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Lanthanide Chelates Containing Pyridine Units with Potential Application as
Contrast Agents in Magnetic Resonance Imaging

Carlos Platas-Iglesias,*'*! Marta Mato-Iglesias,™ Kristina Djanashvili,™
Robert N. Muller,'! Luce Vander Elst,'! Joop A. Peters,” Andrés de Blas,** and
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Abstract: A new pyridine-containing
ligand, N,N'-bis(6-carboxy-2-pyridylme-
thyl)ethylenediamine-N,N'-diacetic acid
(H,L), has been designed for the com-
plexation of lanthanide ions. 'H and
BC NMR studies in D,O solutions
show octadentate binding of the ligand
to the Ln™ ions through the nitrogen
atoms of two amine groups, the oxygen
atoms of four carboxylates, and the
two nitrogen atoms of the pyridine
rings. Luminescence measurements
demonstrate that both Eu™ and Tb™
complexes are nine-coordinate, where-
by a water molecule completes the
Ln™ coordination sphere. Ligand L can
sensitize both the Eu™ and Tb™ lumi-
nescence; however, the quantum yields
of the Eu™- and Tb"-centered lumi-
nescence remain modest. This is ex-

plained in terms of energy differences
between the singlet and triplet states
on the one hand, and between the 0-
phonon transition of the triplet state
and the excited metal ion states on the
other. The anionic [Ln(L)(H,0)]” com-
plexes (Ln=La, Pr, and Gd) were also
characterized by theoretical calcula-
tions both in vacuo and in aqueous sol-
ution (PCM model) at the HF level by
means of the 3-21G* basis set for the
ligand atoms and a 4644 f" effective
core potential for the lanthanides. The
structures obtained from these theoret-
ical calculations are in very good
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agreement with the experimental solu-
tion structures, as demonstrated by
paramagnetic NMR  measurements
(lanthanide-induced shifts and relaxa-
tion-rate enhancements). Data sets ob-
tained from variable-temperature 7O
NMR at 7.05T and variable-tempera-
ture 'H nuclear magnetic relaxation
dispersion (NMRD) on the Gd™ com-
plex were fitted simultaneously to give
insight into the parameters that govern
the water 'H relaxivity. The water ex-
change rate (K2*=50x10°s"") s
slightly faster than in [Gd(dota)-
(H,0)]” (DOTA =1,4,7,10-tetrakis(carb-
oxymethyl)-1,4,7,10-tetraazacyclodode-
cane). Fast rotation limits the relaxivity
under the usual MRI conditions.
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Lanthanide coordination compounds! are the subject of in-
tense research efforts owing to their applications as contrast
agents for magnetic resonance imaging (MRI),*? as cata-
lysts in RNA hydrolysis,* as responsive luminescent lantha-
nide complexes,” or as active agents in cancer radiothera-
py.® In particular, gadolinium complexes with poly(amino-
carboxylate) ligands, such as [Gd(dtpa)(H,0)]*” (DTPA =
diethylenetriamine-N,N,N',N",N"-pentaacetate), [Gd(dtpa-
bma)(H,0)] (DTPA-BMA =DTPA-bis(methylamide),
[Gd(dota)(H,0)]~ (DOTA =1,4,7,10-tetraazacyclodode-
cane-1,4,7,10-tetraacetate), and [Gd(hp-do3a)(H,0)] (HP-
DO3A =10-(2-hydroxypropyl)-1,4,7,10-tetraazacyclodode-

cane-1,4,7-triacetate), attract considerable interest since
they are commonly used as contrast agents in MRL?% Cur-
rently, approximately one third of all MRI scans are made
after administration of a Gd"-based contrast agent.’! Con-
trast agents enhance the image contrast by preferentially in-
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fluencing the relaxation effi-

ciency of the water proton ‘ =
nuclei in the target tissue. The MEO-~ 7y - OMe —————
efficiency of a contrast agent is o

evaluated in terms of its relax-

ivity, which is defined as the re-

laxation-rate enhancement of

water proton nuclei per mM 9

concentration of metal ion. HOOC‘\ ﬁ cooH
These complexes contain at

least one Gd"™-bound water

molecule that rapidly exchanges

with the bulk water of the

body; this imparts an efficient HaL
mechanism for the longitudinal

and transverse relaxation (7

and T,) enhancement of water

protons. Around a paramagnet-

ic ion, the relaxation rates of the bulk water proton are en-
hanced as a result of long-range interactions (outer-sphere
relaxation) and short-range interactions (inner-sphere relax-
ation). According to the standard Solomon-Bloembergen—
Morgan model, the latter process is governed by four corre-
lation times: the rotational correlation time of the complex
(tg), the residence time of a water proton in the inner coor-
dination sphere (7,,), and the electronic longitudinal and
transverse relaxation rates (1/T}, and 1/T,.) of the metal
center.”

The theory predicts that high relaxivities at the imaging
fields (0.5-1.5 T) may be observed for systems with a long
rotational correlation time and relatively fast water ex-
change.["! Several approaches have been used to increase the
g values of paramagnetic complexes, including covalent
binding to slowly tumbling substrates, such as dextran!®! or
inulin,”” formation of self-aggregates in solution,'*!! or for-
mation of noncovalent adducts with S-cyclodextrin!'? or al-
bumin."¥ The latter approach requires the design of Gd™
chelates, such as MS-3251" that bear suitable functionalities
on their surface that promote the reversible binding of albu-
min. Besides the attainment of high relaxivities, the ap-
proach developed for binding albumin has been extended to
other proteins, which allows the preparation of new contrast
agents designed to recognize a target of interest."”

In the search for new Gd™ chelates that could be further
functionalized with groups able to target biological material
for application as contrast agents in MRI, we report here on
investigation of the new ligand H,L (Scheme 1). This ligand
is potentially octadentate for the coordination of Ln™ ions
and contains pyridine units that can be easily functionalized
with groups able to conjugate with biological material.*!”)
The corresponding lanthanide complexes were characterized
by 'H and *C NMR techniques in D,O solution. Lumines-
cence studies have been carried out to test the ability of the
ligand to promote a good antenna effect for Eu™ and Tb™,
as well as to determine the hydration number of the com-
plexes in solution. The complexes were also characterized
by ab initio calculations both in vacuo and in aqueous solu-
tion (PCM model). The structures obtained from these cal-
culations were compared with the structural information ob-
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Scheme 1. Synthesis protocol for the ligand used in this work.

tained in solution from paramagnetic NMR measurements
(lanthanide-induced shifts and relaxation-rate enhance-
ments). Finally, nuclear magnetic resonance dispersion
(NMRD) investigations and variable-temperature 'O NMR
measurements of the complex formed with Gd™ were con-
ducted in order to assess its 'H relaxation enhancement abil-
ities in water and to gain insight into the parameters that
govern this relaxation process.

Results and Discussion

Syntheses of the ligand: N,N'-Bis(6-carboxy-2-pyridylmeth-
yl)ethylenediamine-N,N’-diacetic acid (H,L) was obtained in
five steps from dimethyl pyridine-2,6-dicarboxylate by
means of the procedure described in the Experimental Sec-
tion (Scheme 1). Methoxypyridine aldehyde (1) was ob-
tained in good yield (70 %) by partial reduction of the latter
with sodium tetrahydroborate followed by oxidation with
SeO,. Aldehyde 1 was treated with ethylenediamine to give
the Schiff base 2 (80%), which was reduced with sodium
tetrahydroborate to afford amine 3 in 85% yield. Attempts
to alkylate 3 with ethyl bromoacetate in refluxing CH;CN in
the presence of Na,CO; yielded intractable mixtures, proba-
bly as a result of the formation of lactams and intermolecu-
lar side products, in addition to the target compound.!'
However, alkylation of 3 with fert-butyl bromoacetate under
similar conditions gave compound 4 in 26 % yield. Reaction
of 4 with trifluoroacetic acid at room temperature resulted
in the selective deprotection of the fert-butyl esters. Full de-
protection of methyl and fert-butyl esters in 4 was cleanly
achieved with 6 M HCI to yield the desired ligand H,L.

