C12 = DO3MA) [104]. Gd, yellow; N, blue; O, red; C
gray.

Fig. 11. Crystal structure of [Gd(C23)] (C23 = N-ac;[18]aneN;05) [123]. Gd, yellow; N, blue; O, red; C gray.
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The poor stabilization produced by the hydroxyethyl groups for both C5 and C6
complexes can be ascribed to the low stability displayed by six-membered chelate
rings in Gd(IIT) complexes.

A greater stabilization effect is otherwise observed [36,113] for the complex with
a very similar ligand (C7) containing a methyl group in the a-position with respect
to the alcoholic group of C6. This ligand, commonly referred to as HP-DO3A,
displays coordination features quite similar to those of DOTA (C3), as visualized
by the crystal structure of [Gd(C7)H,O] (Fig. 9) [36]. The asymmetric unit of this
compound contains two independent complexed molecules in which the macrocycle
has the typical C corner [3333] conformation. Four nitrogen and four oxygen atoms
(one from each arm) are coordinated to the embedded Gd(I1I) ion, the ninth, apical
position of the capped square antiprismatic coordination environment being occu-
pied by the water molecule. The nitrogen atoms are coplanar within experimental
error, while the coordinated oxygen atoms define another plane. The Gd(III) ion is
sandwiched between these almost parallel planes. The Gd—O(alcoholic) distances
are comparable to the Gd—O(carboxylate) ones indicating good ligational properties
for this alcoholic oxygen.

Actually the stability of the Gd(III) complex with C7 is very similar to that of the
DOTA complex, although two rather different log K values have been reported for
the C7 complex log K=23.8 [36], log K =24.5 [113]). Such a high stability of the
C7 complex, compared to that of the C6 one, has to be ascribed to the additional
methyl group present in C7, which enhances, by its electron donating properties,
the binding ability of the alcoholic oxygen atom, and increases for steric reasons the
preorganization of the hydroxypropyl arm toward metal ion chelation.

The high stability of this complex, together with its inertness toward metal ion
release and its low toxicity determined the applicability of this compound as
contrast agent (PROHANCE) for MRI diagnostics.

Evidence for the acidic dissociation of [Gd(HP-DO3A)] (pK, =11.36) was ob-
tained by means of potentiometric titration of the complex in alkaline solution
[112], although no definitive proof was obtained regarding the nature of the
dissociating group, since it is impossible to discriminate, by means of the potentio-
metric method, between ligand dissociation at the alcoholic residue and metal ion
hydrolysis.

Equilibrium constants for complex protonation were also determined, but the
values reported, obtained by different methods under similar experimental condi-
tions, are quite different [112,115].

Another ligand (C8) quite similar to C7, containing the methyl group in B-
instead of in a-position with respect to the alcoholic oxygen donor, was studied for
Gd(III) complexation [103]. Unfortunately a meaningful comparison between the
binding ability of the two ligands toward Gd(III) cannot be drawn due to the
different log K values reported for the C7 complex [36,113]. Nevertheless, the C8
complex displays a very high stability (log K =23.9) [103] denoting that the ligand
is well-suited for Gd(IIT) complexation.

A greater binding ability of the a-hydroxypropyl arms with respect to hydrox-
yethyl ones is otherwise indicated by the stability of the Gd(III) complex with C9,
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the analog of C5 in which the two hydroxyethyl arms have been replaced by
hydroxypropyl ones, the stability increase amounting to about 1.5 log K units [102].

Considering the contribution that alcoholic oxygen donors can furnish to com-
plex stability, the two ligands C10 and C11 have recently been studied [113]. C10
can be considered a C2 (DO3A) derivative containing three arms in which both
acetate and hydroxyethyl features can be recognized, while C11 contains an
additional a-hydroxypropyl arm linked to the secondary nitrogen atom of C10. In
spite of the high number of donor atoms present in both ligands, C10 and C11
display considerably lower binding properties toward Gd(III) (log K= 18.82 and
19.4, respectively [113]) than DO3A. The observed loss of stability has been
ascribed to the steric hindrance of the bulky functionalities of C10 and C11 which
determines a more strained, less stable, coordination environment of the metal ion
[113]. Both ligands contains a surplus of donor atoms for Gd(III) complexation.
Apparently, the complex stability depends to a very low extent on the presence of
the additional a-hydroxypropyl group [113], probably due to the surplus of donor
atoms born by the ligands.

