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Two novel ligands containing pyridine units and phosphonate pendant arms, with ethane-1,2-diamine (L?) or
cyclohexane-1,2-diamine (L®) backbones, have been synthesized for Ln complexation. The hydration numbers
obtained from luminescence lifetime measurements in aqueous solutions of the Eu" and Th" complexes are g =
0.6 (EuL?), 0.7 (TbL?), 0.8 (EuL?®), and 0.4 (TbL3). To further assess the hydration equilibrium, we have performed
a variable-temperature and -pressure UV-vis spectrophotometric study on the Eu™ complexes. The reaction enthalpy,
entropy, and volume for the hydration equilibrium EuL < EuL(H,0) were calculated to be AH® = —(11.6 £ 2) kJ
mol™%, AS® = —(34.2 £ 5) Jmol ™ K%, and K& = 1.8 + 0.3 for EuL2 and AH° = —(13.5 % 1) kJ mol"%, AS®
= —(41+ 4) Imol~* K™%, and K& = 1.7 + 0.3 for EuL3, respectively. We have carried out variable-temperature
70 NMR and nuclear magnetic relaxation dispersion (NMRD) measurements on the GdL2(H,0), and GdL3(H,0),
systems. Given the presence of phosphonate groups in the ligand backbone, a second-sphere relaxation mechanism
has been included for the analysis of the longitudinal Y70 and 'H NMR relaxation rates. The water exchange rate
on GALZ(H,0),, K = (7.0 £ 0.8) x 108 72, is extremely high and comparable to that on the Gd" agua ion, while
it is slightly reduced for GAL3(H,0),, Koo’ = (1.5 + 0.1) x 108 s~L, This fast exchange can be rationalized in terms
of a very flexible inner coordination sphere, which is slightly rigidified for L® by the introduction of the cyclohexyl
group on the amine backbone. The water exchange proceeds via a dissociative interchange mechanism, evidenced
by the positive activation volumes obtained from variable-pressure O NMR for both GdL2(H,0), and GdL3(H,0),
(AVF = +8.3 + 1.0 and 8.7 + 1.0 cm? mol %, respectively).

Introduction been indeed largely assisted by the development d¢f-Gd
based contrast agerftsCurrently, about one-third of all MRI
scans are made after the administration of a contrast dgent,
which enhances the image contrast by preferentially influ-

Stable chelates of trivalent Ln ions are gaining consider-
able interest because of their use in various biomedical
applications, such as fluorescence imadirapecific RNA
cleavage, cancer radiotherapy’ or magnetic resonance (2) Bruice, T. C.; Tsubouchi, A.; Dempey, R. O.; Olson, L.JP.Am.
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encing the relaxation rate of the water protons in the target Chart 1

tissue. The efficiency of a contrast agent is evaluated in terms R— ,—\ R

of its relaxivity, which is defined as the paramagnetic N N HOP POH
relaxation rate enhancement of water protons per millimolar N X e ﬂ N
concentration of the Gtlion. These complexes contain at P N

least one G#-bound water molecule that exchanges with

the bulk water of the body, resulting in an efficient cooH coon N

mechanism for the longitudinal and transverse relaxafign ( R=COOH  H,L! COOH COOH
and T,) of water protons. The relaxation rates of the bulk R=PO;H,  HgL?

water protons are enhanced around a paramagnetic ion
because of long-range interactions (outer-sphere relaxation)the usual gadolinium(lll) poly(aminocarboxylates) can be
and short-range interactions (inner-sphere relaxation). Ac- related to the easy rearrangement of the flexible coordination

cording to the standard SolomeBloemberger-Morgan

sphere. The Gl aqua ion is eight-coordinate but very close

model, the latter process is governed by four correlation to a hydration equilibrium between coordination numbers 8

times: the rotational correlation time of the complex)(

and 9. Indeed, from neutron diffraction measurements, it is

the residence time of a water proton in the inner coordination known that, as the ionic radius decreases in the Ln series,

sphere ), and the longitudinal and transverse electronic
relaxation rates (The and 17, of the metal centet.The

theory predicts that high relaxivities at the current imaging
fields (0.5-1.5 T) may be observed for systems with a long

rotational correlation time and relatively fast water exchange.

the coordination number of the aqua ions changes from 9 at
the beginning to 8 at the end, with 8nlhaving an average
coordination number of 8.8.In contrast, Gl chelates have
a much more rigid inner-sphere structure and its rearrange-
ment requires higher energy. On the basis of these consid-

The modulation of the water exchange on'Gmbmplexes  erations, faster water exchange is expected fof Gdm-
has been the subject of extensive studies. The currentplexes with a hydration equilibrium, especially when they
commercial Gt chelates show water exchange rates that possess a flexible inner-sphere structure. In a preliminary
are 1 order of magnitude lower than the optimal value. paper, we have illustrated this approach to obtain fast water