'H and ®C NMR spectra: The 'H and *C NMR spectra of
the La™ complex of L were obtained in D,O at pD=7.0.
The proton spectrum (Figure 1) consists of nine signals cor-
responding to the nine different proton magnetic environ-
ments of the ligand molecule (see Scheme 1 for labeling).
This points to an effective C, symmetry of the complexes in
solution that is confirmed by the "*C spectrum, which shows
ten NMR peaks for the 20 carbon nuclei of the ligand back-
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H4
H3
H5

H7ax/H7eq, were not possible on the basis of the 2D NMR
La" 208 K spectra, they were successfully assigned by means of the
stereochemically dependent proton-shift effects that result
from the polarization of the C—H bonds by the electric-field
effect caused by the cation charge.? This results in a de-
shielding effect of the H10eq, H7eq, and H8b protons,
which are pointing away from the La™ ion. The bridging
methylene protons CH,(7ax) and CH,(7eq) show an AB
pattern at d=3.65 and 4.28 ppm, respectively, whereby the

T T T LA T T 1
85 80 75 70 65 60 55 50 45 40 35 30 25 20
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|
i
]
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7.2
Lu", 273K

larger shift for CH,(7eq) probably results from the com-
bined deshielding effects of the pyridyl ring current and po-
larizing effect of La"™ on the C—H,, bond pointing away
from it.

The 'H NMR spectrum of the diamagnetic Lu™ complex
recorded at 273 K is much more complex than that of La™.
At this temperature, the spectrum of the Lu™ complex cor-
responds to a species with an effective C; symmetry in solu-
tion (Figure 1). Increasing the temperature results in a sub-
stantial increase of the linewidths, reflecting intramolecular
conformational exchange processes. In spite of the increas-
ing complexity of the spectra on increasing the temperature,
especially in the region in which the aliphatic proton signals
occur, some temperature-dependent spectral changes can be
analyzed and interpreted. At 273 K, the '"H NMR spectrum
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5/ ppm
H7eqH10eq
HS
H4
H10ax
H3 HSb

H7ax

L

shows a pair of signals with equal intensity for each of the
H3, H4, and H5 protons (Figure 1). The linewidths of these
signals gradually increase above this temperature, and a
much simpler spectrum consisting of one triplet and two
doublet signals is obtained at 348 K (Figure 1). This is in
agreement with an effective C, symmetry of the complex in
solution at this temperature. If it is assumed that the ex-
change process associated with this line broadening (before
coalescence) is slow on the NMR timescale, then the ex-

P, 298 K

o
T T T T T T T
2 20 15 10 5 0 -5
&/ ppm

Figure 1.'H NMR (500 MHz) spectra of the ligand complexes in D,0O

(30mwm, pH 7.0).

bone. The assignments of the proton signals (Table 1) were

based upon shift comparisons
with other polyazacarboxylate
lanthanum complexes,'” and
standard 2D  homonuclear
COSY experiments, which gave
strong crosspeaks between the
geminal CH, protons (7, 8, and
10) and between ortho-coupled
pyridyl protons.

A full assignment of the !
and *C NMR spectra was ach-
ieved with the aid of HMQC
and HMBC 2D heteronuclear
experiments. Although the spe-
cific CH, proton assignments
H10ax/H10eq, HS8a/H8b, and
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H8a change rate for this dynamic process (k) can be calculated
from the observed linewidths at half-height (Av,,) [Eq. (1)]:
A0 k = m(Avy,—Avy5(0)) 1)

in which Av,,(0) is the linewidth in absence of exchange. A
plot of In(k/T) versus 1/T [k= (k,T/h)exp(AS™/R—AH"/RT)]
(in which k, and A are the Boltzmann and Planck con-
stants respectively, T is the absolute temperature, and k is
the rate constant) yields the activation parameters for the

Table 1. 'H NMR shifts [S00 MHz, ppm], computed values for contact (F) and dipolar (G)) terms, as well as
agreement factors (AF) for solutions of [Ln(L)(H,O)]™ complexes in D,O (30mm) at pH 7.0

H3 H4 H5 H7ax  Hleq Hsa HSb H10ax  Hl0eq
La®  7.99 8.03 7.60 3.77 441 3.12 3.46 2.64 323
Ce  12.10 9.98 8.52 12.59 3.02 —26.24 —6.82 4.90 278
Pl 16.61 12.95 12.03 19.23 742 —38.85 -9.99 423 5.40
Nd 1413 11.97 10.86 12.91 10.01 ~18.89 —2.54 234 6.98
Sm 8.63 8.25 7.64 6.76 341 272 1.07 425 2.58

F, —03(3)  02(2) 053) -5309)  23(3) 8.10(2) 409(6) —38(4)  1.88(8)
G, 076(8) 032(5) 0.14(9) 24(3) —060(8) —5.8874(8) —229(1)  1.0(1) —034(2)
AF 00161 00259  0.107 00184  0.164 0.00051 0.00059 0579  0.163

[a] Assignment supported by 2D H,H-COSY, HMQC, and HMBC experiments at 298 K. 2/(10ax,10eq) =
10.9 Hz, %J(10eq,10ax)=10.6 Hz, %/(8,8,)=16.2 Hz, %I(8,,8,)=16.5Hz, %J(7eq,7ax)=15.3 Hz, *J(7ax,7eq)=
15.3 Hz, 3J(5,4)=7.2 Hz, *J(3,4) =7.5 Hz. [b] Assignment supported by 2D H,H-COSY experiments at 298 K.
[c] Agreement factors calculated according to Equation (6); F; and G; were calculated with the data obtained
for the Ce™, Pr', and Sm™ complexes only (see text).
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interconversion process (AGT=36+2kImol!, AH" =
15.9+0.8 kImol™, AS*=-68+3Jmol 'K, k=3.0x10°+
1.4x10%s7"). This activation barrier is relatively low. Much
higher activation barriers were determined for dynamic
processes that require partial decoordination of the ligand
in poly(aminocarboxylate) complexes.”? This indicates
that the intramolecular dynamic behavior observed for the
Lu™ complex of the ligand does not require a partial de-
coordination of the ligand. Our ab initio calculations (vide
infra) show that the presence of a coordinated water mole-
cule in the complexes results in distorted C, symmetries.
These results suggest that the intramolecular dynamic be-
havior observed for the Lu™ complex of the ligand corre-
sponds to small adjustments of the Lu™ coordination sphere
that are fast on the NMR timescale at high temperatures,
leading to an effective C, symmetry in solution.

'"H NMR spectra of the paramagnetic Ce, Pr, Nd, and Sm
complexes were obtained in D,O at pD=7.0. The spectrum
of the Pr'™ complex is shown in Figure 1. The spectrum of
the Sm™ complex displays relatively small paramagnetic
shifts, and the signals were assigned by a simple comparison
with the spectrum of the diamagnetic La™ complex. The
spectra of the Ce™ and Pr'™ complexes were assigned with
the aid of a linewidth analysis and COSY spectra, which
gave crosspeaks between the geminal CH, protons and be-
tween ortho-pyridyl protons. A full assignment of the spec-
tra was supported by the experimental LIS values according
to Equations (4) and (5) (vide infra), allowing for permuta-
tions of two selected nuclei and then determining which par-
ticular assignments of peaks gave the best straight lines. The
spectra show relatively sharp peaks and also indicate an ef-
fective C, symmetry of the complexes in solution (Table 1).
The '"H NMR spectra of the Tb™, Dy™ Ho™, Tm™, and
Yb™ complexes were very complex and could not be fully
assigned. However, they agree with an effective C, symme-
try in solution. The '"H NMR spectrum of the Eu™ complex
recorded at room temperature displays very broad overlap-
ping peaks for most protons. These results point to an in-
creasing rigidity of the complexes in aqueous solution on de-
creasing the ionic radius of the Ln"™ ion, as previously ob-
served for other Ln'! complexes.®

The binding of a ligand to a paramagnetic Ln"" ion gener-
ally results in large NMR frequency shifts at the ligand
nuclei, with magnitudes and signs depending critically on
both the nature of the lanthanide ion and the location of the
nucleus relative to the metal center.”! Thus, the analysis of
the NMR spectra of Ln™ paramagnetic complexes can pro-
vide useful structural information in solution. For a given
nucleus i, the isotropic paramagnetic shift induced by a lan-
thanide ion j (6)"™) is generally a combination of the Fermi
contact (6;™") and dipolar (&;*) contributions [Eq. (2)]:"