Another DO3A derivative (C12) containing o-methyl groups in the arms was
employed for Gd(III) complexation to demonstrate the effect of additional rigidity
on complex stability [104]. The stability constant (log K =25.3) reported for the
C12 complex is considerably higher than the constant previously obtained for the
analogous complex with the unmethylated DO3A (C2) ligand, in agreement with
enhanced ligand preorganization, and enhanced donating properties of carboxylate
oxygens produced by the inductive effect of the methyl groups. As previously
observed for C4, the insertion of a-methyl groups has an opposite effect on the
stability of the DOTA (C3) complex. Such different behavior is rather surprising,
but a critical evaluation is not possible in the absence of independent confirmation
of the equilibrium constants determined for C4 and C12 complexes, and of
structural information for both complexes.

In the case of C12, the Gd(III) complex was isolated in the solid state as
[Gd,(C12),(H,0),] and its crystal structure was solved by X-ray analysis [104]. In
this compound two crystallographically-independent complex units are joined to
form a binuclear species (Fig. 10). The unit consisting of [Gd(C12)(H,0),] links the
other one, [Gd(C12)], through two of its carboxylate groups acting as bridging
elements between the metal ions. In each unit an oxygen atom from each carboxy-
late group and the four essentially coplanar nitrogen atoms are coordinated to the
embedded metal ion. In addition to these seven ‘internal’ ligating atoms of C12, two
other ‘external’ oxygen atoms complete the enneacoordinate environment. One of
the ‘external’ oxygen atoms lies approximately in the plane defined by the three
coordinated carboxylate oxygens, while the other one occupies an apical position
over this plane. In the [Gd(C12)(H,0),] unit the ‘external’ oxygens are from the
linked water molecule, while in [Gd(C12)] they are from the bridging carboxylate
groups. In both complex units the macrocycle adopts a distorted quadrangular C
corner [3333] conformation.

The formation of a similar dimetallic species was not observed in solution where
the complex is expected to exist in the form of [Gd(C12)(H,0),] [104].
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Another derivative of C2 containing a pendent arm bearing three hydroxy
groups, C13, was considered for Gd(III) complexation [112]. Two of these alcoholic
groups are in the same position of the alcoholic group in C7 (HP-DO3A) which can
coordinate by forming five-membered chelate rings, while the third one would form
a six-membered one upon complexation. In spite of this abundance of donor atoms,
the stability of the Gd(IIT) complex with C13 is considerably lower than that of the
corresponding complex with C7, being closer to that of the complex with the
unsubstituted C2 ligand. These differences were interpreted by assuming that the
coordination of the bulky residue containing the three alcoholic groups is sterically
hindered [112]. Actually these alcoholic groups might coordinate to Gd(III) giving
rise to interlaced chelate rings, whose formation, as observed for previous cases,
does not favor the complex stability.

Upon consideration of the effectiveness for in vivo applications as a contrast
agent in MRI diagnostics of the Gd(III) complex with L56, the DTPA (L55)
analogue containing a B-benzyloxy-a-propionic (CH,OCH,—benzene) residue on a
lateral arm, several macrocyclic ligands (C14—C16) based upon 1,4,7,10-dodecaaza-
cyclododecane (cyclen) and containing B-benzyloxy-a-propionic functionalities were
developed [116]. C14 and C15, containing three such residues, potentially dispose of
the same sets of donor atoms of DO3A (C2) and HP-DO3A (C7), respectively, but
form complexes of lower stability with respect to the latter ligands. Steric hindrance
to coordination determined by the bulky substituents seems to be at the origin of
the observed stability loss. In the case of C14 only the stability constant of the
monoprotonated complex was determined, due to the low solubility of the unproto-
nated species. A relatively low stability was also found for the Gd(I1T) complex with
C16, a C12 analog containing only one B-benzyloxy-a-propionic substituent. Owing
to their intrinsic toxicity, the Gd(III) complexes of C14-C16 are not useful as
contrast agents for in vivo MRI applications.

