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Structure, Stability, Dynamics, High-Field Relaxivity and Ternary-Complex
Formation of a New Tris(aquo) Gadolinium Complex

Aline Nonat, Pascal H. Fries, Jacques Pécaut, and Marinella Mazzanti*'"!

Abstract: The tripodal hexadentate pi-
colinate ligand dpaa®~ (Hsdpaa=N,N'-
bis[(6-carboxypyridin-2-yl)methyl]gly-

cine) has been synthesised. It can form
1:1 and 1:2 lanthanide/ligand com-
plexes. The crystal structure of the bis-
(aquo) lutetium complex [Lu(dpaa)-
(H,0),] has been determined by X-ray
diffraction studies. The number of
water molecules was determined by lu-
minescence lifetime studies of the
terbium and europium complexes. The
tris(aquo) terbium complex shows a
fairly high luminescence quantum yield
(22%). The [Gd(dpaa)(H,0);] com-
plex displays a high water solubility

Gd™ hydroxo complex at high pH val-
ues. A unique aquohydroxo gadolinium
complex has been isolated and its crys-
tal structure determined. This complex
crystallises as a 1D polymeric chain
consisting of square-shaped tetrameric
units. In heavy water, the [Gd(dpaa)-
(D,0);] complex shows a quite high
HOD proton relaxivity at high field
(11.93 s'mm ' at 200 MHz and 298 K)
because of the three inner-sphere
water molecules. The formation of ter-
nary complexes with physiological
anions has been monitored by relaxo-
metric studies, which indicate that even
under conditions favourable to the for-

mation of adducts with oxyanions, the
mean relaxivity remains higher than
those of most of the currently used
commercial contrast agents except for
the citrate. However, the measured re-
laxivity (7;=7.9s"' mm™") in a solution
containing equimolar concentrations of
[Gd(dpaa)(D,0);] and citrate is still
high. The interaction with albumin has
been investigated by relaxometric and
luminescence studies. Finally, a new
versatile method to unravel the geo-
metric and dynamic molecular factors
that explain the high-field relaxivities
has been developed. This approach
uses a small, uncharged non-coordinat-

and an increased stability (pGd=12.3)
with respect to the analogous bis(aquo)
complex [Gd(tpaa)(H,0),] (pGd=
11.2). Potentiometric and relaxometric

g X N ligands
studies show the formation of a soluble

Introduction

Magnetic resonance imaging (MRI) has become one of the
most important diagnostic techniques in medicine, and MRI
application in molecular imaging is foreseen. Gadolinium
complexes are frequently used to improve contrast in medi-
cal examinations as a result of their ability to increase the
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ing probe solute, the outer-sphere re-
laxivity of which mimics that of the
water proton. Only a routine NMR
spectrometer and simple mathematical
analysis are required.

gadolinium -
lanthanides -

relaxation rates of water protons in tissue.l'! All the gadoli-
nium complexes currently used as contrast agents have only
one water molecule coordinated to the metal and show low
relaxivity (r;=4.5s"'mm™'; 20 MHz, 298 K) relative to the
theoretically attainable maximum. The application of MRI
to the detection of a specific molecular target requires the
design of contrast agents with much higher relaxivity.”>* For
that purpose, all the molecular parameters that determine
the relaxivity (the number g of water molecules bound to
the gadolinium centre, the longitudinal relaxation time T,
of the metal electronic spin, the rotational correlation time
7g of the complex and the exchange rate k., of a coordinat-
ed water molecule) should be simultaneously optimised at
the desired field.

Of particular current interest is the development of con-
trast agents that display high relaxivity at the field values of
the new imaging instruments (3T-5T). A higher relaxivity
can be achieved by increasing the number of water mole-
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cules in the first coordination sphere and the second-sphere
contribution,”® as these factors are favourable at all field
values. Despite the large relaxivity enhancement associated
with the increase of the number g of gadolinium-bound
water molecules, only limited efforts have been directed to
the development of gadolinium complexes with more than
one metal-bound water molecule.” This is due to the ex-
pected decreased thermodynamic stability of these systems
that could lead to toxicity in vivo. In addition, endogenous
anions and/or side-chain carboxylate groups of the proteins,
such as serum albumin, may cause a partial or total displace-
ment of the coordinated water molecules of the bis- and tris-
(aquo) complexes, thus suppressing the relaxivity enhance-
ment benefit as a result of the high number of these water
molecules in the free complex.®* " For example, the interac-
tion of the gadolinium complexes of the macrocyclic hepta-
dentate ligand do3a®~ (H;do3a=1,4,7,10-tetraazacyclodode-
cane-1,4,7-triacetic acid) and its derivatives with carbonate,
phosphate, citrate, malonate or lactate groups leads to the
displacement of at least one inner-sphere water mole-
cule.'" ™! Strong phosphate binding dramatically decreases
the relaxivity of gadolinium complexes of hexadentate texa-
phyrins from 17 to 5 s~ mm .1

Over the last few years, however, a small number of very
promising g=2 gadolinium complexes have been report-
ed.'” The introduction of three additional carboxylate
groups on the heptadentate do3a’~ ligand suppresses anionic
binding to the gadolinium centre by electrostatic repul-
sion.'? Recent studies of complexes of the tripodal hydroxy-
pyridone (HOPO)-based ligands show that a high number
of inner-sphere water molecules does not necessarily imply
their ready displacement by physiological anions, even in
neutral or cationic complexes.’?!] This behaviour indicates
that an appropriate choice of the coordination geometry can
prevent physiological anion binding in complexes with more
than one inner-sphere water molecule and suggests that the
tripodal geometry might be particularly suitable for the
design of gadolinium-based contrast agents with several
inner-sphere water molecules.

Gadolinium complexes of polydentate ligands containing
picolinate chelating groups have shown interesting relaxa-
tion properties.”>?! In particular, the gadolinium complex
of the heptadentate tripodal ligand tpaa (Hstpaa=oa,o',0"-
nitrilotri(6-methyl-2-pyridinecarboxylic acid); Scheme 1)
containing three picolinate arms connected to a nitrogen
atom!®™*" has a relaxivity more than twofold higher than the
relaxivities of the clinically used current contrast agents
based on monoaqua complexes of octa-coordinate ligands.

~N N~ 2N

N \ N
HO™ ~O HO™ “O
O o}

N /\WOH
O

~ O OH ~
OH Hatpaa OH Hidpaa

Scheme 1. Ligands Hstpaa and Hidpaa.
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However, the in-depth investigation of the properties of this
complex and its application as a contrast agent are impossi-
ble as a result of its low water solubility. Herein, we describe
the synthesis, structure, stability and relaxivity of the new
tris(aquo) gadolinium complex of the tripodal hexadentate
picolinate ligand dpaa®~ (Hsdpaa=N,N'-bis[(6-carboxypyri-
din-2-yl)methyl]glycine; Scheme 1). The picolinate [Gd-
(dpaa)(H,0);] complex displays a high water solubility and
an increased stability with respect to the [Gd(tpaa)(H,0),]
complex in spite of the lower denticity of dpaa®™ relative to
tpaa®". The relaxivity of the 1:2 lanthanide/ligand complex
[Gd(dpaa),(H,0)]> is also described. The relaxivity change
induced by most of the physiological anions and bovine
serum albumin is investigated by relaxometric and lumines-
cence studies. At a high pH value, a unique aquohydroxo
gadolinium complex has been isolated and its crystal struc-
ture determined. A new practical method to analyse the
geometric and dynamic molecular factors that explain the
relaxivities measured at high field is also presented in detail.

Results and Discussion

Synthesis:  N,N'-Bis[(6-carboxypyridin-2-yl)methyl]glycine
(Hidpaa) was obtained in two steps with a global yield of
38 % from the previously described 6-chloromethylpyridine-
2-carboxylic acid ethyl ester. The 'HNMR spectrum of
Hsdpaa in D,O at pD=4.7 displays a single set of five sig-
nals that imply C,, symmetry. The [Gd(dpaa)(H,0);] and
[Lu(dpaa)(H,0),] complexes were prepared by reaction of
the corresponding lanthanide chloride and Hsdpaa ligands
in water at pH=5-6 (adjusted with KOH). Satisfactory ele-
mental analyses were obtained after elimination of the salts.

Crystal structure of the dpaa complexes: X-ray-quality crys-
tals of the lutetium complex were obtained by slow evapora-
tion of 1:1 solutions of LnCl; and Hidpaa in water after ad-
justment of the pH value to 5.27. The ORTEP diagram of
[Lu(dpaa)(H,0),] (2) is shown in Figure 1 and its crystallo-
graphic data are presented in Tables 1 and 2. The Lu ion is
octa-coordinate by the hexadentate ligand dpaa and two
water molecules. The geometry can be described as a slight-
ly distorted dodecahedron. The crystal structures of the Ln™
complexes of the analogous tpaa®~ ligand®™! vary along the
series with respect to their nuclearity and the number of
water molecules coordinated to the metal centre, with a tet-
rameric structure observed for the La®* ion (nine- and ten-
coordinate metal centres), dimeric structures formed from
the Nd** ion through the Yb’* ion (nine-coordinate com-
plexes) and a monomeric structure for the Lu’* ion (eight-
coordinate with one bound water molecule). The value of
Lu—N,pea (2.575(11) A) in 2 is very similar to the value
found for Lu—N,,. (2.6071(18) A) in the eight-coordinate
complex [Lu(tpaa)(H,0)]4H,0 and for Lu—N,q
(2.555(1) A) in the hepta-coordinate complex [Lu(tpa)CLj]
(tpa = tris[(2-pyridyl)methyl]amine).®"! The three arms of
the dpaa ligand adopt a pincer-like arrangement around the
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Figure 1. ORTEP diagram of the complex [Lu(dpaa)(H,0),] (2), with
thermal ellipsoids at 30 % probability.

Table 1. Crystallographic data for the structures.

2 3
formula CsH,LuN;Oy CysHgoGd N ,Na;O,5
M, 589.32 2456.46

crystal system monoclinic monoclinic

space group P2(1)/n P1

a[A] 8.042(4) 12.440(2)

b [A] 11.948(7) 13.625(2)

c[A] 14.985(6) 14.310(2)

a [A] 90 83.439(2)

BIA] 100.40(1) 66.688(2)

y [A] 90 80.559(2)

Vv [A%Z] 1878(3)/4 2194.1(5)/2

i 0.71073 0.71073

Peatca [gEm ] 1.712 1.859

w(Moyg,) [mm™'] 1.898 3.101

t[K] 223(2) 223(2)

Ry, wR, 0.0414, 0.0854 0.0320, 0.0751

[a] Structure was refined on F} using all data : wR,=[S[w(Fi—F2)?/
Sw(F3)'"?, where w' =[S(F2) 4+ (aP)*+bP] and P=[max(F;, 0)+2F"]/3.

0

Table 2. Selected bond lengths [A] and angles [°] in 2.

Lul-O1  2251(10) Lul-O5  2262(9) Lul-03  2.289(9)
Lul-O7  2327(10) Lul-O8  2337(9) Lul-N2  2397(10)
Lul-N3  2399(10) Lul-N1  2.575(11)

O1-Lul-05 832(3)
O1-Lul-07 142.5(3)
O1-Lul-08 1492(3)
07-Lul-08 68.1(4)
03-Lul-N2  67.9(3)
O1-Lul-N3 80.9(3)
07-Lul-N3 80.7(3)
O1-Lul-N1 70.9(3)
O7-Lul-N1 71.8(3)
N3-Lul-N1 65.5(3)

O1-Lul-03 78.7(3)
05-Lul-07 119.2(3)
05-Lul-08 81.1(4)
O1-Lul-N2 81.7(3)
O7-Lul-N2  86.4(3)
05-Lul-N3  68.4(3)
O8-Lul-N3  117.0(4)
O5-Lul-N1 129.7(3)
O8-Lul-N1 1383(3)

05-Lul-03 86.3(3)
03-Lul-07 128.7(3)
03-Lul-08 74.0(4)
05-Lul-N2 152.1(3)
08-Lul-N2 100.5(4)
03-Lul-N3 149.0(4)
N2-Lul-N3  131.3(4)
03-Lul-N1 1272(3)
N2-Lul-N1  65.9(3)

metal centre, whereas the three picolinate arms adopt a heli-
cal arrangement in the tpaa® complex. This behaviour does
not lead to significant differences in the Lu—O, 0, bond
length (mean values: 2.27(2) and 2.30(4) A in Lu(dpaa) and
Lu(tpaa), respectively) and the Lu—N bond length (mean
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values: 2.46(1) and 2.48(9) A in Lu(dpaa) and Lu(tpaa), re-
spectively).