I

orm = P gda = geon - 58P = Fi(S,), + GG 2)

in which the diamagnetic contribution 8% is obtained by
measuring the chemical shifts for isostructural diamagnetic
complexes (the La™ complex in the present case), F, is pro-
portional to the hyperfine coupling constant of nucleus i, G;
is the geometric factor containing the structural information,
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and (S.); and C; are the spin expectation value and the mag-
netic constant (Bleaney factor) of the paramagnetic lantha-
nide, respectively.”! Dipolar shifts have been calculated with
the assumption that the ligand field splitting for the lowest J
state in the lanthanide complexes is small relative to k7.%4
If the principal magnetic axis is taken as the coordinate
system, the dipolar contribution can be expressed as Equa-
tion (3):

2_
3cos“6 1+D

- i sin*Acos2¢ 3)

P

dip _
0% = D,

in which r, 6, and ¢ are the spherical coordinates of the
observed nucleus with respect to Ln™ at the origin, and D,
and D, are proportional to the axial [..—'As(tu + %y +
%z)] and rhombic (y,.—y,,) anisotropies, respectively, of the
magnetic susceptibility tensor y.” In the special case of axial
symmetry, the second term of Equation (3) vanishes because
D,=0. Because only the dipolar term contains geometric in-
formation about the lanthanide complex, a quantitative
structural analysis requires a reliable separation of the ob-
served paramagnetic shift into the contact and dipolar
terms. The most frequently used graphical separation
method is based on rearrangements of Equation (2) for each
nucleus i in two linear forms [Egs. (4) and (5)]:

6Rara C
o =F + G, 4
<Sz>j <Sz>f ( )
6Rara <S >

i _ \Dz/j

Assuming that (S,); and C; values are the same for the
complexes and the free ions,” for which they are tabulat-
ed,”, plots of 67/(S.); against Cj/(S,); and of 67"/C;
against (S,)/C; should be linear if the complexes are iso-
structural and possess comparable crystal field parameters.
Plots of the paramagnetic shifts available for the Ln™ com-
plexes of L (Ln=Ce, Pr, Nd, and Sm) follow a linear corre-
lation according to Equations (4) and (5), indicating that the
complexes are isostructural in D,O (Figure 2). However, we
notice that for Nd™ the experimental shifts are larger than
those expected from the linear correlations obtained from
Equations (4) and (5). This is probably caused by a magnifi-
cation of small variations in the crystal field parameter or
the geometric factors by the linearization process, because
for most protons O}"/(S.) takes values close to zero in the
Nd™ complex (Figure 2). Thus, we have excluded Nd™ from
the fittings of the experimental data according to Equa-
tions (4) and (5). Samarium is not commonly used in these
NMR studies, because of the small shifts induced by this
ion. However, in the present case, these shifts are relatively
important because the system is nonaxial (vide infra), which
makes an analysis of the corresponding Sm"-induced shifts
possible. The agreement factors calculated according to
Equation (6),! 0.00051 < AF;<0.579, are comparable to
those obtained for other Ln" complexes (Table 1).*’)

www.chemeurj.org Chem. Eur. J. 2004, 10, 3579 -3590
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Figure 2. Plot for the separation of the contact and dipolar contributions
to the observed paramagnetic shifts according to Equation (4).

AF, = [ Z (6;xptl_6;alcd)2/ Z (6?]’1})2}1/2 (6)
/ j

7

in which 0% are the paramagnetic shifts calculated from

the G; and F; values listed in Table 1. Similar results are ob-
tained when the data obtained for Nd™ are included in the
fitting procedure. The values of the contact and dipolar con-
tributions obtained from these plots indicate that most pro-
tons have sizable contributions from both mechanisms
(Table 1), whereby the contact contribution is dominant for
many proton nuclei.

Photophysical properties: In H,O (pH 7.0), the metal com-
plexes of L. show a broad and asymmetric absorption band
envelope centered around 36760 cm™' (Table 2) assigned to

Table 2. Ligand-centered absorption and emission properties for differ-
1

ent Ln" complexes of the ligand. Energies are given in cm™".
T 4 nﬂﬂ*[“] 'T[TE*[b] 3m-5*[°] r(3rm*)[°]
Eu 37658 (3.92) ta dl (d

36807 (3.99)
35952 (3.84)
Tb 37658 (3.99) (dl dl (d]
36807 (4.05)
35952 (3.97)

Gd 37658 (3.90) 24125 19474 0.92(5)
36807 (3.99) 22988
35952 (3.90) 26281

[a] Electronic spectral data in H,O at 295 K (pH 7.0); energies are given

for the maximum of the band envelope in cm™!, and loge is given within

parentheses. [b] Luminescence data in H,O at 295 K (pH 7.0). [c] Lumi-
nescence data and lifetimes[ms] in frozen H,O solution at 77 K. [d] Lu-
minescence quenched by transfer to the lanthanide ion.

a combination of m—n* and n—x* ligand-centered transi-
tions.*"!

The emission spectrum of the Gd™ complex recorded in
H,O0 (pH 7.0, 295 K) under excitation at 32258 cm™" exhibits
a single band (Table 2), the intensity of which quickly dimin-
ishes when a short time delay (0.05 ms) is enforced. It has
thus been attributed to the 'mm* state. The absolute fluores-

Chem. Eur. J. 2004, 10, 3579 -3590 www.chemeurj.org

cence quantum yield of the ligand-centered luminescence is
low and amounts to Q“=0.051%. The emission spectrum
recorded in frozen solution (77 K) presents a second, more
structured, band with a maximum at 22988 cm™' and with a
number of low- and high-energy shoulders (Figure 3). This

i Eu

. /\Gd

oA LJ S Tb
e R T T T ]
12 14 16 18 20 22 24 26 28 30
31
E/10" cm

Figure 3. Phosphorescence  spectra of ligand complexes —(Vee=
22988 cm™). The spectra of the Eu™ and Tb" complexes were recorded
from 10~ M solutions in water at 295 K, while the spectrum of the Gd"™
complex was recorded from a 10°m solution in water frozen at 77 K.
Vertical scale: arbitrary units.

band has a single exponential time decay with a lifetime of
0.92(5) ms, and is therefore assigned to the *mm* state. The
emission arising from the ligand-centered *mm* state com-
pletely disappears for the Eu™ and Tb™ complexes
(Figure 3), indicating sensitization of the metal ions as a
result of a *wm*-to-metal energy transfer. The emission spec-
trum of a 10°M solution of the Eu™ complex in H,O at
pH 7 and 295 K, obtained under excitation at 22988 cm™!,
displays the typical *D,—’F, transitions at 17200, 16855,
16227, 15361, and 14571 cm™ for J=0, 1, 2, 3, and 4, re-
spectively. The absolute quantum yield of the metal-cen-
tered luminescence in H,O at pH 7 amounts to 0.3%.
Reinhoudt and co-workers®'! have concluded from their
work on modified Eu™-containing calix[4]arenes that the
antenna effect is improved when the *nm* 0-phonon transi-
tion lies 3500 cm™' above the Ln'" excited state. They also
observed that the 'mn*—>mn* intersystem crossing is maxi-
mized when the energy difference between these states
amounts to ~5000 cm~'. A similar conclusion was reached
by Latva et al.,’” who found that the best energy-transfer
efficiency is obtained when the 0-phonon band of *mm* lies
at 21000-22000 cm . In the case of our Eu™ complex of L,
we note the following facts: 1) the 'mm*—*nm* energy differ-
ence amounts to only 1137 cm™! and 2) the 0-phonon transi-
tion of the ligand *nrs* state (as measured for the Gd com-
plex at 77 K) lies at 26281 cm ™', leading to a AECrn*—"D,)
difference equal to 9081 cm ™. This data clearly explains the
poor sensitization of Eu™ by L, since the 0-phonon transi-
tion of the ligand *mn* state lies at very high energy, while
the energy difference between the ligand 'mm* and *mm*
states is too small to favor 'mm*—’mm* intersystem crossing.
The spectrum of a solution of the Tb™ complex in water,
recorded under analogous conditions, shows the typical
D,—’F, transitions at 20386, 18360, 17076, and 16089 cm ™
for J=6, 5, 4, and 3, respectively. For the Tb™ complex, the
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AE(Can*—D,) difference amounts to 5743 cm™'. Taking the
latter value into account, one expects a better antenna
effect for the Tb™ complex than for the Eu™ one, and this is
indeed observed: the absolute quantum yield of the metal-
centered luminescence in H,O at pH 7 amounts to 1.9%,
~6 times larger than for Eu™.