Recently, it was shown that phosphonate-containing ana-exchange rates in Gdcomplexes?

logues of the commercially used [Gd(DOTAY®)]~ and
[GA(DTPA)(H0)]* complexes have faster water exchange
than the parent systerfisA similar effect has also been
observed for GH complexes of heptadentate macrocyclic
ligands!® These gadolinium(lll) poly(aminocarboxylates)
undergo a dissociative, D, or dissociative interchange, |

In a recent work¢ we reported a new octadentate receptor
containing pyridine units and carboxylate pendaitgL(;
Chart 1), which forms stable complexes with'Liions in
an aqueous solution. In these complexes, tHeibn is nine-
coordinate, where a water molecule completes the inner
coordination sphere. The relaxivity of this complex at the

water exchange. Steric crowding around the bound water sitejmaging fields (5.0 st mM~1 at 20 MHz and 25°C) is
is very important in such dissociative processes. Increasedcomparable to those reported for the standard contrast agents

steric crowding facilitates the leaving of the bound water

(4.74 and 4.69 8¢ mM™ at 20 MHz and 25°C for

molecule in the rate-determining step, thus accelerating the[Gd(DOTA)(H,0)]~ and [Gd(DTPA)(HO)]?", respectively).
water exchange. This phenomenon has been demonstrateth the perspective of optimizing properties of 'Gdhelates

for both acyclic and macrocyclic @Gdcomplexes!'? The

as potential MRI contrast agents, herein we report two novel

presence of a bulky phosphonate group replacing a carboxyl-ligands HeL2 and Hel3;, Chart 1) designed for stable

ate in the framework of DOTA or DTPA> also causes a

complexation of Ln ions. A comparative study of the Ln

crowding effect and a consequent increase in the watercomplexes of these ligands allows for the assessment of how

exchange rate of the @dcomplex. However, the water

small structural modifications affect properties that are

exchange rate on these systems is still largely inferior to thatimportant with regard to MRI contrast agent applications,

of [Gd(H,0)g]*". The very high water exchange rate observed
for [Gd(H;0)g]*" (K528 = 8.04 x 10P s7%)!3 as compared to

(8) Peters, J. A.; Huskens, J.; Raber JDProg. Magn. Reson. Spectrosc.
1996 28, 283.

(9) (@) Lukes I.; Cigler, P.; Kotek, J.; RudovskyJ.; Hermann, P.;
Rohovec, J.; Vojsek, PJ. Inorg. Biochem2001, 86, 68. (b) Kotek,
J.; LebduskoVaP.; Hermann, P.; Vander Elst, L.; Muller, R. N.;
Geraldes, C. F. G. C.; Maschmeyer, T.; LUKesPeters, J. AChem-—
Eur. J.2003 9, 5899.
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G.; Pagliarin, R.; Palmisano, G.; Sirtori, F. R.; Sisti, MMed. Chem.
200Q 43, 4017. (b) Aime, S.; Botta, M.; Geninatti-Crich, S.;
Giovenzana, G.; Pagliarin, R.; Sisti, M.; Terreno, Magn. Reson.
Chem.1998 36, S200.

(11) Aime, S.; Barge, A.; Borel, A.; Botta, M.; Chemerisov, S.; Merbach,
A. E.; Muller, U.; Pubanz, DInorg. Chem.1997, 36, 5104.

(12) (a) Ruloff, R.; Téh, E; Scopelliti, R.; Tripier, R.; Handel, H.; Merbach,
A. E. Chem. Commur2002 2630. (b) Laus, S.; Ruloff, R.; Th, E;
Merbach, A. E.Chem—Eur. J. 2003 9, 3555.
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such as hydration number, water exchange rate, or rotational
dynamics of the complexes. In particular, one can expect
the introduction of the cyclohexyl unit in the ligand skeleton
to modulate the rigidity of the inner sphere, which may have
consequences on the water exchange for tHé uinplexes.
Luminescence lifetime studies on the'Eand TH' com-

(13) Powell, H. D.; Ni Dhubhghaill, O, M.; Pubanz, D.; Helm, L.; Lebedeyv,
Y.; Schlaepfer, W.; Merbach, A. El. Am. Chem. Sod 996 118
9333.
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Rodrfguez-Blas, TChem. Commur2005 4729.
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Vander Elst, L.; Peters, J. A.; de Blas, A.; Ragrez-Blas, TChem—
Eur. J.2004 10, 3579.