Obtaining crystals of the gadolinium complex at low
pH values was prevented by its high water solubility. X-ray-
quality crystals of the gadolinium complex were only ob-
tained by slow evaporation of a 1:1 solution of [Gd(OTf);]
(OTf=triflate) and dpaa®~ at pH~8. X-ray diffraction stud-
ies revealed the presence of two sets of two independent ga-
dolinium complexes connected by bridging carboxylate units
to form a centrosymmetric tetramer with a square-shaped
arrangement (Figure 2). Both gadolinium complexes are

Figure 2. ORTEP diagram of the anion [{Gd(dpaa)(H,O),},{Gd(dpaa)-
(H,0)(OH)},]* in 3, with thermal ellipsoids at 30 % probability.

nine-coordinate with a capped square-antiprism geometry,
except for Gd1 the polyhedron is very distorted. The Gd2
centre is coordinated by the six donor atoms of the dpaa’®~
ligand, a water molecule and two oxygen atoms of the pico-
linate group from one of the adjacent gadolinium com-
plexes. The carboxylate group bridges the two gadolinium
ions in a wm'm? fashion. This behaviour suggests that the
geometry of the coordinated ligand does not prevent the
binding of additional carboxylate groups in a n> fashion.
The picolinate oxygen atom not involved in the coordination
of Gd2 binds the other adjacent Gdl complex in a pm'n'
fashion. The gadolinium ion Gdl is coordinated by the six
donor atoms of the dpaa®~ ligand, a picolinate oxygen atom
from the adjacent gadolinium complex, one oxygen atom
for a water molecule and one oxygen atom from a hydrox-
ide species. The bridging hydroxide moiety is also coordinat-
ed to a sodium cation. A six-coordinate sodium centre binds
the carboxylate oxygen atoms of two acetate arms from the
gadolinium complexes of different tetrameric units, thus
leading to the formation of the infinite 1D polymer [{{Gd-
(dpaa)(H,0)],{[Gd(dpaa)(H,O)(OH)]Na(H,0),}}2-
Na(OH)(H,0);:CH;0H-6H,0],, (3, see Figure3 for the
ORTEP diagram and Tables 1 and 3 for its crystallographic
data).

The four remaining coordination sites of the sodium
cation are occupied by two water molecules and a hydroxide
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Figure 3. ORTEP diagram of the 1D polymeric structure of 3, with thermal ellipsoids at 30 % probability.

Table 3. Selected bond lengths [A] and angles [°] in 3.1

solution at high pH values."”
Furthermore, the self-assembly
of dinuclear, tetranuclear and
dodecanuclear polymetallic hy-
droxo complexes has been re-
ported for lanthanide—ethylene-
diaminetetraacetic acid
(H,edta) complexes under con-
ditions of high pH (pH 13-
14).53 Mononuclear aquo—hy-
droxo complexes were suggest-
ed as probable intermediates in
the mechanism proposed for
the self-assembly of tetranu-
clear polyhydroxo complexes

Gd1-025 2.382(3) Gd1-05 2.403(3)
Gd1-012#1 2.418(3) Gd1-026 2.422(3)
Gd1-N2 2.523(3) Gd1-N3 2.571(3)
Gd2-015 2.340(3) Gd2-011 2.386(3)
Gd2-013 2.421(3) Gd2-02 2.467(3)
Gd2-N22 2.581(3) Gd2-01 2.637(3)
025-Gd1-05 85.67(11) 025-Gd1-03 88.18(11)
025-Gd1-O12#1 73.44(11) 05-Gd1-012#1 71.74(10)
025-Gd1-026 85.83(12) 05-Gd1-026 69.86(11)
012#1-Gd1-026 137.37(11) 025-Gd1-01 72.25(10)
03-Gd1-01 68.30(9) 012#1-Gd1-01 133.10(9)
025-Gd1-N2 136.77(11) 05-Gd1-N2 119.43(10)
012#1-Gd1-N2 144.76(10) 026-Gd1-N2 72.99(11)
025-Gd1-N3 133.47(11) 05-Gd1-N3 102.69(10)
012#1-Gd1-N3 66.49(10) 026-Gd1-N3 140.27(11)
N2-Gd1-N3 78.29(10) 025-Gd1-N1 149.15(11)
03-Gd1-N1 119.63(10) 012#1-Gd1-N1 97.20(10)
01-Gd1-N1 128.03(9) N2-Gd1-N1 65.22(10)
015-Gd2-011 86.80(10) 015-Gd2-027 80.20(11)
015-Gd2-013 159.46(10) 011-Gd2-013 73.26(10)
015-Gd2-02 81.11(10) 011-Gd2-02 151.86(10)
013-Gd2-02 118.96(9) 015-Gd2-N23 128.50(10)
027-Gd2-N23 142.68(11) 013-Gd2-N23 64.16(10)
015-Gd2-N22 70.77(10) 011-Gd2-N22 63.58(10)
013-Gd2-N22 95.32(10) 02-Gd2-N22 133.48(10)
015-Gd2-01 122.97(9) 011-Gd2-01 119.81(9)
013-Gd2-01 73.01(9) 02-Gd2-01 51.03(9)
N22-Gd2-O1 164.91(10) 015-Gd2-N21 66.91(10)
027-Gd2-N21 139.84(11) 013-Gd2-N21 121.67(10)
N23-Gd2-N21 61.66(11) N22-Gd2-N21 4.67(10)

Gd1-03 2.412(3) from their corresponding mono-
Gd1-01 2.478(3) nuclear aquo-hydroxo complex;
Gd1-N1 2.666(3) however, these intermediates
Gd2-027 2.396(3) were never isolated. Moreover
Gd2-N23 2.562(3) .
Gd2-N21 2.695(3) although several lanthanide-hy-
05-Gd1-03 151.34(10) droxo complexes have been
03-Gd1-012#1 79.67(10)  structurally characterised,** !
03-Gd1-026 137.54(11)  thjs example is a rare as the hy-
05-Gd1-01 134.99(9) d li di t brideine t
026.Gd1-01 69.85(11) roxo ligand is no %grl ging two
03-Gd1-N2 83.36(10) lanthanide centres.[‘ |

0O1-Gd1-N2 65.21(10) The described structure sug-
03-Gd1-N3 62.74(10)  gests that the dpaa®™ ligand is a
O1-GdI-N3 121.1009) very good candidate for use in
05-Gd1-N1 63.55(10) . .
026-Gd1-N1 81.80(11) the ligand-controlled synthesis
N3-Gd1-N1 61.24(10) of polynuclear lanthanide—oxo/
011-Gd2-027 70.31(11) hydroxo complexes, and the
8;;'233’8? z;ggg lanthanide coordination chemis-
O11-Gd2-N23 126.70(11) try of this hganfi at high pH val-
02-Gd2-N23 79.88(10)  ues could provide new structur-
027-Gd2-N22 125.89(11)  al motifs.

N23-Gd2-N22 89.36(10)

027-Gd2-O1 66.33(10)  protonation and stability con-
N23-Gd2-O1 77.05(10) . h .
011-Gd2-N21 127.18(10) stants: The protonathn con-
02-Gd2-N21 70.50(10) stants of Hsdpaa, defined as
01-Gd2-N21 112.899)  K,;=[HL]®/[H,_ L4 [H],

[a] Symmetry transformations used to generate equivalent atoms: #1 —x+1, —y+1, —z.

ion. The presence of this hydroxide anion is necessary to
balance the complex charge, although the position of the hy-
droxide species bound to the sodium ion cannot be assigned
because the hydrogen atoms of the water molecules and the
hydroxide were not localised probably as a result of disor-
der.

The presence of both the aquo and monohydroxo com-
plexes in a ratio of 1:1 in the structure can be explained by
the low solubility of this species and the potentiometric re-
sults, which indicate the presence of hydroxo species in solu-
tion with water above pH 8 (see below). The formation of
soluble lanthanide-hydroxo complexes in the presence of
neutral polyaminocarboxylate ligands has been observed in

8492 ——
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were determined to be pK ;=
2.9(1), pK,,=3.8(1) and pK, =
7.33(3) (0.1m KCI, 298 K) by
potentiometric titration (the ti-
tration curves of Hydpaa and its Gd™ complexes are pre-
sented in the Supporting Information). The highest
pK, value (7.33(3)) may be identified with the protonation
of the nitrogen atom of the tertiary amine, followed by the
protonation of the carboxylate groups of the picolinate moi-
eties. The protonation of the remaining carboxylate group
occurs at a lower pH value, and the associated pK, value
could not be determined. The values of pK,, and pK,; are
consistent with the values found for the protonation of the
picolinate carboxylate moiety in the tripodal ligand a,o’,a”-
nitrilotri(6-methyl-2-pyridinecarboxylic acid (Hjtpaa; pK;=
3.3(1), pK,,=4.11(6)).”" The low value of pK, =7.33 rela-
tive to the value reported for nitrilotriethanoic acid (Hjnta;

Chem. Eur. J. 2007, 13, 8489 —8506
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pK,_9.75)"" is due to the presence of two 6-methyl-2-pyri-
dinecarboxylic acid groups and is consistent with the value
of pK,=7.30 reported for the nitrogen atom of the secon-
dary amine in bis(2-pyridylmethyl)amine (dpa)."!

The stability constants of the complexes formed between
the Ln™ centre (Ln=Gd and Tb) and Hydpaa were deter-
mined by direct titration of 1:1 Gd/Hsdpaa (4.3x107*m), 1:2
Gd/Hydpaa (4.4x107*m), 1:1 Tb/Hzdpaa (3.6x10*m) and
1:2 Tb/H;dpaa (1.8x10 *m) mixtures in the pH range 2.5-
10.3. The titration data could be fitted to the following
equations [Egs (1)-(3)]:

Gd*" + dpaa’~ = [Gd(dpaa)]
log Ko = 10.6(2)

[Gd(dpaa)] + dpaa®™ = [Gd(dpaa),)*"

log Kgar, = 6.0(3) @
[Gd(dpaa)] + dpaaH*~ = [Gd(dpaa)(dpaaH)]*~ 3
log Ky = 5:2(4) ®)
Tb*" + dpaa®>~ = [Tb(dpaa)]

(1a)
log Ky, = 10.4(2)
[Tb(dpaa)] + dpaa®~ = [Tb(dpaa),]*”

(2a)
log Ky, = 4.8(5)
[Tb(dpaa)] + dpaaH*" = [Tb(dpaa)(dpaaH)}* (3a)

a

log Krpiin = 6.4(4)

The value of pGd=12.3 (—log[M]e. at pH 7.4, [M]oa=
1 pm and [dpaa],,, =10 um), which allows a straightforward
comparison of the complex stabilities under physiological
conditions, is significantly higher than the value found for
the tpaa®™ complex (pGd=11.2). The increase in stability is
consistent with the overall increase of the ligand pK, values
(XpK,=14.03 and 9.91 for dpaa* and tpaa’", respectively).
The titration curves show an inflection point above pH 8,
which is due to the formation of hydroxo species above this
pH value, as confirmed by simulation of the curves.

The introduction of the additional species [M(dpaa)OH)]~
into the fit of the titration curves does not result in a signifi-
cant modification of the values of the formation constants of
the mono- and bis(ligand) complexes as their formation
occurs before pH 8.