The emission lifetimes of the Eu(°Dg) and Tb(°D,) excited
levels have been measured in D,0O and H,O (10*m solu-
tions). They were used to calculate the number of coordinat-
ed water molecules ¢ by means of Equations (7) and (8) for
Eu and Tb, respectively.[*

q = 1.05 Aky, (7)

q =42 Ak, (8)

In these equations Akqy,=kow(HoO)—kyp(D,0) (kyps 1S
given in ms™') and kg, = 1/7,,. The measured emission life-
times in H,O solutions (z,,(H,0)) were 0.56+0.01 (Eu)
and 1.59+0.01 ms (Tb), while the 7,,,(D,0) values amount
to 2.04+0.01 (Eu) and 2.27+0.01 ms (Tb). With Equa-
tions (7) and (8), we obtain ¢=1.3 (Eu) and 0.8 (Tb), with
an estimated uncertainty of +0.5 for g. These equations
were established from crystalline complexes in which inter-
actions generated by molecules of water in the second coor-
dination sphere are absent. Consequently, we have also
made use of Equations (9) and (10), proposed by Beeby
et al.” for solutions of poly(aminocarboxylate) complexes
with g<1, whereby ¢" is the number of NH oscillators
when amide groups are coordinated to the metal ion.

q = 1.2 (Aky,y—0.25-0.075 ¢") 9)
q = 5.0 (Akyp—0.06) (10)

When ¢¥=0, we obtained g=1.2 and 0.7 for Eu and Tb,
respectively. Quite recently, a refined Equation (11)* has
been proposed for Eu complexes in solution, with an esti-
mated uncertainty of +0.1 for g.

g = 1.11 (Akyy—0.31-0.075 ¢") (11)

In our case, this equation yields g=1.1. All these results
point to the complexes having one coordinated water mole-
cule in aqueous solution.

Ab initio calculations: The [Ln(L)(H,O)]™ systems (Ln=La,
Pr, or Gd) were investigated both in vacuo and in aqueous
solution by means of ab initio calculations at the HF level.
In the case of Gd™ complexes, the long electronic relaxation
time of the metal ion prevents any observation of NMR
spectra, and, for this reason, their solution structures and
properties have to be deduced from the NMR spectra of
complexes with other lanthanides. Theoretical calculations
provide direct information on gadolinium systems as well as
on those dynamic processes that are usually too fast to be
observed on the NMR timescale, such as the water exchange
process. As there is not a good all-electron basis set for lan-
thanides, the effective core potential (ECP) of Dolg et al.
and the related [5s4p3d]-GTO valence basis set was applied
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in these calculations.” This ECP includes 46 +4f" electrons
in the core, leaving the outermost 11 electrons to be treated
explicitly; it has been demonstrated that this method pro-
vides reliable results for the lanthanide—aqua ions,?" several
lanthanide complexes with polyamino carboxylate li-
gands,”®**! and lanthanide dipicolinates.””! In contrast to all-
electron basis sets, ECPs account to some extent for relativ-
istic effects, which are believed to become important for the
elements from the fourth row of the periodic table.

Our ab initio calculations provide a minimum energy con-
formation in which the ligand wraps itself around the metal
ion by twisting the pyridyl units relative to each other, so
that the pyridine nitrogen atoms and the metal are not
linear (Figure 4), with an Npy-Ln-Npy angle of 162-165°. In

LN

Figure 4. The structure of the [Pr(L)(H,O)]™ complex optimized in aque-
ous solution (CPCM model) at the HF/3-21G* level. Hydrogen atoms
are omitted for simplicity.

these structures, the carboxylate pendant arms are situated
alternately above and below the planes of the pyridyl units.
The complexes present two different sources of chirality:
one arising from the two five-membered rings formed by
the binding of the acetate arms to the ion (absolute configu-
ration 4 or A) and the other to the five-membered ring
formed by the binding of the ethylene diamino moiety (ab-
solute configuration 6 or 1). The minimum energy confor-
mations obtained for [Ln(L)(H,O)]™ both in vacuo and in
solution correspond to A(1) (or A(d)) conformations.

The calculated bond lengths between the ion and the co-
ordinated ligand atoms (Table 3) decrease along the lantha-
nide series, as is usually observed for Ln™ complexes./¥) The
in vacuo-optimized structures exhibit bond lengths Ln—N,y
and Ln-Npy (Npy=amine nitrogen atom, Npy=pyridyl ni-
trogen atom) that are longer than those usually observed for
Ln" complexes with polyamino carboxylate ligands, while
the Ln—O bonds are close to the experimental ones. In solu-
tion, Ln-N bond lengths are shorter whereas Ln-O bond
lengths are slightly increased, providing a general better
agreement with typical experimental bond lengths obtained
for polyamino carboxylate chelates.**) The Gd—Oy bond
length obtained for the optimized structure in solution
(2.492 A) is in excellent agreement with that normally as-
sumed in the analysis of the 7O NMR longitudinal relaxa-
tion data (2.5 A). The coordinated water molecule is bent,
which results in an averaged Gd-Hy distance of 2.969 A.
This distance is close to the range recently reported by Car-
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Table 3. Values of the main geometrical parameters (bond lengths[A],
angles[°]) of calculated (in vacuo and in aqueous solution) structures for
[Ln(L)(H,0)]~ complexes at the HF/3-21G* level.l

In vacuo In solution

La La—Njuy 2.96(8) 2.84(2)
La—Npy 2.812(2) 2.784(6)
La—O¢g0 243 (1) 2.45(3)
La—Opycoo 2.45(4) 2.49(2)
La—Oy 2.652 2.600
Npy-La-Npy 162.07 165.51
Ocoo-La-O¢oo 136.70 142.27

Pr
Pr—Nuum 2.94(9) 2.80(2)
Pr—Npy 2.781(5) 2.746(6)
Pr—O¢oo 2.40(2) 2.40(2)
Pr—Opycoo 2.43(4) 2.46(2)
Pr-Oy 2.616 2.569
NpyPr-Npy 162.10 166.53
Oco0-Pr-O¢po 137.55 143.75

Gd
Gd—Njuy 2.9(1) 2.77(3)
Gd—Npy 2.73(2) 2.688(7)
Gd—O¢po 2.32(2) 2.32(2)
Gd—Opycoo 2.35(4) 2.39(3)
Gd—Oy 2.538 2.492
NpyGd-Npy 160.68 164.99
Oc00-Gd-O¢po 138.24 145.61

[a] The average values are reported with standard deviations in parenthe-
ses. Nyy=amine nitrogen atoms, Npy=pyridyl nitrogen atoms, Ocoo=
aliphatic carboxylate oxygen atoms, Opycoo =aromatic carboxylate oxygen
atoms, Oy =water oxygen atoms.

avan et al."¥ for different MRI contrast agents (3.140.1 A).
Optimized Cartesian coordinates obtained for the different
[Ln(L)(H,O)]™ systems both in vacuo and in solution are
given in the Supporting Information.

The *C NMR shielding constants of the [La(L)(H,0)]"
complex were calculated for the structures optimized both
in vacuo and in solution by means of the GIAO method.
The main results of these calculations together with the ex-
perimental values are given in Table 4.

The calculations of the NMR shielding constants were
performed at the B3LYP/6-311G** level with the 46 core
electron ECP by Stevens et al.* In general, there is an ex-

Table 4. Experimental and calculated (GIAO method) *C NMR chemi-
cal shifts for the [La(L)(H,O)] complex (see Scheme 1 for labeling).