Gd" Complexes with Fast Water Exchange

plexes have been carried out to determine the hydrationwas heated under an inert atmosphere (Ar) for 30 min, and
number of the complexes in solution. To assess the hydrationparaformaldehyde (0.94 g, 30.5 mmol) was added in portions over
equilibrium, we have also performed a variable-temperature & period of 48 h. After the addition of paraformaldehyde was

and -pressure UMvis spectrophotometric study on the'Eu
complexes. Variable-temperatut®® NMR measurements
and nuclear magnetic relaxation dispersion (NMRD) inves-
tigation of the G# complexes were carried out to obtain

complete, the reaction mixture was refluxed for 24 h. The resulting
brown solution was concentrated under vacuum to obtain a brown
oil, which was dissolved in 2 mL of 50% ethanol. After the solution
was stirred for 24 h at room temperature, a white precipitate was
formed, which was collected by filtration and dried under vacuum

parameters describing rotation, electronic relaxation, and 5y 40°c (yield: 0.89 g, 44%). Anal. Calcd for H2NOrPs

water exchange. Additionally, variable-presséif® NMR

2H,O: C, 39.0; H, 5.1; N, 10.1. Found: C, 38.8; H, 4.5; N, 10.1.

measurements were used to determine the activation volumar (KBr): 1738 [y(C=0)], 1597 [(C=N),,], 1358 (P=0)] cm L.
of the water exchange process and thus to assess théH NMR (solvent DO, 295 K, 200 MHz, p = 7.0): 0 7.69 (d,

mechanism.

Experimental Section

Synthesis of the LigandsMethyl 6-formylpyridine-2-carboxyl-
ate and 1,2-b{g[6-(methoxycarbonyl)pyridin-2-ylJmethyllamirje
ethane 2a) were prepared as previously reported by4Solvents

4H, py), 7.34 (t, 2H, py), 4.07 (s, 4H-CH,—), 3.00 (s, 4H,
—CH,—), 2.81 (d, 4H,—CH,—, 2J4p = 11 Hz).13C NMR (solvent
D,0, 295 K, 50.4 MHz, P = 7.0): 6 52.1, 54.9, 60.4 (secondary
C), 124.8, 127.3, 140.3 (tertiary C), 154.5, 173.8 (quaternary C).
31P NMR (solvent RO, 25°C, 81.1 MHz, i = 7.0): 6 12.2.
N,N'-Bis[(6-carboxy-2-pyridyl)methyllethane-d,;-1,2-diamine-
N,N’-methylphosphonic Acid (HsL 2-d,). The preparation of ligand

and starting materials were purchased from Aldrich and used p 2.4, (deuterated at the position with respect to phosphonate

without further purification, unless otherwise stated. Silica gel
(Fluka 60, 0.0630.2 mm) was used for preparative column
chromatography.

(1R,2R)-{ [[6-(Methoxycarbonyl)pyridin-2-ylJmethylene]amino} -
cyclohexane (1b)A solution of (IR,2R)-diaminocyclohexane (0.40
g, 3.5 mmol) in MeOH (10 mL) was added dropwise to a refluxing
solution of methyl 6-formylpyridine-2-carboxylate (1.2 g, 7.0 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

groups) was carried out by a procedure similar to that described
above forHgL? by using compound?a (0.30 g, 0.84 mmol),
phosphorous acid (0.55 g, 6.7 mmol), and deuterated paraformal-
dehyde (0.2 g, 6.7 mmol). The deuteration was confirmedtby
NMR spectroscopy X 95%).
N,N'-Bis[(6-carboxy-2-pyridyl)methyl]cyclohexane-(R,2R)-

diamine-N,N’-methylphosphonic Acid (HsL 3-4H,0). Compound

2b (1.2 g, 2.91 mmol) and an excess of phosphorous acid (1.90 g,
23.0 mmol) were dissolved in 30 mLf & M aqueous HCI. The

evaporator, and diethyl ether (10 mL) was added. The solid formed resylting mixture was heated under an inert atmosphere (Ar) for

was isolated by filtration and dried under a vacuum to give 1.18 g
of 1b as a pale-yellow powder (yield: 83%). Anal. Calcd for
CyoHouN4Os: C, 64.7; H,5.9; N, 13.7. Found: C, 64.2; H, 6.0; N,
13.9. FAB-MS fwz (% BPI)]: 409 (100) Lb + H]*. IR (KBr):
1737 p(C=0)], 1652 y(C=N)], 1586 [y(C=N),,] cm~%. 'H NMR
(solvent CDCY4, 295 K, 300 MHz): 6 8.44 (s, 2H—CH=N), 8.15