The small concentration of hydroxo complex present at
the investigated pH region, associated with a probable slow
kinetic process, prevents an accurate determination of the
formation constant of the hydroxo species. To obtain a
better qualitative description of the system, we have, howev-
er, included the speciation in a pH range in which the error
of the formation constant of the hydroxo complexes has
little influence on the amount of hydroxo species present in
solution (up to pH?Y9). The species distribution curves
(Figure 4) show that at a stoichiometric 1:1 ratio of Gd/

Chem. Eur. J. 2007, 13, 8489 —8506
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Figure 4. Gadolinium speciation in water (pH 2.5-9) in the presence of
dpaa’®~ for [Gd**],, = [dpaa],,,=0.44 mm. L =ligand.

dpaa®™ dissociation of the complex occurs only below pH 4
and that at pH>8 the soluble hydroxo species [Gd-
(dpaa)(OH)]~ begins to form. At a stoichiometric 1:2 ratio
of Gd/ligand, the distribution curve (Figure 5) shows that at
above pH 7 and [dpaa] . =0.22 mM the major solution spe-

Gd(dpaa),

100

801

60

401

20

% formation relative to L

0

Figure 5. Speciation in water (pH 2.5-9) in the presence of dpaa® for
[Gd**],,:=0.22 mm and [dpaa],,,=0.44 mm.

cies is the trianionic bis(ligand) complex [Gd(dpaa),]*” in
which all the carboxylate oxygen atoms are deprotonated.
Below pH 7, a dianionic monoprotonated form of the bis-
(ligand) complex is present. This complex is the major spe-
cies at pH4. At pH=~7.5, the hydroxo species begins to
form, thus displacing one dpaa’" ligand. Similar behaviour
was observed for the terbium complex, and similar coordi-
nation behaviour was previously observed for ternary com-
plexes of lanthanides with polyaminocarboxylate li-
gands.“>+

Solution structure of the Ln™ complexes: The lanthanide
complexes of dpaa*” show a very high solubility in water,
which is different from the complexes of the heptadentate
tpaa®~ ligand as they are rather insoluble in water. As in
both cases the complexes have neutral charges, the higher
solubility probably arises from the removal of one pyridyl
ring.

The '"H NMR spectra (400 MHz) of [Ln(dpaa)] (Ln=La,
Eu, Tb, Lu) complexes in D,O at pD 6-8 and 298 K show
the presence of only one set of signals for the pyridine pro-
tons, two signals for the diastereotopic methylene protons
close to the pyridine ring and one resonance for the protons
of the acetate group. This pattern is consistent with a C,
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symmetry of the species in solution, in which the two picoli-
nate pendant arms are equivalent. The diastereotopic char-
acter of the CH, protons close to the pyridine ring indicates
a long-lived coordination of the nitrogen atom of the terna-
ry amine and is in agreement with a rigid C, structure in so-
lution. In contrast, for the analogous heptadentate tpaa®~
ligand, fluxional C;, species were observed in solution, as a
consequence of a rapid interconversion between two differ-
ent helical conformations (A and A). The different behav-
iour observed for the two ligands points to a better metal—
ligand complementarity for the dpaa®~ complexes.

Solution-structure NMR studies (400 MHz) were carried
out on the [Ln(dpaa),]>~ (Ln=Eu, Tb, Lu) complexes in
D,0 at pD 6-8 and 298 K. Broad spectra were obtained for
Ln=Tb and Lu, which is in agreement with the presence of
conformational equilibria in solution. A more rigid spectrum
was observed for the europium complex with more than 17
signals at 298 K for [Eu(dpaa),]>~ (see the Supporting Infor-
mation). This pattern indicates the presence of C;-symmetric
species in solution. Signal overlap prevented the attribution
of the signals.

The solvation state of the mono- and bis(dpaa) complexes
of Eu™ and Tb™ were studied by comparison of their lumi-
nescence decays in H,O and D,O. As a result of the differ-
ent quenching efficiencies of the O—H and O—D oscillators,
the measurement of Ln®* phosphorescence lifetimes 7 in
solutions of H,O and D,O allows an accurate estimation of
the number of coordinated water molecules present in solu-
tion g by using the equation of Beeby etal. (g=A,(1/
Tuo—1/Tp,o—0r,) Wwith Ap=5ms, Ag,=12ms,
0.06 ms™' and oz, =0.25 ms™;* this equation is a corrected
version of the empirical equation of Horrocks and Sud-
nick,*>*! thus accounting for closely diffusing OH oscilla-
tors). The observed lifetimes of the Eu(’Dy) (tyo0=
0.307(2) ms and 75,,=2.53(2) ms) and Tb (D,) (Tyo=
0.99(1) ms and 7p,,=2.65(3) ms) levels for the [Tb(dpaa)]
and [Eu(dpaa)] complexes are in agreement with the pres-
ence of 3.1+0.2 and 2.9+£0.2 coordinated water molecules
in the Eu and Tb 1:1 complexes, respectively. A similar
number of coordinated water molecules can be expected for
the gadolinium ion, which has an ionic radius between those
of the Eu and Tb ions. These results indicate the presence
of monomeric tris(aquo) species in solution with water. The
lifetimes of the Eu(’Dy) (tyo=1.11(4)ms and 7,0=
243(2)ms) and Tb (D,) (tg,0=1.18(4) ms and 7p0=
1.73(7) ms) levels measured under conditions ([Eu]
~4.10*m and [dpaa] ~8,8.10~*m for Eu; [Tb]~1.10°m and
[dpaa]~4.3.107*m for Tb) in which only the bis(dpaa) com-
plexes [Ln(dpaa),]>~ are present in solution are in agree-
ment with the presence of 1.06 £0.2 and 0.3+0.2 coordinat-
ed water molecules in the Tb and Eu complexes, respective-
ly (Table 4). The q values reported for the Eu*t and Tb**
complexes of octadentate and nonadentate polyaminocar-
boxylate ligands are usually very similar.”? However, lumi-
nescence decay rates of the free ions Tb*>* and Eu’* in mix-
tures of D,O and H,O yielded values of ¢=9 and 9.6 for
terbium and europium, respectively.”’l Moreover systematic

Oy, =
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Table 4. Lifetime and absolute quantum yields in Tris buffer (pH 7.4,
298 K) relative to [Eu(dpa)s]*~ and [Tb(dpa);]*".

Compound Ay € T,0 Ti,o Ouo Op,0
[nm] [v'em] [ms] [ms] [%] [%]
dpaa 268 8968 - - - -
[Eu(dpaa)] 272 8940 0.307(2) 2.53(2) 153) 13(2)
[Tb(dpaa)] 272 8503 0.99(1) 2.65(3) 22(4)  54(8)
[Eu(dpaa),] 271 - 1.11(4) 243(2) - -
[Tb(dpaa),] 271 - 1.18(4) 1.73(7) - -

crystallographic studies of lanthanide complexes show that
the change of coordination number occurs at different
atomic numbers depending on the coordinated ligand. For
example, the change in the number of coordinated water
molecules occurs at the Tm centre for [Ln(dota)(H,O),]
(dota=1,4,7,10-tetraazacyclododecane-N,N',N",N"’'-tetraace-
tic acid) complexes,*! but at the Gd centre for the series of
[Ln(terpyridine)(NO;),(H,0),]JNO; (x=3 for La-Gd and
x=2 for Tb-Lu) complexes.[*

The different number of water molecules observed for the
bis(dpaa) complexes can be interpreted in terms of impor-
tant structural differences for these complexes. A possible
explanation for the presence of a coordinated water mole-
cule in the terbium complex is that a smaller number of
donor atoms of the dpaa ligand is bound to the smaller
terbium ion, thus leaving a coordination site available to
bind a water molecule. The higher fluxional behaviour of
the terbium complex observed by NMR spectroscopic analy-
sis is in agreement with this interpretation.

Important differences in the formation mechanisms of ter-
nary adducts Ln-edta-nta (nta=nitrilotriacetato) have been
previously reported along the lanthanide series.”>*" The
high value of relaxivity measured for [Gd(dpaa),]’” (r,=
6.4mm's7! at 200 MHz, 298 K) is in agreement with the
presence of a coordinated water molecule, as observed for
the terbium complex.

Relaxometric properties: The efficiency of a Gd™ complex
to enhance the contrast of T;-weighted magnetic resonance
images is gauged by its relaxivity r;, which is defined as the
paramagnetic relaxation enhancement of the longitudinal re-
laxation rate of the water protons as a result of a 1 mm in-
crease in the concentration of this complex at a given tem-
perature and magnetic field.""™!! The determination and
analysis of the relaxometric parameters at high field were
performed with a new method, which is described in the
Theory Section and provides a simple and straightforward
way of characterising the relaxivity performances of new ga-
dolinium complexes at high field.

Relaxivity analysis of the Gd™ complexes: The relaxation
rates of the HOD and CH;OD protons were measured at
200 MHz and 298 K in solutions of [Gd(dpaa)(D,0);] and
[Gd(dpaa),(D,0)]*” in D,O (Tables 5 and 6). First, consider
the solution of [Gd(dpaa)(D,0);] as a worked example, for
which the practical method of using the high-field relaxivity
theory presented in the Theory Section is detailed in five
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Table 5. The mixed OS proton relaxivities 705 at 200 MHz of a dilute un-

charged probe solute CH;OD that result from solutions of the complexes
[Gd(dpaa)(D,0);] and [Gd(dpaa),(D,0)]*" in D,O at 298 K.

[Gd(dpaa)(D,0);] [Gd(dpaa),(D,O)I"
T, [ms] 72.60 85.60
T, [ms] 56.90 6830
7,, [ms] 56.90 67.60
T [87 ] 3.74 3.09
Tonp [s7 MM 3.74 3.14
O [s7 mm'] 3.74 3.12

[a] The concentrations of the complexes [Gd(dpaa)(D,0);] and
[Gd(dpaa),(D,0)]*" are 4.26 and 4.25 mm, respectively. The experimental
proton relaxation times in the absence of Gd™ complexes are T,,=9.43 s
=Ty =T . The values of 75, (respectively gy, ) are obtained from the
measured longitudinal and transverse (respectively longitudinal in the ro-
tating frame) relaxation times 7; and T, (respectively 7). The arithme-

tic mean of 705, and rO% | is rOS = (rOS ,+755 V2.

mix.2p mix,lp mix — mix, 1p

Table 6. Relaxivity properties of the HOD protons at 200 MHz that arise
from  solutions of the complexes [Gd(dpaa)(D,0);] and
[Gd(dpaa),(D,0)]*" in D,O at 298 K (the rotational correlation time 7y
and coordination lifetime 7y are also reported).”

[Gd(dpaa)(D,0);] [Gd(dpaa),(D,0)]*
7, [ms] 19.64 31.91
T, [ms] 16.42 2724
r s mm 11.93 7.36
r s mm 14.28 8.62
708 [s7'mm) 2.84 224
AS s mm] 9.40 5.45
S s mm] 11.12 6.17
e [ps] 103.00 206.00
o [15] 0.10 0.45

[a] The concentrations of the complexes [Gd(dpaa)(D,0);] and
[Gd(dpaa),(D,0)]*~ are 4.26 and 4.25 mm, respectively. The experimental
proton relaxation times in the absence of Gd" complexes are T},=12.5's
=~T). The total longitudinal and transverse relaxivities r; and r, are ob-
tained from the measured relaxation times 7 and 7,. The mixed OS re-
laxivity 7, is estimated from its counterpart of the CH;OD protons re-
ported in Table 5, as explained in the relaxivity analysis section. This
value is used to derive the longitudinal and transverse OS relaxivities r,°%
and ,°5, from which the IS contributions 'S and 7, to the total relaxivi-
ties are obtained as differences.

steps. The explanations are self-contained to make the
theory readily usable for the characterisation of contrast
agents. The complex [Gd(dpaa)(D,0);] is simply denoted by
Gd(dpaa) in the mathematical symbols to simplify the nota-
tion. The equations are written in terms of the longitudinal
and transverse relaxation times 7; and 75, but the same pro-
cedure holds when replacing T, with T,. The analysis begins
with the interpretation of the CH;OD proton relaxivities,
which are of purely outer-sphere (OS) origin, because the
inner-sphere (IS) contributions should be negligible as meth-
anol coordinates to the Gd™ centre weakly at most.

Step 1 consists of deriving the experimental mixed relaxiv-
ity of the methanol (m) CH;OD protons from Equation (4)
[which is the expanded form of Equation (23) from the
theory section in terms of directly measured properties]:

i (9©) :% KT% - T%o) —% (% = Tim)] /[Gd(dpaa) (4)
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where T, and T, are the experimental CH,OD proton relax-
ation times in the solution containing the [Gd(dpaa)(D,0);]
complex at the concentration [Gd(dpaa)], whereas T;, and
T,, are the measured values in the absence of the complex.
From the experimental values of Table5, we obtain
rosm(00)=374s""'mm".