6z,cxpll[u] 6i.calcd[b] 6r.ca1cd[‘;] 6z<calcd[d]
Cl 174.8 170.7 1722 168.7
2 153.1 162.5 160.7 189.5
C3 125.6 127.0 126.9 149.1
C4 141.9 140.2 140.7 1622
C5 127.6 124.6 1242 136.0
C6 158.7 163.1 162.1 183.5
C7 59.8 63.6 64.9 547
c8 62.7 65.9 66.2 76.8
9 181.1 176.9 177.1 179.3
C10 55.1 56.5 57.8 49.5
AF} 0.0323 0.0295 0.137

[a] Assignment supported by 2D HMQC and HMBC experiments at
298 K in D,O (pH 7.0). [b] Values calculated on the structure optimized
in vacuo at the B3LYP/6-311G** level. [c] Values calculated on the struc-
ture optimized in solution at the B3LYP/6-311G** level. [d] Values calcu-
lated on the structure optimized in solution at the HF/6-311G** level.
[e] Agreement factors calculated according to Equation (12).
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cellent agreement between the experimental and calculated
chemical shifts, as indicated by the agreement factors ob-
tained [Eq. (12)]:

AE _ [ Z (6§xptl_5;alcd)2/ Z (6;)([)11)2]1/2 (12)
in which 6; and (5ff‘kd are the experimental and calculated
chemical shift values for a nucleus i of a given lanthanide
complex j. The agreement between experimental and calcu-
lated shifts is slightly better when calculations are per-
formed on the structure optimized in aqueous solution
(AF;=0.0295) than when they are carried out on the struc-
ture optimized in vacuo (AF;=0.0323). These results indi-
cate that our ab initio calculations provide reasonably good
models for the structure of these complexes in solution, es-
pecially when solvent effects are included. Calculations of
the *C NMR shielding constants on the structure optimized
in solution at the HF/6-311G** level result in a poor agree-
ment between the experimental and calculated shifts
(Table 4). These results highlight the importance that inclu-
sion of electronic correlation effects has on these calcula-
tions.

Pr'"induced shifts and relaxation-rate enhancement effects:
The atomic coordinates obtained from our ab initio calcula-
tions for the [Pr(L)(H,O)]™ system (both in vacuo and in
solution) were used to assess the agreement between the ex-
perimental and predicted Pr'-induced dipolar shifts by
means of the shift analysis method.*”) The experimental
Pr''“induced dipolar shifts were taken as of”=GC
[(Eq. (2)] for each proton, whereby the experimental values
of G; were obtained from the corresponding Reilley plots
[Egs. (4) and (5)]. The shift analysis program calculates the
dipolar shifts defined by Equation (3) in the molecular coor-
dinate system by means of a linear least-squares search that
minimizes the difference between the experimental and cal-
culated data. Table 5 shows a comparison between the ex-
perimental and calculated dipolar shifts values for the Pr'™
complex.

The agreement between the experimental and calculated
isotropic shifts obtained from the structure optimized in
vacuo of [Pr(L)(H,O)]™ is reasonably good, as indicated by
the agreement factor obtained [AF;=0.149, Eq. (12)]. How-
ever, a much better agreement between the experimental
and calculated dipolar shifts was obtained when the atomic
coordinates of the structure optimized in solution were
used. An excellent agreement factor AF; of 0.083 was ob-
tained, with D; and D, values amounting to 2184 +89 and
—1917 4169 ppm A, respectively. Similar agreement factors
were previously obtained for Ln™ texaphyrins (0.066<
AF;<0.259)." As expected for a nonaxial system, the D,
and D, values obtained define very large y tensor anisotro-
pies.'”] These results indicate that our ab initio calculations
provide good models for the structure of these complexes in
solution, particularly when solvent effects are taken into ac-
count. These D, and D, values calculated from the paramag-
netic shifts of proton nuclei were used to determine the di-
polar shifts for carbon atoms with Equation (3) (Table 5).
Subsequently, the contact shifts were obtained by subtract-
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Table 5. Comparison of experimental and calculated dipolar 'H shifts and calculated dipolar and contact *C

NMR shifts in [Pr(L)(H,0)]" .1

temperature, 7y is the rotational

tumbling time of the complex,

O oxp(PT) o (Pr) O (P U S5t O and 1/T, s represents the outer-
H3 0.89 -8.36 -8.41 -9.16 (o —42.1 16.1  sphere contribution. The contri-
H4 —0.59 —3.52 -3.89 —3.98 G =365 41 bution of the Curie spin mecha-
H5 —1.48 ~1.54 -3.03 —2.40 G ~13.0 -101 . . )
H7ax 15.67 —26.40 —23.28 -23.15 C, -7.0 o0 Dismto ﬂ,le ,t(?tal relaxation be
H7eq 828 6.60 063 420 cs ~s9 113 comes significant for larger
H_a —23.94 64.76 66.57 66.37 Cs 93 —9.1 molecules (rg increases), partic-
H8b ~12.09 25.19 19.44 22.72 o 3.4 —10 ularly at higher fields. At con-
H10ax 11.23 ~11.00 —6.16 —9.13 Cq 59.4 =125 stant temperature and By, appli-
H10eq ~5.56 374 ~0.76 0.621 G, 427 -37 t. f Equation (13) all
D, [ppm A’ 1998 +140 218490 Cu 28 169 cation ol kquation allows
D, [ppm A?] _1715+270 19174169 the determination of relative r
AF, 0.149 0.083 values in the complexes without

[a] Positive values correspond to shifts to higher fields. [b] Values calculated with the structure of the
[Pr(L)(H,O)]™ complex optimized in vacuo at the HF/3-21G* level. [c] Values calculated with the structure of
the [Ln(L)(H,O)]™ complex optimized in aqueous solution at the HF/3-21G* level.

ing the calculated dipolar contributions from the measured
isotropic shifts. Table 5 also gives the contact contributions
for proton nuclei in [Pr(L)(H,O)]" calculated as 6;"=
F(S,);- The theoretical value for the ratio of the contact to
pseudocontact contributions in Pr'" compounds is 0.269,”
and, therefore, the hyperfine 'H and *C NMR shifts in Pr'!
complexes are expected to be largely pseudocontact in
origin. However, the data reported in Table 5 show that
both proton and carbon nuclei have important contact con-
tributions for the Pr'™ complex; this suggests an important
spin density delocalization onto the ligand backbone.

Further information on the structure of the complexes in
solution was obtained from Pr'-induced relaxation-rate en-
hancements in the 'H nuclei of the ligand. The Pr'-induced
"H NMR relaxation enhancements for L were measured at
7.05 T and 298 K (Table 6). In order to correct for diamag-
netic contributions, the relaxation rates for the correspond-
ing La™ complex were subtracted from the measured values
of the Pr™ complex (Table 6). The electron relaxation for
Pr'™ is very fast (T,.~10"s) and, consequently, the contact
contribution to the paramagnetic relaxation is negligible.
Two contributions are of importance: the “classical” dipolar
relaxation and the Curie relaxation. Equation (13) can be
derived from a simplified Solomon-Bloembergen equa-
tion*” and the equation for the Curie relaxation (assuming
extreme narrowing):[**)

1 s Ho g 2. 0m 6 Ho
Tl—[/s(ﬁ)w,ﬁﬂﬁ/s g

TyiHypt 111
(BkT)> | r° " Tios
(13)

in which the first term between the brackets represents
the “classical” dipolar contribution, and the second term de-
scribes the Curie relaxation. Here, /4 i is the magnetic per-
meability in a vacuum, u is the effective magnetic moment
of the lanthanide ion, v, is the gyromagnetic ratio of the nu-
cleus under study, § is the Bohr magneton, T} is the elec-
tron spin relaxation time, r is the distance between the 'H
nucleus in question and the lanthanide ion, H, is the mag-
netic field strength, k is the Boltzmann constant, 7 is the
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the need to estimate 7, and 7g,
which would be needed to cal-
culate absolute distances. A

Table 6. Pr--H distances calculated from '"H NMR relaxation data for
40mw solutions of Ln"™ complexes in D,O (300 MHz, 25°C, pD =7).