Tetraazacycloalkanes larger than cyclen, such as 1,4,7,10-tetraazacyclotridecane
and 1,4,8,11—tetraazacyclododecane (cyclam) were used as basal structure for the
preparation of polyamino-polycarboxylic ligands containing four acetate side arms.
These ligands, C17 (TRITA) and C18 (TETA), can be considered simple modifica-
tions of DOTA (C3) obtained by replacing one or two ethylenic chains of the
macrocyclic ring by propylenic ones. Such modifications that, in principle, do not
seem very important from a structural viewpoint, determine a drastic loss of
binding ability. A decrease in complex stability by about five log K units (log K =
24.0, 19.17, 13.77 for C3, C17 and C18, respectively) as the dimensions of the
macrocyclic ring increase, was found by batchwise potentiometric experiments
employing auxiliary ligands (0.1 mol dm ~3 KCI at 25.0°C) [98]. Such stability loss
can be ascribed to the formation of one and two six-membered chelate rings in the
complexes of C17 and C18, respectively.

Protonation of the complexes with C17 and C18 is much easier than for the
C3 complex, the protonation constant increasing with decreasing complex
stability, in agreement with the lower overall interaction of the ligand with the
metal ion.
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A considerably higher stability constant of the C18 complex (log K = 15.75) was
obtained at 80°C (1 mol dm~3 NaCl) by means of pH-metric titrations, since
at this temperature the complexation reaction was found to be sufficiently fast
[106].

Other polyamino-polycarboxylic ligands employed for Gd(III) complexation
were obtained by appending five (C19) and six (C20) acetic groups to the macrocy-
cles 1,4,7,10,13-pentaazacyclopentadecane and 1,4,7,10,13,16-heptaazacyclooctade-
cane, respectively. Complexation of Gd(III) by C19 and C20 is much faster than for
the other polyamino-polycarboxylic ligands based upon tetraazamacrocycles, and
hence determination of the corresponding stability constants was possible by means
of common pH-metric titration methods, provided equilibration times lasting from
10 to 60 minutes, depending on the ligand and the pH range, were allowed after
each titrant addition [107]. These ligands, which contain a surplus of donor atoms
with respect to the common coordination numbers of Gd(III), can bind the metal
ion forming five-membered chelate rings. In spite of this, the stability constants
obtained for C19 (log K = 15.88) and C20 (log K = 22.95) at 25°C (0.2 mol dm —?3
NaNO;) [107] demonstrate a reduced tendency to form Gd(III) complexes, with
respect to the homologous ligand C3 (DOTA) containing four amine and four
acetate groups. In the case of the C19 complex the loss of stability is very large,
while for the C20 one it is much less pronounced. Hence, the increased ligand size
does not favor the coordination of Gd(IIl), although the larger ligand C20 which
is more flexible seems to adapt better to the metal ion. As far as the possible use of
similar complexes for in vivo application is considered, the very high basicity of the
ligands in the multiple protonation steps determines a deleterious competition
between the binding of Gd(III) and H™* ions, weakening the metal to ligand
interaction at physiological pH. As a matter of fact, the Gd(III) complex with C20
undergoes protonation to form a diprotonated species at physiological pH. The
equilibrium constant for the binding of the metal ion to the diprotonated form of
C20 (log K=17.26) [107] indicates the marked loss of ligand binding ability
brought about by protonation.

Three other ligands (C21-C23) based upon macrocyclic frames of increasing size
were obtained by implanting three carboxylic arms on the oxaazamacrocycles
1-oxa-4,7,10-triazacyclododecane, 1,7-dioxa-4,10,13-triazacyclopentadecane and
1,7,13-trioxa-4,10,16-triazacyclooctadecane. The equilibrium constants for Gd(III)
complexation with these ligands were determined by means of common pH-metric
titrations (0.1 mol dm —* KCl, 25.0°C) adopting long equilibration times (up to 40
min.) for each titration point. In the case of C21, due to the large value of the
equilibrium constant, the use of an auxiliary ligand (EDTA) was necessary [108].
The stability constants obtained (log K =21.6, C21; log K=17.23, C22; log K =
18.2, C23) display the same trend previously observed for C3, C19 and C20. When
the size of the macrocycle increases from a 12- to a 15-membered ring there is a
drop in stability in spite of the introduction of an additional donor atom in the
ring. On the other hand, another increase of the ring size with the introduction of
a further oxygen atom to form a 18-membered ring brings a slight increase of the
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stability constant. To explain this behavior it was suggested that the first increase
of the ring size leads to a ligand which cannot place all the donor atoms in the
correct position for coordination, but the larger ligand, which is more flexible, seems
to adapt better to the size of the metal ion and to bring the donor atoms near to
the metal ion [108]. The crystal structure of the [Gd(C23)] complex indicates that,
at least in the solid state, C23 is able to involve all its donor atoms in the
coordination to Gd(III) forming a complex in which no particular stain is observed
[123]. The structure (Fig. 11) reveals that the Gd(III) complex has a propeller
conformation, the metal ion being bound to three nitrogen and three oxygen atoms
of the macrocycle and to an oxygen atom of each acetate group in an enneacoordi-
nate environment.