Now, turn to the interpretation of the HOD relaxivities.
The total longitudinal and transverse relaxivities r;,=11.93
and r,,=14.28 s"' mm ™! are readily obtained by substituting
the measured values for the relaxation times 73, T5, T}, and
T,, of the HOD protons in Equations (5a and b):

o= (7 -7, )/Gatepaa) (52

oo = (77, ) /Gatepaa) (5b)

The purpose of the following steps of the relaxivity analysis
is to disentangle the IS and OS contributions to the total re-
laxivities r,,, and r,, to allow a straightforward estimation
of their underlying geometric and dynamic molecular fac-
tors.

In step 2 the mixed relaxivity 795  (c0) of the HOD pro-

mix,w

tons is calculated from Equation (6) [which is Eq. (25) from
the Theory Section] when L =dpaa:

(O

mix,w

oS ( Dm/Gd(dtpaa) bm/Gd(dtpaa) (6)

mix,w

I

) =r
( ) Dw/Gd(dtpaa) bw/Gd(dtpaa)

where Dy Gadipan) 80d Dx/Gawipan) are the relative diffusion co-
efficient and the collision diameter of the X/Gd(dpaa) pair,
respectively (X=methanol (m) or water (w)). The relative
diffusion coefficient Dy;gqwipaay 15 the sum given by Equa-
tion (7) of the self-diffusion coefficient Dy of the molecule
X and of the self-diffusion coefficient Dy, Of the Gd™
complex.

dtpaa

DX/Gd(dlpaa) = D;{ + DtGd(dtpaa) (7)

The self-diffusion coefficients of the uncharged CH;OD and
HOD molecules are independent of the presence of dilute
small solutes and have infinite dilution values that can be
measured by the pulsed-gradient spin-echo (PGSE) NMR
technique,® namely, these values are D! =1.13x10" and
D! =1.85x107 cm*s™" in D,O at 298 K. Three different pro-
cedures can be used to obtain the relative diffusion coeffi-
cients D ,yGapan) aNd DyyGaapas) involved in Equation (6). In
procedure 1, the self-diffusion coefficient Di, s, ©f the
[Gd(dpaa)(D,0);] complex is approximated by that of its
Lu™ or La™ analogue, which is measured® > by the
PGSE NMR technique. Then, the relative diffusion coeffi-
cients are calculated as the sum of Dy and Dgygpa
[Eq. (7)]. As a goal of this study is to provide an economical
determination of the factors that affect the relaxivity, proce-
dure 1 is not used herein because the accompanying addi-
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tional experimental work is not justified by the need of a
precise measurement of DtGd@paa), as discussed hereafter.
Procedure 2 rests on an a priori estimation of the self-diffu-
sion coefficient Diygpae- The studied complex [Gd(dpaa)-
(D,0);] is a small Gd-polyaminocarboxylate complex (M,=
500-750 gmol'). The self-diffusion coefficients of many
complexes of this type were found to be in the rangel"
(0.4540.1)x107° cm?s ™! in H,O at 298 K. According to the
Stokes—FEinstein law, the corresponding self-diffusion coeffi-
cients in D,O should decrease by the viscosity ratio r/(D2O)/
n(H,0)=1.24 to take the value (0.36+0.08)x107° cm?s~..
In procedure 2, the self-diffusion coefficient Diygpay ©F
[Gd(dpaa)(D,0);] in DZO is simply assumed to have the
mean value 0.36x107° cm?s™!. As in procedure 1, the rela-
tive diffusion coefficients are calculated as the sum of DY
and Dy ipay [EQ- (7)]. For its present use in Equation (6),
the rough approximation of the self-diffusion coefficient
Diaiapan Of [Gd(dpaa)(D,0);] by an experimental mean
value for the complexes of this type is sufficiently accurate.
Indeed, given the reported self-diffusion coefficients of
CH;0OD and HOD, the typical absolute uncertainty of
£0.08x107° cm®s™" of Dy g giVes a negligible relative
uncertainty of less than 2% for the ratio Digqupaay
Dy Gagpaa) appearing in Equation (6). In procedure 3, the rel-
ative diffusion coefficients D, Gqipaa) 80d D\yGagipan) aT€ €Sti-
mated from the measured relaxivities without additional ex-
perimental work: First, the relative diffusion coefficient
D Gagapan) is obtained from the values of r5(co)=(1/T,—
1/T,()/[Gd(dpaa)] and rmlx_m/Gd (pay 21ven by Equation (4) by
using Equation (8) [which is equivalent to Eq. (22) in the
Theory Section]:

Ap/TTV; 23
D, jGagdtpaay = m
i 1,m

mix,m

(®)

where the proton resonance frequency is v,=200x 10° Hz.
The m/[Gd(dpaa)(D,0);] relative diffusion coefficient is
D Gy =1.55x 1077 ecm’s ™. As discussed below, this value
leads to a reasonable estimate of DGd(dlpaa>, so it is retained
to calculate the mixed OS relaxivity of the HOD protons
from Equation (6). Second, the w/Gd(dpaa) relative diffu-
sion coefficient is obtained from Equation (9):

Dy Ga(atpan) = DmjGatdmpan) + Dy—Dhy 9)
where D, Gapa=2-27x107° ecm’s™". Finally, according to
the previous subsection the collision diameters of the m/Gd-
(dpaa) and w/Gd(dpaa) pairs estimated from compact mo-
lecular models are by G =0-1 and by Gacapay = - A. The
mixed OS relaxivity (ry (00)=2.84s™' mm™") of the HOD
protons is now readily computed from Equation (6). Again,
it should be emphasised that errors in the estimates of the
radius and self-diffusion coefficients of a Gd-L complex
cancel out to a large extent in the ratios bm/GdL/bw,GdL and
D, Gai/Dwcar, SO that the determination of rmlxw from rmlxm
should be accurate.
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Though it is not necessary for the present analysis, the
self-diffusion coefficient Dy ipe Of [Gd(dpaa)(H,0);] can
be readily estimated from the relaxivity measurements as
follows: From the use of the retained value D,y Gqipaa)=
1.55x107° cm*s™' of the m/Gd(dpaa) relative diffusion coef-
ficient, ~we  have  Diyupan = Pvcdipas =Dy =042 %
107° cm*s™". This result is in satisfactory agreement with the
value (0.36+0.08)x 107> cm?s™! previously derived from the
self-diffusion coefficients in solutions of gadolinium com-
plexes of sizes similar to that of the studied complex in light
water.*) However, note that the D gqips value was calcu-
lated from the difference r,;,(c0)—r;, which has a large per-
centage error, because ry,(c0) and r; have near values, as
the D.yGaapaay Value is rather large and the v; value is rather
small. Then, the accuracy of the Dgypaa) Value is not better
than 30%. An improved accuracy could be obtained either
from a relaxation study at a higher frequency or by replac-
ing CH;O0D with another probe solute, such as tert-buta-
nol(OD) of slower self-diffusion.

Step 3 is an application of Equation (22) to the determina-
tion of the OS relaxivities of the HOD protons. In this case,
Equations (22a and b) can be rewritten as Equations (10a
and b):

r?\i = rgs(,w(oo)_(/lD/Di//zGd dtpd)) VIV (108‘)

OS_7 0S

rZ,w - 6 rmix,w( ) (1 Ob)

(’1D /Dw/Gd (dtpa) )\/ TV

The relaxivities r5=2.53 and r$5=3.16s"'mm "' of the
HOD protons are calculated from the previous determina-
tions of the mixed relaxivity r% (c0)=2.84s'mm~' and
the relative diffusion D yGacdipany = 2.27 %
107 cm?s™".

In step 4, the experimental IS relaxivities are obtained
from the measured relaxation times 7T,, T, T), and T,, of
the HOD protons by using Equations (11) [which is equiva-
lent to Equation (17)]:

mix,w

coefficient

rS, = rlyw—r?wS (11a)
Py = rz)WfrZO‘WS (11b)

The values ri3,=9.40 and 3, =11.12s" ' mm ™' stem readily
from Equation (11).

Finally, step 5 is the evaluation of the geometric and dy-
namic factors that are at the origin of the water-proton
high-field relaxivity and have not yet been determined. To
begin with, consider the IS relaxivity values of the HOD
proton, which are well reproduced to within a few percent
by their theoretical counterparts derived from the standard
Equations (18)-(20), with a rotational correlation time
TR Gd(dipaa) = 103 ps, a coordination lifetime Ty Gq(aipaa) = 0.1 pS
and a number of coordinated water molecules ggypaay=3, in
agreement with the value measured independently by lumi-
nescence studies for the europium centre in terbium com-
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plexes. The theoretical results are summarised in Table 6.
Note that the uncertainty of the rotational correlation time
can be mainly ascribed to that of the probable value®! r,;=
3.1 A of the Gd-proton distance. It is also useful to estimate
the precision of the method for evaluating the lifetime 7, in
the case of [Gd(dpaa)(H,0);], which is particularly unfav-
ourable because 71y, is significantly shorter than
Tim=To225 ps, so that its variation weakly affects the r}®
and r!® theoretical values given by Equation (18). The exper-
imental precision of T; is typically 0.5-1 % and that of 7, or
Ty, is 1-1.5%. Simple inspection of the equations that lead
to the estimates of the +* and r%* values shows that their cu-
mulative errors are about 2 and 3%, respectively. The
Ty values inserted in Equation (18), which give theoretical
relaxivities r° and r}® compatible with their experimental
counterparts to within the previous percentage errors of 2
and 3%, lie in the range 0=~7y=~0.23 ps, namely, 7,,=20.1+
0.1 ps. Thus, the exchange (ex) rate k. =1/ty of the coordi-
nated water molecules is at least rather fast. The value 7=
0.23 ps seems an upper limit beyond which the theoretical
predictions do not agree with the experimental values of ri®
and ry. On the other hand, a very short coordination life-
time down to 7y=0.01 us should not be completely ruled
out, even if the range of 7y values 0.05~7y=0.15 ps, for
which the theoretical relaxivities 7i5 and 7* are equal to the
experimental values given in Table 6 to within 1 and 1.5%,
respectively, is more reasonable. It is worth noting that a
preliminary interpretation of ’O NMR spectroscopic meas-
urements in light water® leads to a 7y value shorter than
0.1 ps, in agreement with the present discussion. In further
work, the accuracy of the present route to 7, determination
will be compared to the accuracy of the well-established
O NMR spectroscopic method®*>”! for several Gd™ com-
plexes.

The longitudinal water proton relaxivity r,(H,0)=
9.62s7' mm™' that arises from the tris(aquo) complex [Gd-
(dpaa)(H,0);] in H,O can be estimated by dividing the D,O
value reported in Table 6 by the viscosity ratio #(D,0)/n-
(H,0)=1.24. It is approximately 2.5 times higher than that
of most of the currently used commercial contrast agents.
This high relaxivity is associated with the presence of three
IS water molecules. A lower relaxivity (r,=7.15s" ' mm ' at
20 MHz and 313 K) was measured for the tris(aquo) com-
plex [Gd(edta)]” in H,O.® The relaxivity as a result of the
[Gd(dpaa)(D,0);] complex is constant between pD=5.5
and 7.7 (r211.8s'mm! in D,O at 200 MHz), whereas a
lower value of 729.30s'mmM™' is measured at a basic
pD value (11.6), in agreement with the presence of hydroxo
species at this pD value with only two Gd"™-bound water
molecules.

The analysis of the relaxivities for the [Gd(dpaa),(D,0)]*~
complex, also denoted by Gd(dpaa),, is similar to that car-
ried out for [Gd(dpaa)(D,0);]. In addition, two simplifying
hypotheses are made: 1) The volume of Gd(dpaa), is twice
that of Gd(dpaa), so that the radius of Gd(dpaa), is 5.1 A,
as mentioned previously. 2) The standard Stokes-Einstein
laws of translational and rotational diffusion of large species
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are valid so that the self-diffusion coefficient D‘Gd@paa)z:

0.33x107° cm?s™! of Gd(dpaa), is that of Gd(dpaa) divided
by 2'” and its rotational correlation time Tg Ga(apas), =206 ps
is twice that of Gd(dpaa). The experimental mixed OS re-
laxivity Q3 =3.12 of the CH;OD protons is derived from
the measured relaxation times with the help of Equa-
tion (23) or (4) adapted for Gd(dpaa),. The relaxivities r{s,
rom Or 15 obtained from the definition given by Equation
(15) satisfy Equation (22) with the mixed relaxivity and the
relative diffusion coefficient of the pair to within the experi-
mental errors. Then, the experimental mixed OS relaxivity
ros . of the HOD proton is obtained by applying Equa-
tion (6) adapted for Gd(dpaa),. The OS relaxivities ry and
ryy of the HOD protons are given by Equation (22) or (10)
adapted for Gd(dpaa),. The total relaxivities r,,, and r,,, are
obtained from their definition given by Equation (15). The
IS relaxivities r{, and ry, follow from Equations (17) or
(11). They can be interpreted by the standard IS relaxation
model of Equations (18)—(20) with g Gwipas), =206 ps, a co-
ordination lifetime of Ty Gyipas),=0-45 Bs and a number of
coordinated water molecules ggqpaa),=1. This number of
water molecules is in agreement with the value measured by
luminescence for the terbium complex (Table 6). The coor-
dination lifetime 7y,=0.1 pus is reasonable for [Gd(dpaa)-
(H,0);] as a ligand-like dpaa®~ allows rather large free
access of the Gd"™ ion to the water molecules. When the
Gd™ centre in [Gd(dpaa),(H,O)]>" is complexed by two li-
gands, there is less free access and the 7y, value increases to
0.45 ps.