UT e [s7'] VT [s7'] r[A] r[A]"

H3 8.696 0.911 5.633 5.19
H4 4.000 0.989 6.660 6.50
H5 6.024 1.224 5.773 5.75
H7ax 43.478 5.128 3.895 3.87
H7eq 16.667 5.435 4.663 4.83
HS8a 41.667 4.219 3.761 3.89
HS8b 16.129 3.559 4.518 4.73
H10ax lel 5319 3.714 [el

H10eq 17.615 5.618 4.586 4.77

[a] Pr'"---H distances obtained from ab initio calculations in aqueous solu-
tions. [b] Pr''--H distances obtained from experimental '"H NMR relaxa-
tion data. [c] Not obtained.

plot of 1/T, versus 1/, whereby r are the Pr--H distances
obtained from the ab initio-optimized structure in an aque-
ous solution, gives a straight line with a gradient k=1.25+
0.07x10>°m®s™ and an intercept of 1.34+0.9s"' (R*=
0.991). The gradient obtained from this plot represents the
term between the brackets in Equation (13), while the inter-
cept represents the outer-sphere contribution (1/7)),
which becomes significant only for remote nuclei. Inserting
T,.=0.57x107* s and the 7 value obtained from the anal-
ysis of the NMRD and 7O NMR data (7g =55 ps, see later)
we obtain k=8.09x107°m®’s!, which is in reasonable
agreement with the experimental value considering the un-
certainties in these values. The experimental values of k and
1/T, os were used to obtain experimental Pr--H distances in
solution from relaxation data by means of Equation (13). In
general, the experimental Pr--H distances are in satisfactory
agreement with those obtained from the theoretical calcula-
tions (Table 6), thereby confirming that the computational
approach provides a reliable description of the solution
structure.

Variable-temperature 'O NMR and NMRD measurements:
The relaxivity describes the efficiency of magnetic dipolar
coupling occurring between the solvent nuclei and the para-
magnetic metal ion, and represents a measure of the efficacy
of the complex as a contrast agent. The relaxation rates of
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the bulk water protons in the vicinity of a paramagnetic ion
are enhanced as a result of long- (outer-sphere relaxation)
and short-range interactions (inner-sphere relaxation). The
latter is governed by the rotational correlation time of the
complex (ty), the residence time of a water proton in the
inner coordination sphere (z,,), and the electronic longitudi-
nal and transverse relaxation rates (1/7), and 1/T,.) at the
metal center. As pointed out previously,”” it is difficult to
calculate the parameters that determine the relaxivity of a
given compound from nuclear magnetic resonance disper-
sion (NMRD) profiles without obtaining independent infor-
mation of at least some of the most important parameters.
Therefore, we measured variable-temperature 7O NMR
shifts and relaxations in a 0.153m solution of the
[GA(L)(H,O)]™ chelate in H,O (pH 6.38). The temperature
dependence of the reduced longitudinal relaxation rates
(1/T,,), transversal relaxation rates (1/7,), and reduced
chemical shifts (Aw,) for [Gd(L)(H,O)]” is shown in
Figure 5. Although the full equations given in the Support-
ing Information were used to fit the experimental 7O NMR
data, it is useful to consider the simplified Equations (14)
and (15) for the reduced relaxation rates, whereby the con-
tribution to 1/7,, of the chemical shift difference between
the bound and bulk water, Aw,,, has been neglected.

ir
L]

(1T

"

Aw [10°rad s
o
w
1

1000/T 7/ VK

b)
18

16

14 4

viMHz

Figure 5. a) Longitudinal (e) and transverse (4) O relaxation rates and
O chemical shifts (m) of [Gd(L)(H,0)]™ at 7.05T and pH 6.38; b) 'H
NMRD profiles of [Gd(L)(H,O)]” at 5, 25 and 37°C (from top to
bottom) and pH 6.6.
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1 1
Ty T+ 1w a4
1 1
T_Zr - TZm + Tm (15)

In these equations 1/7,, 1/T,, are the relaxation rates in
the bound water. Since 7,, decreases, while 7}, and 75, gen-
erally increase with increasing temperature, the sign of the
temperature dependence of 1/7}, and 1/7,, will depend on
which term dominates in the denominator of Equations (14)
and (15). The maximum observed in the temperature de-
pendence of 1/T,, (Figure 5a) is characteristic of a change-
over from the “fast exchange” limit at high temperature,
whereby T,, is the principal term in the denominator of
Equation (15), to the slow exchange limit at low tempera-
tures. Because T, > T,,,, the maximum observed in 1/75, is
not observed for 1/T,,, which is within the fast exchange
region for the whole range of experimentally available data
from different temperatures.

The [Gd(L)(H,0)]™ chelate was investigated by water 'H
longitudinal relaxation-time measurements at 5, 25, and
37°C and magnetic field strengths varying between 2.3474 x
10" and 7.05 T (NMRD). Longitudinal proton relaxation
enhancements in NMRD studies are commonly expressed in
relaxivities (r;, in s'mm™'). The curves obtained for
[GA(L)(H,O)]™ are included in Figure 5b. The temperature
dependence of the NMRD profile usually gives a good indi-
cation of which parameters limit the proton relaxivity. If the
high field value (>10 MHz) does not decrease with increas-
ing temperature, relaxivity is limited by slow water ex-
change, whereas in the opposite case, fast rotation is the lim-
iting factor. For [Gd(L)(H,O)], the relaxivity increases
with decreasing temperature; this shows that the relaxivity
is dominated by fast rotation, as is usually observed for
small Gd™ chelates.’")

A simultaneous fitting of the NMRD and 7O NMR data
of [Gd(L)(H,0)]~ was performed with sets of equations usu-
ally used to predict variable-temperature O NMR data,
with the Solomon—Bloembergen-Morgan equations (which
describe the field dependency of the inner-sphere relaxivity,
r1) and with the Freed equation for the outer-sphere contri-
bution of the relaxivity.”) The set of equations used is given
in the Supporting Information. Following previous studies,
the distance of closest approach for the outer-sphere contri-
bution aggy Was set to 3.5 A. The distance between the pro-
tons of the coordinated water molecules and the Gd™ ion
(rgan) was fixed at 2.969 A, which corresponds to the aver-
aged rgqy distance obtained from our ab initio calculation in
aqueous solution (vide supra). On the basis of our ab initio
calculations, the rgqo distance was fixed at 2.492 A. The
number of water molecules in the first coordination sphere
of Gd™ (q) was taken as 1.0. Finally, the value of E,, the ac-
tivation energy of the correlation time 7, was fixed at
1 kImol~1P% Attempts to unfix this parameter led to nega-
tive values of the activation energy. The parameters ob-
tained from the fittings are listed in Table 7 with the curve
fits shown in Figure 5. For comparison, previously reported
data for [Gd(dota)(H,0)]” and [Gd(dtpa)(H,O)]*~ have
been included in Table 7.5%
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Table 7. Parameters obtained from the simultaneous analysis of ’O NMR and NMRD for the [Gd(L)(H,0)]~

Eu™- and Tb™-centered lumi-

[a] .

complex. nescence remain modest on ac-
Parameter [GA(L)(H,0)]” [Gd(dota)(H,0)] [Gd(dtpa)(H,0)]"  count of a relatively inefficient
K2E[10°s7] 5.0+06 41+£02 33+02 energy transfer from the pyri-
AH*[kJmol™] 40.1+£2.4 498+1.5 51.6+14 dine moieties to the Ln™ ion.
A/n[10° rads™] —2.3140.08 -3.7+£02 -3.8+0.2 Th : 1

e correspondin d" com-
2% [ps] 55410 7744 58411 corresp & G
Eg[kImol™] 17.9+1.6 16.1+7.4 17.3+0.8 plex is nine-coordinate, where-
2% [ps] 12.6+0.8 1141 25+1 by a water molecule completes
Ey[kImol™'] 1.0 1.0 1.6+18 the metal-ion coordination
A’[10%s7] 1.2£0.1 0.16+0.01 0.46+0.02 sphere. This induces a relaxivity
D107 m>s™ 1943 2+1 2043 o soluti ¢ th lex at
Ep an [KJ mol™!] 30.1+2.1 202+1.1 194418 i sofutions ot the compex a:
7(145%)* [MHz] 1742 10+£1 1442 the imaging fields (5.0 s™ mm

[a] The data listed for [Gd(dtpa)(H,0)]*" and [Gd(dota)(H,0)]" have been reported previously in Ref. [50]
and are provided here for comparison. [b] Parameters fixed during the fitting procedure.