In spite of the fact that C22 completes the coordination sphere of GA(IIT) and the
complex does not have a coordinated water molecule, it was found that the complex
in solution provides a moderate enhancement of water proton relaxation [108].

Replacement of the acetic groups in C22 with propionic acid residues (C24)
provides a marked decrease in the Gd(III) complex stability [111]. Such large
stability loss (6 log K units) is to be ascribed to the lower stability of the six-mem-
bered chelate rings formed by C24 with respect to the five-membered ones formed
by C22. Furthermore, molecular mechanics calculations suggested that lengthening
of the substituents on the side arms from acetic acid to propionic acid may bring
stronger hindrance to access of the carboxylate donor atoms to the coordinated
metal cations [111].

Two ligands containing only two acetic side arms linked to 15-membered N,O,
or to a 18-membered N,O, macrocyclic rings, C25 and C26 respectively, were
considered for Gd(III) complexation. As expected these ligands form rather weak
complexes (log K=11.66 and 11.93, respectively) [109,110], less stable that the
complexes formed by the tricarboxylate analogues C22 and C23.

A further decrease in complex stability was observed by lengthening the ring
substituents on the side arms of C26 from acetic to propionic acid (log K = 7.02 for
C27) or by eliminating a side arms from C26 (log K =7.29 for C28) [115].

Estimations of the Gd(I11) complexation constants with some triacetic derivatives
of triazamacrocycles (1,4,7-triazacyclononane-N,N',N'-triacetic, 1,4,7-triazacy-
clononane-1,4,7-tris(2-methylacetic), 1,4,7-triazacyclodecane-N,N’,N'-triacetic, 9-
methyl-1,4,7-triazacyclodecane-N,N’,N'-triacetic, 9,9-dimethyl-1,4,7-triazacyclode-
cane-N,N’,N'-triacetic acids), performed by using a proton relaxivity technique,
have also been reported [142,143]. Unfortunately the particular methodology and
the experimental conditions employed for the determination of such stability
constants do not allow a fully profitable comparison with the stability constants
determined for the other macrocyclic ligands. Nevertheless, it seems that the
triazamacrocyclic ligands offer a less stable coordination environment than tetraaza-
macrocyclic ones independently of the number (2, 3, 4) of carboxylate groups
present in the last ligands. An increasing binding ability seems to occur upon
enlargement from nine- to ten-membered macrocyclic rings, while methylation of
both pendant arms and ring carbon atoms reduces the complex stability.
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7. Concluding remarks