The rotational correlation times derived from the previ-
ous analysis are for the complexes in D,0. Their counter-
parts in H,O should be shorter by the factor #(D,0)/5n-
(H,O)=1.24. They are expected to be 83 and 166 ps for
[Gd(dpaa)(H,0);] and [Gd(dpaa),(H,0)]*", which are typi-
cal values for complexes of these sizes.”>*! Finally, the de-
termination of the OS relaxivities is model independent. In
particular, it is applicable to Gd-L complexes that have ani-
sotropic shapes and/or off-centre positions of the Gd™
centre, and for which the standard Ayant-Belorizky—
Hwang-Freed (ABHF) OS relaxation model,’®*®!l which in-
volves two spins located at the centres of diffusing hard
spheres, becomes questionable.

Interactions of [Gd(dpaa)(D,0);] with oxyanions: The quite
high relaxivity observed for these complexes prompted us to
investigate the effect of physiological anions on the relaxivi-
ty of [Gd(dpaa)(D,0);] to evaluate the behaviour in vivo
and the potential for application.

Physiological anions can displace the ligand, thus resulting
in insoluble adducts and toxicity,®” or they can replace the
water molecules coordinated to the gadolinium centre to
form ternary adducts and therefore decrease the contrast ef-
ficiency of the complex. It has been observed previously
that the presence of phosphate species dramatically decreas-
es the relaxivity of gadolinium complexes of hexadentate
texaphyrins from 17 to 5s™'mm % In the do3a®" deriva-
tives, both IS water molecules are replaced by bidentate
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anions, such as malonate and lactate species, whereas only
one water molecule is displaced by a carbonate or phos-
phate moiety.[14:63-64

The introduction of carboxylate groups on the do3a®"
ligand prevents anion and protein binding,'”! whereas the
relaxivity of the bis(aquo) gadolinium complexes of a tripo-
dal hydroxypyridone-based ligand is decreased significantly
by only two physiological anions, phosphate and oxalate, the
other anions, including citrate, have negligible effects.?” It is
evident from these data that anion binding is very sensitive
to the charge of the complex and minor variations in the
ligand structure and geometry.'!! However, there is still a
lack of clear understanding of the dependency of anion
binding from the structural properties.

The three metal-bound water molecules in the [Gd(dpaa)-
(D,0);] complex can be partially or totally replaced by oxy-
anions, which coordinate to the Gd™ centre to form ternary
complexes with [Gd(dpaa)(H,O);]. As the IS contribution
to the relaxivity is proportional to the mean number § of
metal-bound water molecules, the drop in the measured re-
laxivity, when adding an oxyanion, is directly proportional
to the number of replaced water molecules and can be used
to study the coordination of the metal centre by the oxyan-
ion. The interaction of several physiological anions with
[Gd(dpaa)(D,0);] was studied by relaxometric analysis to
investigate the influence of the ligand geometry on the for-
mation of ternary adducts. The values of relaxivity measured
for the neutral complex [Gd(dpaa)(D,0);] in presence of a
200-fold excess of six different physiological anions are re-
ported in Table 7.

Table 7. Longitudinal relaxivity r, and relaxivity difference Ar;=rpou
anion—"1with anion 10T [Gd(dpaa)(H,0);] in the presence of 200 equivalents of
various physiological anions.”!

Anion 7 [smm Ary [s'mm]
- 11.64 -

acetate 9.19 —2.45

lactate 8.24 —34
biphosphate 7.75 —3.89
bicarbonate 6.30 —5.34
oxalate 6.15 —5.49

citrate 2.87 -8.77

[a] Experimental conditions: 200 MHz, D,O, pD~7.4, [Gd(dpaa)]
~3 mwM, [physiological anions]~ 600 mM.

The relaxivity decreases significantly for all anions, thus
indicating that anion binding occurs. The observed values
can be roughly interpreted as follows, with the help of the
relaxivity analysis of the free [Gd(dpaa)(D,0);] complex
presented previously. The experimental OS relaxivity is
roy=253s"'mm" for the HOD proton, and the IS contri-
bution per coordinated water molecule is /3=
313s'mm . As the oxyanions that replace the metal-
bound water molecules are small species with respect to the
Gd(dpaa) complex, both the OS and IS dynamics of the ter-
nary complexes should be similar to those of the free com-
plex. Then, the predicted relaxivity for ternary complexes

8498 —— www.chemeurj.org

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

with ¢® ((b) =bound) metal-bound water molecules should
be approximately r*(g®™)=2.53+¢"x3.13 s  mm~!, that
is, 2.5, 5.7 and 8.8 s ' mm~! for ¢™ =0, 1 and 2, respectively.
This suggests that all the three metal-bound water molecules
of [Gd(dpaa)(D,0);] are replaced by citrate, two of them by
bicarbonate and oxalate, and only one by acetate, biphos-
phate and lactate in the presence of a 200-fold excess of
anions with respect to the free complex. Even under these
conditions that are favourable to the formation of adducts
with oxyanions, the mean relaxivity remains higher than
those of most of the currently used commercial contrast
agents except for the citrate. However, the measured relax-
ivity 7,=7.9 s mm™! in a solution containing equimolar con-
centrations of [Gd(dpaa)(H,0);] and citrate is still high.

The formation constant K4, of a ternary adduct with an
oxyanion can be derived from the variation of the mean re-
laxivity of the HOD proton versus the oxyanion concentra-
tion by using Equation (33) (see the Theory Section). The
relaxivity 7, was measured at different concentrations of the
citrate and bicarbonate anions (see the Supporting Informa-
tion), which are present in the blood plasma at concentra-
tions®! (0.06-0.16 and 22-28 mwm for citrate and bicarbonate,
respectively) comparable to that of a contrast agent distrib-
uted in the extra-cellular fluid after administration of a stan-
dard dose of 0.1 mmolkg™! body weight.®! The fitting of the
relaxivity data reported in the Supporting Information pro-
vides satisfactory adduct relaxivities and formation constants
(r"=27s"mm ", log K ,gque=3.7 for citrate at pD=7.6 and
r=535s"mm ", logK,gqq=1.8 for bicarbonate at pD=
7.4).

Thus, the high relaxivity of the gadolinium complex of
this tripodal tris(picolinate) ligand is only partially de-
creased by most of the physiological anions in spite of the
neutral charge of the complex. Analogous ligands that lead
to negatively charged complexes should lead to improved
stability and lower affinity for physiological anions. Studies
in this direction are in progress. A comparison with the re-
sults reported for the interaction with physiological anions
for the tripodal hopo derivatives tren-bis-hopo-tam li-
gands® 7 reveals an increased interaction with some phys-
iological anions. This behaviour could be explained by the
higher number of IS water molecules that result in higher
accessibility of the coordination sites for anion binding or by
an overall different geometry in solution. The investigation
of anion binding by bis(aquo) or tris(aquo) gadolinium com-
plexes with picolinate ligands with different architectures
should give more insight into the relation between ligand
geometry and the displacement by physiological anions of
water molecules bound to gadolinium.

Interactions of [Gd(dpaa)(H,0);] with bovine serum albu-
min (BSA): For most of the clinical imaging fields, which
range from 0.5 to 1.5 T, it is well known that slowing down
the Brownian rotation of a Gd-L complex by covalent or
noncovalent interactions with a macromolecular solute is an
efficient way to increase the IS contribution to the relaxivity
provided that the residence time 7y of a metal-bound water
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molecule is on the order of 0.1 us or shorter.*! In the case
of blood-pool contrast agents, this process can be achieved
by noncovalent binding of mono(aquo)-gadolinium com-
plexes to the abundant plasma protein, serum albumin.[®7
Unfortunately, the side-chain carboxylate groups of the pro-
teins, such as serum albumin, may cause a partial or total
displacement of the coordinated water molecules of the bis-
and tris(aquo) complexes, thus suppressing the relaxivity en-
hancement benefit as a result of the high number of these
water molecules in the free complex.” %% The presence
of hydrophobic pyridine groups on the dpaa ligand incited
us to explore whether [Gd(dpaa)(H,O);] binds to a plasma
albumin, such as BSA, of molecular weight Mgg,=
66400 Da, and if the final adduct retains the IS water mole-
cules of the free complex upon binding. To investigate the
interaction of the protein with the [Gd(dpaa)(H,0);] com-
plex and, in particular, its effect on the coordination envi-
ronment of the gadolinium centre, we performed lumines-
cence studies in the presence of BSA™ and measured the
water-proton longitudinal and transverse relaxivities in solu-
tions of the gadolinium complex containing increasing BSA
concentrations at 298 K and a proton resonance frequency
of 60 MHz that correspond approximately to the imaging
field of 1.5 T.

The observed luminescence lifetimes of the Tb(°D,) (ty,0
t=1.04(3) ms and 7p,,=1.63(2) ms) levels for a solution of
[Tb(dpaa)] (4 mm) with BSA (12% w/v) are in agreement
with the presence of a mean number §=1.5440.2 of metal-
bound water molecules. The decrease in the observed
number of metal-bound water molecules from ¢®=3.1+0.2
in the absence of BSA to §=1.54+0.2 in presence of this
protein requires the existence of BSA binding sites, for
which the number of water molecules coordinated to the
Gd™ centre is decreased to 1 or 0 [according to Eq. (32) of
the Theory section]. Assuming that all the ngs, BSA binding
sites of [Gd(dpaa)(H,0);] are equivalent, the number of
water molecules coordinated to the Gd'™ centre, when the
complex is bound to BSA, has to be ¢®=ggso=1 or 0.
First, consider the situation ggga =1, which would imply the
coordination of the protein side-chain carboxylate groups to
the gadolinium centre in a bi- or monodentate fashion.!'”)
The number ngg, of binding sites and the association con-
stant k per site are unknown and will now be inferred from
r; and r, measurements in solutions of [Gd(dpaa)(H,0);] of
various BSA concentrations. The compositions of the stud-
ied solutions and relaxivity values are reported in the Sup-
porting Information. The theoretical expressions given by
Equation (33) of the mean relaxivities 7, and 7,, derived in
the Theory section, with the equilibrium concentration [C],,
of the free complex given by Equation (31), were fitted to
their experimental counterparts. The theoretical mean relax-
ivities 7; and 7, are displayed in Figure 6 for selected values
of ngga=2, 4, 10 and 20 and associated formation constants
per site k=1300, 360, 110 and 50 Lmol !, which are compat-
ible with the experimental value of §. The agreement with
experiment improves significantly with an increasing
number of binding sites and reaches a plateau for ngg, > 10,
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Figure 6. Longitudinal and transverse relaxivities r; and r, of the H,O
protons at 60 MHz as a result of the complex [Gd(dpaa)(H,0);] as a
function of the concentration of BSA at 298 K. The mean relaxivities 7,
and 7, given by Equation (33) are represented by continuous (top: n=2
and 4, bottom: n=10 and 20) and dashed curves (from the top: n=2 and
4; overlapping curves: n=10 and 20) respectively. These values tend to
the experimental values as the number of BSA binding sites » increases.