Inspection of the data listed in Table 7 reveals some simi-
larities in the parameters that determine the relaxivity in
the three complexes. Indeed, the values obtained for the ro-
tational correlation time (7%°) are in reasonable agreement,
and they are typical of small Gd™ chelates. Moreover,
values of the relative diffusion coefficient D%y, are also very
similar, as expected for systems of similar bulk. The parame-
ters describing the electronic relaxation of the Gd™ ion are
expressed in terms of the zero-field splitting interaction
(%, E, and 4%). The value determined from the fittings for

v

2% is close to that reported for [Gd(dota)(H,0)]”, while
that of A% is larger; however, it is still within the range nor-
mally observed for Gd™ chelates.”!

The value obtained for the scalar coupling constant (A/#),
is smaller than those reported for other Gd™ polyaminocar-
boxylate complexes that have one inner-sphere water mole-
cule (typically —3.8x10°rads™").”% The shift induced by a
Gd™ complex to the water 7O resonance is proportional to
g, if the exchange between Gd™-bound water and the bulk
is rapid on the NMR timescale.”! Therefore, the small value
obtained for A/h could reflect a g value lower than one,
caused by the presence of a hydration equilibrium. Howev-
er, we do not exclude the possibility that an efficient spin
delocalization on the ligand backbone, caused by the pres-
ence of aromatic units, could have an effect on A/ for the
coordinated water molecule.

Whereas an ideal value of k2® can be calculated to be
~3x107s! at 25°C, both [Gd(dota)(H,O)]” and
[GA(DTPA)(H,0)]* have a water exchange rate that is
~10 times slower. The water exchange rate (k2°) deter-
mined for [Gd(L)(H,O)] is slightly more favorable than
that reported for chelates, such as [Gd(dota)(H,0)]” and
[Gd(dtpa)(H,O)]*", and one order of magnitude faster than
for DTPA-bis(amide) chelates.

Conclusion

In this work, we present a new polyaminocarboxylate ligand
that contains pyridine units and which shows promise as a
Ln™ chelating agent. This ligand can sensitize both the Eu™
and Tb™ luminescence; however, the quantum yields of the
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at 20 MHz and 25°C) that is
somewhat larger than those re-
ported for the standard contrast
agents (4.74 and 4.69s 'mm!
at 20MHz and 25°C for
[Gd(dota)(H,0)]- and [Gd(dtpa)(H,0)]*", respectively).
These favorable relaxation properties open interesting per-
spectives for the design of new and more efficient contrast
agents for MRI by, for instance, introducing appropriate
functions in the pyridine rings.

Experimental Section

Solvents and starting materials: Dimethyl pyridine-2,6-dicarboxylate was
prepared according to the literature method.!! The chloride and nitrate
salts, LnCl;;nH,O and Ln(NO;);nH,0, were purchased from Aldrich
and Alfa Laboratories, and were used without further purification. Sol-
vents and starting materials were purchased from Aldrich and used with-
out further purification, unless otherwise stated. Silica gel (Fluka60,
0.063-0.2 mm) was used for preparative column chromatography. D,0
for NMR studies was obtained from Merck (99.9%D). Samples of the
Ln" complexes for the NMR measurements were prepared by dissolving
equimolar amounts of ligand and hydrated Ln(NOs); in D,O followed by
adjustment of the pD with ND,OD and DCI (Aldrich) solutions in D,0O.
Samples for NMRD and 7O NMR measurements were prepared by dis-
solving the appropriate amounts of ligand and hydrated LnCl; in H,O.
pH values were adjusted with the aid of dilute solutions of NaOH and
HCI. The pH of the solutions was measured at room temperature with a
calibrated microcombination probe purchased from Aldrich Chemical
Co. The pH values given are direct meter readings without correction for
D-isotope effects.

Physical methods: Elemental analyses were carried out on a Carlo
Erba1108 elemental analyzer. FAB mass spectra were recorded on a
FISONS QUATRO mass spectrometer with a Cs ion gun and 3-nitroben-
zyl alcohol as the matrix. IR spectra were recorded, as KBr discs or
Nujol mulls, on a Bruker Vector22 spectrophotometer. Electronic spectra
in the UV/Vis range were recorded at 20°C on a Perkin—-Elmer
Lambda 900 UV/Vis spectrophotometer in 1.0 cm quartz cells. Excitation
and emission spectra were recorded on a Perkin-Elmer LS-50B spec-
trometer equipped for low-temperature (77 K) measurements. Lifetimes
are averages of at least 3-5 independent determinations. Absolute quan-
tum yields were calculated relative to quinine sulfate in dilute sulfuric
acid (absolute quantum yield: 0.546).5%

'H and "*C NMR spectra were recorded at 25°C on Bruker AC200F and
Bruker WM-500 spectrometers. For measurements in D,0, fert-butyl al-
cohol was used as an internal standard with the methyl signal calibrated
at =12 (‘H) and 31.2 ppm ("*C). Spectral assignments were based in
part on two-dimensional COSY, HMQC, and HMBC experiments. 7O
NMR spectra and 'H NMR T, values were obtained on a Varian
INOVA-300 spectrometer. D,O (100 %) was used as an external chemical
shift reference for O resonances. Longitudinal 'H and O relaxation
times 7, were measured by the inversion-recovery pulse sequence,”’ and
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the transverse relaxation times (7,) were obtained by the Carr-Purcell-
Meiboom-Gill spin-echo technique.® The 1/7, nuclear magnetic reso-
nance dispersion (NMRD) profiles were recorded at 5, 25, and 37°C with
a Stelar field cycling system covering a range of magnetic fields from
2.3474x10* to 0.35T (corresponding to a proton Larmor frequency
range of 0.01-15 MHz). Additional points at 20, 60, and 300 MHz were
obtained on Minispec PC-20, Minispec mq-60 and Bruker AMX-300
spectrometers, respectively.