Gd(III) is a typical hard metal ion and consequently it interacts preferentially
with ligands bearing hard donor groups, such as carboxylate, while it demon-
strates lower tendency to form complexes with softer ligands like amines. Never-
theless, polyamino-polycarboxylic ligands, containing both such functional groups,
form very stable complexes with this metal ion. The stability of these complexes,
however, is strictly connected with the chelating nature of the ligands, with the
size of the chelate rings, and the mutual arrangement of all chelate rings in the
complexes. Actually the most stable Gd(III) complexes are formed by those
ligands which are able to bind the metal ion via five-membered chelate rings. The
stability of chelate rings largely depends on the metal ion size. Small cations tend
to have low coordination numbers and to form six-membered chelate rings, while
larger cation, having higher coordination numbers, prefers five-membered ones.
The most stable (less strained) five-membered chelate rings are expected, and
found, for those complexes in which bond lengths and angles between the metal
ion and the donor atoms forming the chelate rings are about 2.5 A and 70°,
respectively [144]. The structural parameters observed for the crystal structure of
Gd(IIT) complexes with polyamino-polycarboxylic ligands are consistent with
these values, the bond angles commonly being slightly smaller than 70°. Hence,
five-membered chelate rings produce the most appropriate binding bites in the
tricapped trigonal prismatic and the capped square antiprismatic coordination
geometries of the Gd(III) complexes with this type of ligands. Actually, ligands
based on ethylenediamine moieties and containing acetate pendent groups give
rise to the most stable Gd(III) complexes. However, loss of complex stability is
generally observed when the carbon atoms of the ethylenediamine moieties, or the
methylene carbon of the acetate groups, carry further coordinating functionalities,
even if only five-membered chelate rings are formed, the stability loss being
ascribable to a more strained conformation imposed by the resulting interlaced
chelate rings to the ligand in the complex.

Such coordinative features are displayed by both acyclic and macrocyclic lig-
ands. The latter ligands, however, manifest the typical complex stability enhance-
ment generally observed for macrocyclic ligands with respect to the acyclic
counterparts. The particularly high thermodynamic stability of the macrocyclic
complexes, coupled with their kinetic inertness toward metal ion release, have
focused the interest of almost all research teams involved in the study of metal-
containing contrast agents.

As observed above, polyamino-polycarboxylic ligands contain donor groups
with different affinity for the hard Gd(III) ion. The amine groups are not ex-
pected to be very inclined to bind this metal ion, especially in water, while a much
easier replacement of water molecules in the Gd(III) coordination sphere is
achieved by carboxylate groups. Most likely the first interaction of Gd(III) with
the negatively charged carboxylate groups produces sufficient dehydration of the
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metal ion to promote successive coordination of the amine groups. Accordingly,
several complexation stages have been observed in the coordination reactions
involving Gd(IIT) and polyamino-polycarboxylic ligand, especially with macrocyclic
ligands, of which the final and slowest one corresponds to the coordination of the
last amine nitrogen.

Interesting considerations can be drawn regarding the enthalpic and entropic
contributions to complex stability. For this purpose only AH° and TAS° values
obtained by calorimetric measurements will be considered, in agreement with the
cautionary suggestions reported in Section 3. Up to now, only enthalpy changes for
the complexation of Gd(III) with acyclic polyamino-polycarboxylic ligands have
been reported, since complexation reactions with macrocyclic ones are too slow to
be followed by using the calorimeters presently available. For all the systems
studied by means of calorimetry, it has been found that the complexation reactions
are promoted by largely favorable and dominant entropic contributions. On the
contrary the enthalpy changes display different behavior: they are favorable for
complexation reactions involving ligands, such as L17, L18, L20, L21, L55 and
L56, which form five-membered chelate rings, and unfavorable with ligands (L39,
L42) forming larger chelate rings. The binding of carboxylate groups to Gd(III) is
a reaction between hard species and hence it is a process, predominantly determined
by electrostatic forces, in which dehydration of reactants plays a fundamental role.
Consequently, such reactions are expected to be accompanied by unfavorable
enthalpic (AH° > 0) and favorable entropic (TAS° > 0) contributions. On the other
hand, coordination of softer amine nitrogens should involve some covalency, and
take place, as said above, after a preliminary coordination of carboxylate groups,
when the charge of the metal cation has been partly neutralized and consistent
dehydration of reactants has already occurred. Hence, coordination of amine
groups is expected to furnish a favorable enthalpic contribution, which appears, in
the case of L17, L18, L20, L21, L55 and L56, to overcome the unfavorable
enthalpic contribution determined by the coordination of carboxylate groups, the
overall entropic contribution remaining favorable for all systems studied. The
unique cases of unfavorable complexation enthalpy changes are observed for
ligands forming chelate rings larger than five-membered ones. As commented at the
beginning of this section, the formation of such large chelate rings in Gd(III)
complexes generates a considerable decrease in complex stability, due to increased
conformational strain. Most likely this strain, and the consequent mismatching
between metal ion orbitals and nitrogen donor lone pairs, determines the observed
enthalpy loss.
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