in which case the association constant k is on the order of
100 or smaller, in accordance with the formation constants
of the Gd(dpaa) adducts with mono- and bidentate oxyan-
ions. It should be emphasised that the limiting relaxivities
r=rpsa=132 and r=rpsx=228s"'mm ' at 60 MHz
of the bound Gd(dpaa) complex used in the fitting proce-
dure were not adjusted. These values were simply taken to
be the sums of the OS values for the free [Gd(dpaa)(H,0)]
complex in H,O derived from experiment as shown previ-
ously and of the IS values obtained from the SBM Equa-
tions (18)—(20) with 7z =9.3 ns and 7,,=0.8 ps. As suggested
by Bertini et al.,[™ the rotational correlation time was ob-
tained from the standard equation g =#7Mpysa/(dRT), where
n is the H,O viscosity and d=1gem ™ the density of BSA.
Its value is similar to those proposed by Caravan et al.””!
The coordination lifetime 7y, was the only fitted parameter
in addition to the number of binding sites. This lifetime has
a reasonable value, longer than that of [Gd(dpaa)(H,O);]
because of the binding site of BSA and is similar to that of
[Gd(dpaa),(H,0)]>". To be complete it should be pointed
out that the effects of the electronic spin longitudinal relaxa-
tion of the Gd™ ion on the r s and r,psa values may not
be completely negligible at 60 MHz, even though it is due to
the sole fluctuations of the so-called transient zero-field
splitting (ZFS) Hamiltonian.["®

Indeed, assuming that the transient ZFS Hamiltonian of
[Gd(dpaa),(H,0)]’" has the typical parameters of the [Gd-
(dota)(H,0)]~ complex, the longitudinal electronic relaxa-
tion time T, is only slightly longer than the rotational corre-
lation time of BSA, and thus will modify the relaxivities
ripsa and rypsy of the bound Gd(dpaa) complex. We
checked that such a modification does not significantly alter
the conclusion of the present BSA study. A more precise
theory would require not only a reliable characterisation of
the transient ZFS Hamiltonian, but also a description of the
OS relaxivities, thus accounting for the location of the
bound complexes at the BSA surface. This investigation is
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far beyond the purpose of this study. Also note that because
of the mass-action laws the concentration of bound Gd-
(dpaa) is larger for a number of 2ngzg, binding sites of asso-
ciation constant k/2 than for ngg, binding sites of the associ-
ation constant k. To sum up, to interpret the luminescence
and relaxivity data in the case of ggsp =1, it was possible to
build a simple binding model of Gd(dpaa) and BSA depend-
ing on structural and dynamic parameters, which were de-
rived from simple physical considerations or obtained by el-
ementary mathematical treatment without multiparameter
fitting.

Turn to the second situation of ggs, =0, which is compati-
ble with the experimental average number of metal-bound
water molecules §=1.54+£0.2. A purely OS relaxation
mechanism leads to theoretical relaxivities that are much
smaller than the values measured in the presence of BSA.
Therefore, a second-sphere (2S) relaxation mechanism!-%¢7")
has to be invoked. The coordination lifetime 7, to be fitted
in the case of ggspa =1 is replaced by its counterpart 7'y, for
2S water molecules, the number ¢’ and the distances 'y to
the Gd"" centre, which are unknown and have also to be
fitted. The longitudinal and transverse 2S relaxivities riSBS "
and r3%, are given by”! Equation (12):

Pq/
28 __
ry = T’aM +_L./M (12)

where the intramolecular relaxation rates 1/T;,/ and 1/,

are expressed in terms of the 2S spectral density j23(fw) as

Equations (13a and b)

/Ty = Aj(io) (13a)

1/Ty=A %'250 s 13b
/T = 3]2(:( )+ 2]2c(1w1) (13b)

At high field, the spectral density 35

in Equation (14):

(tw) is of the form given

1 7/, . _
A1+ 0 W A * Ty (14)

ji(w = iw)

Equations (12)-(14) are formally identical to Equa-
tions (18)—(20), which describe the IS relaxivities, but the
correlation time 7, of the 2S relaxation mechanism is much
shorter than the correlation time 7z of the IS relaxation
mechanism. Indeed, the residence lifetime ), is expected to
bel™ less than 100 ps so that it is much shorter than 7y and
7' .21’y < 1. The consequence for the values of the 2S relax-
ivities 7%, and 135, of the bound complex is that 13}, ex-
ceeds riSBS A by less than 15%. This difference is transferred
to the total relaxivities 7, gso and 7,54 of the bound complex
so that r,gs €xceeds 1 gga only by a similarly small percent-
age. This theoretical property is incompatible with the ex-
perimental relaxivity values as, for example, the 75 value is
about 60% larger than the r{* value at the highest BSA
concentration! Briefly, the observed variation in relaxivities
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with BSA concentration cannot be explained by the stan-
dard model of 2S relaxivity with a reasonable residence life-
time 7y, of the 2S water molecules.

According to these results the [Gd(dpaa)(H,0);] complex
interacts with several equivalent sites of serum albumin with
a binding constant similar to that found for the interaction
of the complex with bidentate anions. This behaviour leads
to the displacement of only two coordinated water mole-
cules and to an overall increase of the final relaxivity of the
gadolinium complex in the presence of serum albumin.

Finally it is worth discussing the limits of the previous
analysis of the relaxivity observed for [Gd(dpaa)(H,0);] in
the presence of BSA. From the above interpretation, it is
clear that the interaction of this complex with BSA is quite
complicated so that the various measured relaxometric
properties are not sufficient, even for a preliminary investi-
gation. For example, it would have been tempting to inter-
pret the measured relaxivity values in terms of a high relax-
ivity of the complex bound to a single site of albumin with a
low binding constant. However, this interpretation is not
compatible with the measured number of coordinated water
molecules by luminescence lifetime studies, and the inter-
pretation of both experimental data requires the introduc-
tion of several binding sites with a higher affinity constant.
The previous analysis also indicates that the combination of
the relaxometric and spectrofluorimetric properties is still
insufficient to discriminate between 4-20 binding sites. For
that purpose, the isolation and characterisation of the albu-
min-bound species is needed.”” Finally, a more precise de-
scription beyond the rough model presented herein would
require measurement of the water-exchange rate. Studies in
that direction are in progress.

Conclusion

The new hexadentate picolinate ligand dpaa® forms a tris-
(aquo) gadolinium complex with high water solubility, rea-
sonable stability at physiological pH and fairly high relaxivi-
ty at high field. At a pH value higher than 8, the formation
of soluble hydroxo complexes is accompanied by a decrease
in the relaxivity. The hydroxo and the aquo complexes self-
assemble in the solid state through the formation of carbox-
ylate bridges between different gadolinium centres and be-
tween gadolinium centres and sodium cations to build a rare
1D coordination polymer of square-shaped tetrameric units.
A new versatile method to unravel the geometric and dy-
namic molecular factors that explain the high-field relaxivi-
ties has been developed. This method uses a small, un-
charged non-coordinating probe solute, the OS relaxivity of
which mimics that of the water proton; furthermore, only
routine NMR spectrometric and simple mathematical analy-
sis is required. In particular, numerical multiparameter fit-
ting sometimes based on physically questionable assump-
tions is not needed.

The tris(aquo) complex interacts strongly with physiologi-
cal anions, and the formation of ternary complexes is accom-
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panied by a significant decrease in the relaxivity value. Nev-
ertheless, the relaxivity of the ternary complex remains high
in most cases, and low relaxivity values are only observed in
the presence of a 200-fold excess of citrate. The selective in-
teraction with biological dianions, which leads to significant
variation of the relaxivity, is of particular interest because of
the potential application in monitoring the concentration of
metabolites in clinical examinations. The affinity of this ga-
dolinium complex for biological anions and the observed
changes in relaxivity upon anion binding are strongly depen-
dent on the anion structure and differ significantly from the
observations of other tris- and bis(aquo) complexes previ-
ously reported. The interaction of the tris(aquo) complex
with the protein bovine serum albumin displaces only two of
the three coordinated water molecules so that the exchange-
able remaining water molecule can still yield a small relaxiv-
ity enhancement as the protein concentration increases. All
these results show the importance of structural variation on
the formation of ternary complexes and the need for more
systematic studies. The objective is to control ternary com-
plex formation by ligand design either to prevent it or to
favour selective interaction.

Experimental Section

General: 'H NMR spectra were recorded at 400 MHz on a Varian Unity
400 spectrometer and at 200 MHz on an Avance DMX 200 Brucker spec-
trometer. Chemical shifts are reported in ppm with the solvent as the in-
ternal reference. Mass spectra were obtained with a Finnigan LCQ-ion
trap equipped with an electrospray source. Elemental analyses were per-
formed by the Service Central d'Analyse (Vernaison, France).

Solvents and starting materials were obtained from Aldrich, Fluka, Acros
and Alfa and used without further purification. Anhydrous acetonitrile
was purchased from Aldrich and used without further purification. 6-
Chloromethylpyridine-2-carboxylic acid ethyl ester was obtained from
the commercially available 2,6-dipicolinic acid according to a published
procedure.” BSA fraction V (99 %) was purchased from Aldrich.
Synthesis of the ligand H;dpaa
N,N'-Bis[(6-carbethoxypyridin-2-yl)methyl]glycyl ethyl ester: 6-Chloro-
methylpyridine-2-carboxylic acid ethyl ester (0.582 g, 2.93 mmol), K,CO;
(0.618 g, 4.37 mmol) and KI (0.488 g, 2.91 mmol) were successively added
to a solution of glycine ethyl ester hydrochloride (0.169 g, 1.21 mmol) in
anhydrous acetonitrile (20 mL). The reaction mixture was stirred at room
temperature for 1 h and then heated at 60°C for 2 days. After filtration
and evaporation of the solvent, the resulting crude product was dissolved
into CHCl; (100 mL) and washed with a semi-saturated solution of
NaHCO;. After extraction of the aqueous layer with CHCl; (2 x50 mL),
the organic layer was dried over Na,SO,, filtered and evaporated to dry-
ness. Further purification of the crude product by column chromatogra-
phy on alumina activity III (75 mL; CH,CL/EtOH 100:1—95:5) yielded
the desired product as a yellow solid (0.301g, 58%). 'HNMR
(200 MHz,CDCl;, 298 K): 6=1.26 (t, J=7.2 Hz, 3H, COOCH,CHj;), 1.43
(t, J=72Hz, 6H, pyCOOCH,CHj;), 3.47 (s, 2H, CH,COOEt), 4.08 (s,
4H, CH,py), 4.16 (q, J=7.2Hz, 2H, COOCH,CH;), 446 (q, 4H, J=
7.2 Hz, pyCOOCH,CH;), 7.83 (m, 4H, CH), 8.01 (t, /=4.8Hz, 2H,
CH) ppm; ES-MS: m/z (%): 452.3 (100) [M+Na]*, 430.3 (15) [M+H]*.
N.N'-Bis[ (6-carboxypyridin-2-yl)methyl]glycine (H;dpaa): The synthetic
strategy used for the formation of Hjdpaa is shown in Scheme 2. N,N'-
Bis[(6-carbethoxypyridin-2-yl)methyl]glycyl ~ ethyl  ester  (0.270 g,
0.63 mmol) was heated to reflux overnight in a 6M HCI aqueous solution
(40 mL). After evaporation of the solvent (~3 mL) and cooling the re-
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sulting solution at 4°C overnight, a white solid was formed by precipita-
tion and collected by filtration, washed with Et,O and dried under
vacuum to vyield Hydpaa-1HCI-0.1H,O (0.142g, 65%). 'HNMR
(400 MHz, D0, 298 K, pD=4.7): 6=3.94 (s, 2H, H,), 4.60 (s, 4H, H,),
7.43 (d, J=7.6Hz, 2H, H;), 7.76 (d, /J=7.6 Hz, 2H, Hy), 7.76 (t, J=
7.6 Hz, 2H, H,) ppm; ES-MS: m/z (%): 346.1 (100) [M+H]*; elemental
analysis (%) caled for C,;H;sN;O0,1HCI-0.1H,0: C 50.10, H 4.26, N
10.96; found: C 50.15, H 4.31, N 10.91; the salt content was confirmed by
potentiometric titration.