Methyl 6-formylpyridine-2-carboxylate (1): NaBH, (7.3 g, 0.193 mol) was
added to a stirred solution of dimethyl pyridine-2,6-dicarboxylate (10.0 g,
0.051 mol) in MeOH (400 mL) at 0°C. The solution was stirred for 3 h at
0°C and then poured into a saturated NaHCO; aqueous solution
(200 mL). The bulk of the methanol was evaporated, and the resulting
aqueous solution was extracted with CHCl; (5x 100 mL). The combined
organic phases were dried over MgSO, and evaporated to dryness. The
residue was dissolved in dioxane (200 mL), and SeO, (2.8 g, 0.025 mol)
was added. The solution was heated at reflux for 2.5 h, filtered while hot,
and evaporated to dryness. The crude residue was purified by column
chromatography (SiO,, CHCL,) to give 5.7 g (70%) of 1 as a pale yellow
solid. '"H NMR (200 MHz, CDCl;, 25°C, TMS): 6=10.19 (s, 1 H; -CHO,),
8.35 (dd, *J(H,H)=7.3 Hz, *J(H,H)=1.5 Hz, 1H; py), 8.14 (m, 2H; Py),
4.06 ppm (s, 3H; -OCH;); *C NMR (50.4 MHz, CDCl,, 25°C, TMS): 6=
53.2 (primary C), 192.6, 129.0, 128.0, 124.3 (tertiary C), 164.0, 152.7,
148.6 ppm (quaternary C); elemental analysis caled (%) for CgH;NO;
(165.2): C 58.2, H 4.3, N 8.5; found: C 57.7, H 4.4, N 8.2; IR (KBr): =
1719 (C=O0 ester), 1694 (C=0 aldehyde), 1585 cm™' (C=C py); FAB MS:
mlz (%): 166 (100) [M+H]".
1,2-[{6-(Methoxycarbonyl)pyridin-2-yljmethyleneamino]ethane (2): A
solution of ethylenediamine (0.1 mL, 1.51 mmol) in MeOH (10 mL) was
added dropwise to a refluxing solution of 1 (0.5 g, 3.010 mmol) in MeOH
(30 mL). The resulting mixture was refluxed for 30 min and then filtered
while hot. The solvent was removed in a rotary evaporator and diethyl
ether (10 mL) was added. The solid formed was isolated by filtration and
dried under a vacuum to give 0.40 g (80%) of 2 as a white powder. 'H
NMR (200 MHz, CDCl;, 25°C, TMS): 0=8.55 (s, 2H; CH=N), 8.21 (dd,
3J(H,H)=73 Hz, */(H,H)=1.0 Hz, 2H; py), 8.15 (dd, *J(H,H)=8.3 Hz,
‘J(H,H)=1.0 Hz, 2H; py), 7.89 (t, 2H; py), 4.07 (s, 4H; -CH,-), 4.03 ppm
(s, 6H; -OCH;); *C NMR (50.4 MHz, CDCl,, 25°C, TMS): 6 =53.0 (pri-
mary C), 61.1 (secondary C), 162.9, 137.5, 126.2, 124.3 (tertiary C), 165.4,
154.7, 147.6 ppm (quaternary C); elemental analysis calcd (%) for
CisHsN,O,4 (354.4): C 61.0, H 5.1, N 15.8; found: C 61.1, H 5.0, N 15.8;
IR (KBr): #=1719 (C=0), 1654 (C=N imine), 1586 cm ' (C=C py); FAB
MS: miz (%): 355 (42) [M+H]*.
1,2-[{6-(Methoxycarbonyl)pyridin-2-yljmethylamino]ethane (3): NaBH,
(0.124 g, 3.30 mmol) was added to a stirred suspension of 2 (0.897 g,
2.53 mmol) in MeOH (60 mL) at 0°C. The mixture was stirred at 0°C for
2 h and then a saturated NaHCO; aqueous solution (200 mL) was added.
The mixture was stirred for 10 min, and the resulting solution was ex-
tracted with CH,Cl, (5x100 mL). The combined organic extracts were
dried over MgSO, and evaporated to give 0.776 g (85%) of 3 as a pale
yellow oil. '"H NMR (200 MHz, CDCl,;, 25°C, TMS): 6=8.01 (d,
3J(HH)=7.8 Hz, 2H; py), 7.81 (t, *J(H,H)=7.8 Hz, 2H; py), 7.61 (d,
*J(H,H)=7.8 Hz, 2H; py), 4.03 (s, 4H; -CH,), 3.99 (s, 6H; -OCH,,),
2.83 ppm (s, 4H; -CH,-); “C NMR (50.4 MHz, CDCl;, 25°C, TMS): 0=
52.9 (primary C), 49.0, 55.1 (secondary C), 123.5, 125.6, 137.4 (tertiary
C), 165.4, 160.8, 165.8 ppm (quaternary C); IR (Nujol): #=1731 (C=0),
1592 cm™ (C=C py); FAB MS: m/z (%): 359 (75) [M+H]*.
1,2-[N,N'-{(tert-Butoxycarbonyl)methyl}-N,N'-{6-(methoxycarbonyl)pyri-
din-2-yl}methylamino]ethane (4): The oil 3 (1.60 g, 4.69 mmol) was dis-
solved in CH;CN (150 mL) and Na,CO; (1.0 g, 9.4 mmol) and fert-butyl-
bromoacetate (2 mL, 0.01 mol) were added. The mixture was refluxed
under an inert atmosphere (Ar) for 24 h, and then the excess Na,CO;
was filtered off. The filtrate was evaporated to dryness and the residue
partitioned between equal volumes (100 mL) of H,O and CHCl;. The or-
ganic phase was separated and the aqueous phase washed with more
CHCl; (3x100 mL). The combined organic phases were dried over
MgSO,, filtered, and evaporated to dryness to give a pale yellow oil. The
crude residue was purified by column chromatography (SiO,, 5% MeOH
in CH,C,) to give a pale yellow oil. Addition of diethyl ether gave 0.71 g
(26%) of 4 as a white solid. 'H NMR (200 MHz, CDCl,, 25°C, TMS):
0=17.98 (d, 2H; py), 7.79 (m, 4H; py), 3.99 (s, 10H; -OCHj;, -CH,-), 3.31
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(s, 4H; -CH,-), 2.81 (s, 4H; -CH,-), 1.40 ppm (s, 18 H; Bu); *C NMR
(50.4 MHz, CDCl;, 25°C, TMS): 6=28.1, 52.8 (primary C), 52.5, 56.4,
60.6 (secondary C), 123.5, 126.1, 137.3 (tertiary C), 170.5, 165.9, 160.9,
1472 ppm (quaternary C); elemental analysis caled (%) for
C3H,oN,OgH,O (604.7): C 59.6, H 7.3, N 9.3; found: C 59.6, H 6.9, N
9.0; IR (KBr): #=1730, 1710 (C=0), 1587 cm™! (C=C py); FAB MS: m/z
(%): 587 (100) [M+H]*.
N,N'-Bis(6-carboxy-2-pyridylmethyl)ethylenediamine-N,N'-diacetic  acid
(H,L-4HCI-3H,0): A solution of compound 4 (0.30 g, 0.51 mmol) in 6m
HCI (25 mL) was heated to reflux for 12 h. The solution was concentrat-
ed under vacuo to ~5mL; this resulted in the precipitation of a white
solid. It was collected by filtration and dried under vacuo at 45°C to
yield 0.267 g (81%) of H,L-4HCI3H,0 as a white solid. 'H NMR
(200 MHz, D,0, 25°C, TMS, pD =7.0): 6=7.82 (m, 4H; py), 7.51 (d, 2H;
py), 417 (s, 4H; -CH,-), 3.91 (s, 4H; -CH,-), 3.19 ppm (s, 4H; -CH,-); “C
NMR (50.4 MHz, D,0, 25°C, TMS, pD =7.0): 6=51.4, 57.8, 60.2 (secon-
dary C), 124.3, 127.1, 139.9 (tertiary C), 154.4, 154.7, 173.8, 176.0 ppm
(quaternary C); elemental analysis calcd (%) for C,yH,,N,O¢4 HCI-:3H,0
(586.3): C 37.3, H 5.0, N 8.7; found: C 37.5, H 4.9, N 8.6; IR (KBr): 7=
1725 (C=0), 1636 cm ™' (C=C py); FAB MS: m/z (%): 447 (50) [M+H]*.
Computational methods: Full geometry optimizations of the
[Ln(L)(H,0)]  systems (Ln=La, Pr, or Gd) were performed at the RHF
level both in vacuo and in aqueous solution. In these calculations, the ef-
fective core potential (ECP) of Dolg et al. and the related [5s4p3d]-GTO
valence basis set were used for the lanthanide atoms," while the 3-21G*
basis set was used for the ligand atoms. The calculated stationary points
in vacuo were characterized by frequency analysis. Solvent effects were
evaluated with the polarizable continuum model (PCM). In particular,
we used the C-PCM variant,™® employing conductor rather than dielec-
tric boundary conditions; this allowed a more robust implementation.
The solute cavity was built as an envelope of spheres centered on atoms
or atomic groups with appropriate radii. For lanthanide atoms, the previ-
ously parametrized radii were used.””! The cavitation and dispersion non-
electrostatic contributions to the energy and energy gradient were omit-
ted. The NMR shielding tensors of [Ln(L)(H,0)]~ (GIAOF® method)
were calculated both in vacuo and in solution at the at the HF and DFT
(B3LYP functional)®** levels with the ECP of Stevens et al.*!l and the
6-311G** basis set for the ligand atoms.™ For chemical shift calculation
purposes, NMR shielding tensors of tetramethylsilane (TMS) were calcu-
lated at the appropriate level. All HF and DFT calculations were per-
formed with the Gaussian98 package (Revision A.11.3).1

Analysis of the O NMR and NMRD data: Experimental variable-tem-
perature 7O NMR and NMRD data were fit with a computer program
written by E. Téth and L. Helm (Swiss Federal Institute of Technology
Lausanne, Switzerland) and a Micromath Scientist version 2.0 (Salt Lake
City, UT, USA).
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