Synthesis of the lanthanides complexes

[Gd(dpaa)(H,0);] (1): A solution of GdCl;-6 H,O (0.17 mmol) in Milli-Q
(mQ) ultrapure water (1 mL) was added to a solution of Hidpaa
(0.17 mmol) in water (2 mL). The pH value of the resulting mixture was
adjusted to pH~6 by adding an aqueous solution of NaOH (1m). After
evaporation of water, the resulting solid was suspended in ethanol
(20 mL). The resulting suspension was stored at 4 °C overnight, and NaCl
was eliminated by filtration. This operation was repeated several times
until most of the salts had been eliminated. The resulting solution was
taken to dryness and dissolved in mQ water (0.7 mL). Slow diffusion of
acetonitrile (=5 mL) at 4°C yielded the [Gd(dpaa)(H,0);] complex as a
white microcrystalline solid (65%). ES-MS: m/z (%): 771.9 (30) [[{Gd-
(dpaa)};]+2Na]**, 1022.0 (100) [[{Gd(dpaa)},]+2Na]**, 1271.7 (30)
[[{Gd(dpaa)}s]+2Na]**, 1520.9 (30) [[{Gd(dpaa)};]+Na]*; elemental
analysis (%) calcd for [Gd(dpaa)]-0.8NaCl-5.8H,0-0.2 EtOH: C 29.85, H
3.79, N 6.37, Gd 23.83; found: C 29.96, H 3.79, N 6.39, Gd 23.53.
[IGd(dpaa) (H,0) ,{[ Gd(dpaa) (H,0)(OH) |Na-
(H,0),},},Na(OH)(H,0);CH;0H-6 H,0]* (3): Obtained as crystals by
slow evaporation of an ~107*m solution of 1 after adjustment of the
pH value to 8.

[Lu(dpaa)(H,0),] (2): A solution of LuCl;:6H,0 (0.048 mmol) in mQ
water (1 mL) was added to a solution of Hi;dpaa (0.048 mmol) in water
(2 mL). The pH value of the resulting mixture was adjusted (pH 5.27) by
adding an aqueous solution of KOH (1M). The solution was evaporated
to approximately 1 mL and stored at 4°C. After a few days, white crystals
formed. KCI was eliminated by washing with small aliquots of cold mQ
water. The solid was dried to yield the [Lu(dpaa)(H,0),] complex as a
white microcrystalline solid (82 %). Crystals suitable for X-ray diffraction
were obtained by slow evaporation of a concentrated solution of the
complex in water. Elemental analysis (%) caled for [Lu-
(dpaa)]-0.7KCI'1.0H,0-0.8 EtOH: C 33.87, H 3.04, N 6.73; found: C
33.99, H 3.02, N 6.59.

The samples of the Ln(dpaa) (Ln=Lu, La, Eu) complexes for the NMR
measurements were prepared by dissolving equimolar amounts of the
ligand and the hydrate [Ln(OTf);] in D,O followed by adjustment of the
pD value with solutions of NaOD in D,0. Concentrations in the range of
2x107-5x107*m were used. The pH values given are corrected for deu-
terium isotope effects.™

[La(dpaa)(H,0),]: 'HNMR (D,0, 400 MHz, 298 K, pD 8.1): 6=3.62 (s,
2H, H1), 413 (d, J=16 Hz, 2H, H2a/H2b), 4.26 (d, /=16 Hz, 2H, H2a/
H2b), 7.61 (d, /=8 Hz, 2H, H3), 7.93 (d, /=8 Hz, 2H, HY), 8.03 ppm (t,
J=8 Hz, 2H, H4).

[Lu(dpaa)(H,0),]: 'H NMR (D,0, 400 MHz, 298 K, pD 6.7): 6=3.85 (s,
2H, H1), 0,=4.46, 65=4.52 (dd, J,5=15.4 Hz, 4H, H2a+H2b), 7.83 (d,
J=17.6 Hz, 2H, H3), 8.10 (d, J=7.6 Hz, 2H, H5), 8.25 ppm (d, J=7.6 Hz,
2H, H4).
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[Eu(dpaa)(H,0);]: '"HNMR (D,0, 400 MHz, 298 K, pD 7.9): 6=-2.78
(s, 2H, H1), 3.25 (s, 2H, H3/HS5), 3.87 (s, 2H, H2a/H2b), 6.64 (s, 2H,
H4), 7.50 (s, 2H, H3/H5), 10.76 ppm (s, 2H, H2a/H2b).

A 2D-COSY experiment performed at 298 K allowed the differentiation
between the protons of the pyridine ring: cross peaks between H4/H2
and H4/H5 were observed.

Potentiometric titrations: Ligand-protonation and metal-ion stability con-
stants with Hydpaa were determined by potentiometric titrations. Solu-
tions of Gd"™ and Tb™ were prepared by dissolving the appropriate
amounts of GdCl;-6 H,0O and TbCl;-6 H,O (Aldrich) in water. The exact
concentration of Ln** ions was determined by colourimetric titration in
acetate buffer (pH 4.5) by using standardised H,Na,edta solutions (Al-
drich) and xylenol orange as the indicators. Aliquots of 20-mL solutions
of Hydpaa (7.5-107*m) alone, acidified (pH~2.7) 1:1 Gd/ligand mixtures
([L]=4.3-10"*m), acidified (pH~2.7) 1:2 Gd/ligand mixtures ([L]=
4.4107*M, [Gd]=2.2-10"*m), acidified (pH~2.5) 1:1 Tb/ligand mixtures
([L]=3.6-10"*m) and acidified (pH~2.7) 1:2 Tb/ligand mixtures ([L]=
1.8107*m, [Tb]=3.6-10"*M) were titrated in a thermostated cell (25.0+
0.1°C) under a stream of argon with a 0.1m KOH solution added by
means of a 5-mL piston burette (Metrohm). The ionic strength was fixed
with KCl (u=0.1m). Titrations were carried out with a Metrohm 751
GPD Titrino potentiometer equipped with a combined pH glass elec-
trode (Metrohm). Calibration of the electrode system was performed
prior to each measurement. The electromotive force is given by E=E°+
s pH and both E° and s were determined by titrating a known amount of
HCI with 0.1 KOH at x=0.1M (KCl) by using the acid range of the ti-
tration. The value used for the ion product of water is log K,,=13.77.181
More than 58 data points were collected for each experiment.

The data were mathematically treated by the program HYPER-
QUAD2000.52%! All values and errors represent the average of at least
three independent experiments.

X-ray crystallography: All the diffraction data were recorded on a
Bruker SMART CCD area detector three-circle diffractometer (Mo, ra-
diation, graphite monochromator, 1=0.71073 A). To prevent evaporation
of co-crystallised water molecules, the crystals were coated with light hy-
drocarbon oil and the data were collected at —50°C. The cell parameters
were obtained with intensities detected on three batches of 15 frames
with a 10-s exposure time for 3 and with all data collection for 2. The
crystal-detector distance was 5 cm. For three settings of &, 1271 narrow
data frames for 3 and 2 were collected for 0.3° increments in @ with an
exposure time for of 10 and 300 s for 3 and 2, respectively. At the end of
the data collection, the first 50 frames were recollected to establish that
crystal decay had not taken place during the collection. Unique intensi-
ties with 7>100(/) detected on all frames using the Bruker Saint pro-
gram®! were used to refine the values of the cell parameters. The sub-
stantial redundancy in the data allows empirical absorption corrections to
be applied using multiple measurements of equivalent reflections with
the SADABS Bruker program.® Space groups were determined from
systematic absences, and they were confirmed by the successful solution
of the structure (Table 1). Complete information on crystal data and data
collection parameters is given in the Supporting Information.

The structures were solved by direct methods using the SHELXTL 6.14
package!®! and for all the atoms of all the structures, including hydrogen
atoms from the ligand for 3, were found by difference Fourier syntheses.
All non-hydrogen atoms were anisotropically refined on F°. Hydrogen
atoms were refined isotropically. For 2, hydrogen atoms were included in
calculated positions. CCDC-631492 (2) and -631493 (3) contain the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Spectroscopic measurements: Absorption spectra were recorded on Cary
50 Probe UV/visible spectrometer with Perkin—Elmer Luminescence
Cells with a path length of 1 cm. Luminescence lifetime measurements
were recorded on a Perkin-Elmer LS-50B spectrometer at 293 K (without
external temperature regulation). The luminescence lifetime 7, was mea-
sured by recording the decay at the maximum of the emission spectra.
The signals were analysed as single-exponential decays. The instrument
settings were: gate-time =10 ms, integration time=1s, flash count=5
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and proper slit widths were used for no saturation of the signal by using
a different delay time. Luminescence lifetimes are the average of three
independent experiments. Solutions of [Tb(dpaa)], [Eu(dpaa)], [Tb-
(dpaa),] and [Eu(dpaa),] for luminescence lifetime determination were
prepared in situ by mixing appropriate volumes of Ln" in mQ water or
in D,O (concentration was determined by titration with EDTA in acetate
buffer with xylenol orange indicator) and dpaa (in 0.1M Tris buffer
(pH 7.4) or in D,O (pH~7)). Solutions of [Tb(dpaa)] (10~°m) and [Eu-
(dpaa)] (107*m) with a 2% excess of dpaa were used. The luminescence
lifetime of [Eu(dpaa),] was determined by using a 10% excess of dpaa
([Eu]~4x10"*m, [dpaa]~8.8x10*m) and the luminescence lifetime of
[Tb(dpaa),] was determined by using a 110% excess of dpaa ([Tb]
~1.107m, [dpaa]~4.3x10°m). As a result of the different quenching ef-
ficiencies of the O—H and O—D oscillators, the measurement of the Ln'™
luminescence lifetimes 7 in solutions of H,O and D,O allows an accurate
estimation of the number of coordinated water molecules present in solu-
tion g by using the equation of Beeby and co-workers (g=A,(1/
tH,0—1/tD,0—0,,) with Ay, _5ms, Ap,_1.2ms, dp,_0.06 ms™' and ap, =
0.25 ms™),*! (a corrected version of the empirical equation of Horrocks
and Sudnick!™! that accounts for closely diffusing OH oscillators). Lumi-
nescence excitation and emission spectra were recorded on the same in-
strument (delay=0.05 ms, gate-time=10ms, cycle-time=200 ms, flash
count=1x10"°m) for solutions of [Tb(dpaa)], [Eu(dpaa)], [Tb(dpa)s]
and [Eu(dpa);] to obtain quantum yield measurements that were pre-
pared in situ by mixing appropriate volumes of Ln" in mQ water or in
deuterated water (concentration was determined by titration with EDTA
in acetate buffer with xylenol orange indicator) and dpaa (in 0.1Mm tris
buffer (pH 7.4) or in D,0 (pH 6.7-6.9 adjusted with NaOD)) or dpa (in
0.1Mm tris buffer (pH 7.4)). The quantum yields @ were calculated using
the equation @/®,=A.(¥)n>DJA(7)n>D,, where x is the sample, r
the reference, A the absorbance, 7 the excitation wavenumber, n the re-
fractive index and D the integrated emitted intensity. The tris(dipicoli-
nate) complexes [Eu(dpa);’"] (2 =13.5%, 7.5-10°m in Tris buffer 0.1m)
and [Tb(dpa);>"] (©=26.5.5%, 6.5-10m in Tris buffer 0.1 M) were used
as references for the determination of quantum yields of the Eu- and Tb-
containing samples, respectively.® The consistency of the data was
checked by measuring the quantum yield of the tris(dipicolinate) against
rhodamine 101 (@,,=100% in ethanol)®®land cresyl violet (@,,=54%
in methanol).’!

Solutions of [Tb(dpaa)] (4 mm) in the presence of BSA (12% wiv;
Crogpany=3-92 mM, Cgsp=1.8074 mm, pH 7.0) for lifetime determination
were prepared in situ by mixing appropriate volumes of solutions of [Tb-
(dpaa)] (in water or D,O at pH~7, adjusted with NaOH or NaOD) with
BSA. Luminescence emission spectra were recorded as mentioned before
by direct excitation of the metal (4,=368 nm) and indirect excitation
through the ligand (4., =273 nm).

Relaxivity measurements: The samples were prepared in situ by mixing
the appropriate amounts of ligand and GdCl;-6 H,O (99.99 %; Aldrich) in
water (mQ or D,0) followed by adjustment of the pH value to approxi-
mately 7 with NaOH solution. The exact concentration of the Gd" ions
was determined by colourimetric titration in acetate buffer (pH 4.5) by
using a standardised H,Na,(edta) solution (Aldrich) and xylenol orange
as the indicator. The absence of free gadolinium was checked by the xyle-
nol orange test.®™ The 1/7, measurements were performed on a Brucker
Avance 200 spectrometer (200 MHz).

Stock solutions (&2Mm) of each anion (sodium hydrogen phosphate, po-
tassium bicarbonate, sodium lactate, potassium oxalate, sodium acetate
and citric acid) were prepared by dissolving a precisely preweighed mass
of the respective acid or salt in D,O and neutralising it to pD~7.4 with
KOD or DCI solutions. The relaxivity that results from the [Gd(dpaa)-
(D,0);] complex in the presence of anions was measured in solutions
prepared by mixing appropriate volumes of the [Gd(dpaa)(D,0);] and
the anion stock solutions. The relaxivity at 200 MHz was compared to
that of pure D,O at the same pD value. For determination of the anion
binding constant, the [Gd(dpaa)(D,0)s]/bicarbonate solution was titrated
with incremental addition of the pure [Gd(dpaa)(D,0);] complex at the
identical pH value (Cgy=0.51 mmM), and the relaxivity at 200 MHz was
measured after each addition.
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For the determination of the BSA binding constant, six solutions of [Gd-
(dpaa)(H,0);] (Cgq=0.205 mm, Cyy,,=0.227 mm) in pure H,O at pH 7.0
(after adjustment with a NaOH solution) were prepared with various
BSA concentrations (0-1.82 mm). The 7; and 7, measurements were per-
formed at 60 MHz and 298 K in a Drusch electromagnet operated with
the help of an Apollo tecmag console.

Theory

High-field relaxometry: This section presents a theoretical framework for
evaluating the geometric and dynamic molecular factors that explain the
water-proton high-field relaxivity with the minimal experimental work. It
will be shown that such a characterisation can be done on a routine high-
resolution spectrometer available to any chemistry laboratory interested
in the synthesis of contrast agents. An important simplification that
occurs in the interpretation of the measured relaxivities is that they are
independent of the relaxation of the Gd" electronic spin, the accurate
description of which requires particular caution.” The longitudinal re-
laxation rate R, =1/T), transverse relaxation rate R,=1/T, and longitudi-
nal relaxation rate in the rotating frame R,,=1/T,, of a nuclear spin /
can be measured in an external magnetic field B, by standard sequen-
ces.™! The reference rates in the diamagnetic solution corresponding to
the absence of Gd-L complexes are denoted by R, ,=1/T,, (=1, 2, 1 p).
Because of the large magnetic moment of the Gd" centre, as a result of
its electronic spin S=7/2, the observed relaxation rates R, increase mark-
edly with the concentration [GdL] (mM) of the Gd-L complexes added
to the solution. The relaxivities r, (s”' mm ') are defined as the paramag-
netic relaxation enhancements (PREs) R,,=R,—R, per mM of added
Gd-L complex [Eq. (15)]:

r, =R,,/[GdL] (15)

For the majority of polyaminocarboxylate complexes, the water mole-
cules do not bind to the ligand and the high-field relaxivities of the water
protons are conveniently ascribed to the populations of water molecules
in the IS and OS hydration shells”*”" of the Gd™ centre. More precise-
ly, within the standard model of relaxivity, the IS contribution ¥ to the
relaxivity r, depends on 1) the number of water molecules g coordinated
to the Gd"™ centre, 2) the Gd-proton distance ry of coordinated water,
3) the rotational correlation time 7, =1/(6Ds®) of the Gd-L complex of
the rotational diffusion coefficient Ds® and 4) the coordination lifetime
7y of a water molecule. The OS contribution r%® depends on 5) the dis-
tance of closest approach aggy between the Gd™ nucleus and the protons
of the OS water molecules and 6) the relative diffusion coefficient D of
Gd-L and water. It will be shown that measuring the relaxivities r; and
r,, or equivalently r,,, at a single high-field B, both for the water and
CH; methanol protons is sufficient to evaluate the contributions of the IS
and OS processes provided that the self-diffusion coefficients of water
and methanol are known. Furthermore, assume that the IS Gd-proton
distance has the probable value® r;=3.1 A. Then, once the number g of
coordinated water molecules has been derived, for example from lumi-
nescence lifetime studies,***! the remaining parameters 7, Ty, dgey and
D of the GdL/water and Gd—L/methanol pairs will be estimated from
the measured r; and r, values of water and methanol. This analysis of the
experimental data rests on the following high-field theory.

Let y; and v be the gyromagnetic ratios of the spins / and S and w,=
29, =|v,| By and wg=2nd3=|vs|B, their angular Larmor frequencies.
The dipolar coupling constant is defined in Equation (16):

A=Tys(s 4 1) (16)

The relaxivity r, (a=1, 2, 1 p) is the sum of the IS and OS contributions
[Eq. (17)]:

=S 1S (17)

In the case of the water protons, the IS relaxivity is given”* 7" by Equa-
tions (18)—(20):
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where P=107m/55.5M=1.8x 107" is the number of Gd-L complexes per
water molecule and T,y is the relaxation time of type a of the protons of
a water molecule in the limiting situation in which it would be coordinat-
ed to the Gd" centre for an infinite duration. In the case of the CH; pro-
tons of methanol, which does not coordinate to the Gd™ species, we
have: r*=0. The intramolecular relaxation rates 1/T,y are given by
Equation (19a and b):

1T = Ajy(io)) (19a)

2, 1 s,
YTy =1/T\ym=A g]]zi(o) + j];?;(lwl) (19b)

where the IS spectral density jZ(O) of complex (c) arguments o=iw (v =
0 and o) is defined by Equation (20):

1 TR

15 )
—iw)=— ‘R __ 20
falo = iw) drd, 1+ 0?1y (20)

The following expressions of the OS relaxivities are valid for water and
for any solute such as methanol that does not undergo long-range
charge—charge interactions or binding with the Gd-L complex. The OS
variation parameter 1, is defined in Equation (21):

8
7y = 5 TVIPS(S + V10N pvegaao (21)

At high field, the OS relaxivities take the simple forms®™*! of Equa-
tion (22a and b):

% = ron(o0) (o /DY), (222)
7 1
r% = 18 = gron(o0)— 5 (Ap/ D)/, (22b)

where the mixed relaxivity 725 (co) at infinite field By=oo is derived in

Equation (23) to within a good approximation from the experimental
high-field relaxivities as

3 1 3 1
raio0) =19 =3 (19 37%) =3 (- 5) 3)

In Equation (22), the universal dependence in /v, of the relaxivities
stems from the fact that the long-time long-range relative translational
diffusion of the water or solute molecule with respect to Gd-L has a 3D
character and is independent of the details of the relative translational
and rotational dynamics of the two interacting species when they are
near one another. The determination of the infinite field value %5 (c0) of
rgi from relaxivity measurements at a high, but finite field value B,, is
possible because %% depends on the field, only through the longitudinal
relaxation rate R,.=1/T}, of the Gd" electronic spin, which has negligi-
ble effects on the relaxivities at high field. Furthermore, according to
Equation (5) given in reference[53] and Equations (A17) and (A18) of
the related Supporting Information, the mixed relaxivity ro5 (co) has a
simple theoretical expression given by Equation (24) in terms of the rela-
tive diffusion coefficient D and the collision diameter b:

198(00) = Aj(0) = (24)

where j,(0) is the zero-frequency value of the OS dipolar spectral density
j»(0). The auxiliary coefficient ISSOW has been introduced to emphasise the
1/(Db) dependence of r;(c0). The spectral density j,(0), and then Koo
depend on the pair-distribution function g5 of M; and Gd-L and on the
eccentricity vectors p; and pg that give the positions of the spins 7 and §
with respect to the molecule centres in the molecular frames of M; and
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Gd-L.""%I The radii of water, methanol and Gd-L are taken to be those
of the spheres of the same volumes as the smallest ellipsoids containing
these species. The methanol radius a;(methanol)=2 A is not much larger
than the water radius a,(water)~1.4 A, and both molecules are signifi-
cantly smaller than the complexes [Gd(dpaa)(H,0);] and [Gd(dpaa),-
(H,O)J~ of radius as=4.1 and 5.1 A, respectively. The collision diameter
b=a,+as of a M,/Gd-L pair is typically 226 A. The eccentricity distances
are p,~1 A for water and methanol and pg=0 for Gd-L, so that the ec-
centricity parameters (o,/b)* and (og/b)* have small values. The change of
k. as a result of the spin eccentricities is typically given by a power
series” ) of the eccentricity parameters and keeps modest both for
water and methanol, so that the different eccentricity effects for these
two molecules cannot cause an appreciable difference of their coeffi-
cients l%sohm Furthermore, in the absence of charge—charge interactions,”!
the spectral density j,(0), and hence ko, are weakly affected by the var-
iation of the pair-distribution function g5 induced by the changes in the
sizes of M; and Gd-L. Typically, assuming that water, methanol and Gd—
L are hard spheres, the ratio of the 13501‘, coefficients for the methanol/
Gd-L (m/GdL) and water/Gd-L (w/GdL) pairs is K, (m/GdL)/ Ky (W/
GdL) =1 for centred spins with an accuracy better than 0.5%. The above
discussion justifies the fundamental assumption lemh,(m/GdL)zlésulv(w/
GdL). According to Equation (24), the products % (co)Db have the
same value for the methanol/GdL and water/GdL pairs as shown by
Equation (25):

rgisx.m(oo)Dm/Gdme/GdL = rgi(,w(oo)Dw/Gdwa/GdL (25)

Adduct formation: Theoretical expressions of the longitudinal and trans-
verse relaxivity changes as a result of the binding of the Gd-L complex
to another species B will be derived in this section. The analytical con-
centrations (molL™") of complex Gd-L and macromolecule B in the solu-
tion are denoted by cgq. and cg, respectively. The complex name may be
abbreviated into C=Gd-L to simplify the notation. The two situations
considered herein are the simple formation of a ternary adduct with a
small species B, such as an oxyanion, according to Equation (26):

[BC] = K[BJ[C] (26)

where K is the equilibrium constant and the more general binding of sev-
eral complexes C to a macromolecule B, such as a protein with n equiva-
lent binding sites 1, 2, ...n. The sites are assumed to be well separated so
that they bind the complexes C independently. Assume that p—1 com-
plexes (1<p<n) are bound to B at the different sites i}, i, ..., i, ; (1<
iy<n, ..., 1<i, ;<n) to form the definite (p—1)-adduct B(i,...,i,_1)C,_;.
The binding of another complex C at a vacant site i, of B to form the
definite p-adduct B(i, ..., i,)C, satisfies the formation equilibrium de-
fined by Equation (27):

[Blir, -+ ,)C,) = K{B(ir, - dp 1)y 1) )
where k is the binding equilibrium constant per site. Let BC, represent
all the p-adducts made of the macromolecule B and of p complexes irre-
spective of the binding sites iy, i, ..., i,. As all the sites are assumed to be
equivalent, the concentration of BC, is given by Equation (28):

BCl= >

1<ii<n,-1<i,<n

Bl )Gl = () B 0)C) (28)

where is a binomial coefficient. The p-step formation constant K,
and the overall formation constants 3, are defined by Equation (29):

K, kand g, =K K, --K, (29)

n—p+1
p

According to Equations (27) and (28), the concentration of BC, is given
in terms of the concentrations [B] and [C] of free macromolecule B and
complex C by Equation (30):
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[BG,] = 5, [B][CY (30)

Substituting the expressions (30) for BC” in the equations of conservation
of the species B and C, the equilibrium concentration [C]., of free com-
plex is the solution of Equation (31):

FC) = [C] + 7]— =0 (31)

Since f(0)=—cgq <0 and f(cgq)>0, the numerical solution [C]., of
Equation (31) is readily obtained with the help of the bisection and/or
false position methods.” Thus, in a solution of water containing C and
B, the mean number ¢ of metal-bound water molecules is given by Equa-
tion (32):

g = Ceago <17&)q(” (32)

CGdL CGdL

where ¢ and ¢®™ are the numbers of metal-bound water molecules for
the free (f) and bound (b) complex, respectively. Similarly, the mean re-
laxivity 7, (a=1, 2, 1 p) of the water protons in that solution is given by
Equation (33)

7, = a0, (1_&)»& (33)

Coa. CgaL )

where " and r are the relaxivity values for the free and bound com-
plex, respectively. The number ¢ of metal-bound water molecules and
the relaxivity 7" for the free complex can be measured in the absence of
species B.

Note that the formation of a ternary adduct of Gd-L with a small species
B according to Equation (26) is a particular case of the general binding
of several complexes C to a species B with n equivalent binding sites that
correspond to n=1 and K=k.
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