(d, 2H, py,3J = 7.7 Hz), 8.07 (d, 2H, py3J = 7.7 Hz), 7.80 (t,
2H, py), 3.99 (m, 8H,~OCHs, —CH-), 1.88 (m, 4H,—CH,—),
1.79 (m, 2H,—CH,—). 3C NMR (solvent CDCJ, 295 K, 75.5
MHz): 6 52.9 (primary C), 24.2, 32.6 (secondary C), 155.0, 137.4,

30 min, and paraformaldehyde (0.70 g, 23.0 mmol) was added in
portions over a period of 6 h. After the addition of paraformaldehyde
was complete, the reaction mixture was refluxed for 72 h. The
resulting brown solution was concentrated under vacuum to obtain
a brown oil, which was dissolved in methanol (2 mL). The addition
of acetone causes the precipitation of a white solid, which was
isolated by filtration and dried under vacuum at°@(yield: 0.46

g, 38%). Anal. Calcd for @H2eN4O10P2*4H,0: C, 41.0; H, 5.9;

N, 8.7. Found: C, 41.2;H, 5.4; N, 8.6. IR (KBr): 173C=0)],
1590 p(C=N)p,], 1348 (P=0)] cm . 3P NMR (solvent RO,

126.0, 124.3, 73.54 (tertiary C), 165.0, 160.7, 147.4 (quaternary 295 K, 125.8 MHz, P = 7.0): ¢ 15.5, 9.4.

O).

(1R,2R)-{ [[6-(Methoxycarbonyl)pyridin-2-yllmethyllamino }-
cyclohexane (2b).NaBH, (0.07 g, 1.80 mmol) was added to a
stirred suspension dfb (0.629 g, 1.50 mmol) in MeOH (60 mL)
at 0°C. The mixture was stirred at@ for 2 h, and then a saturated
NaHCGQ; aqueous solution (200 mL) was added. The mixture was
stirred for 10 min, and the resulting solution was extracted with
CH,CI; (5 x 100 mL). The combined organic extracts were dried
over MgSQ and evaporated to give 0.583 g2if as a pale-yellow
oil, which was used in the next step without further purification
(yield: 92%). FAB-MS Wz (% BPI)]: 413 (100) b + H]*. IR
(Nujol): 1737 p(C=0)] cm1. 'H NMR (solvent CDC}, 295 K,
300 MHz): 6 7.99 (d, 2H, py3J = 7.6 Hz), 7.79 (t, 2H, py,), 7.71
(d, 2H, py,3J = 7.6 Hz), 4.17 (d, 2H—CH,—, 2J = 14.8 Hz),
3.97 (d, 2H,—CH,—, 2 = 14.8 Hz), 3.96 (s, 6H;-OCHg), 2.4~
1.0 (m, 5H, cyclohexyl)13C NMR (solvent CDCY, 295 K, 75.5
MHz): 6 53.0 (primary C), 52.5, 31.9, 25.2 (secondary C), 137.6,

126.0, 123.6, 61.7 (tertiary C), 166.1, 161.8, 147.5 (quaternary C).

N,N’-Bis[(6-carboxy-2-pyridyl)methyllethane-1,2-diamine-
N,N’-methylphosphonic Acid (HsL?-2H,0). 2a (1.40 g, 3.91

General Methods. Elemental analyses were carried out on a
Carlo Erba 1108 elemental analyzer. FAB-MS spectra were
recorded using a Fisons Quatro mass spectrometer with a Cs ion
gun and 3-nitrobenzyl alcohol as the matrix. IR spectra were
recorded, as KBr disks, using a Bruker Vector 22 spectrophotom-
eter. High-resolutiorH and!3C NMR spectra were run at 2%
with Bruker AC200 F or Bruker Avance 300-MHz spectrometers.
Chemical shifts are reported avalues. For measurements in@
tert-butyl alcohol was used as an internal standard with the methyl
signal calibrated ad 1.2 (H) and 31.2 3C). 2H NMR spectra
(46.1 MHz) were recorded on a Varian INOVA-300 spectrometer.
Longitudinal2H NMR relaxation timesT; were measured by the
inversion-recovery pulse sequente.

Sample Preparation.The Ln" complexes ofL2 and L3 were
prepared by mixing equimolar amounts of hydrated lnCh-
(NO3)3, or Ln(ClOy)3 (Ln = La, Eu, Gd, or Tb) and the ligand; pH
values were adjusted with the aid of dilute solutions of JOH
(L?) or NaOH (3) and HCI. The concentrations and pH values of
the solutions used were as follows."la?-d;; 10—-137 mM, pH

mmol) and an excess of phosphorous acid (2.50 g, 30.5 mmol) (17) void, R. L.; Waugh, J. S; Klein, M. P.; Phelps, D..E Chem. Phys.

were dissolved in 20 mLf® M aqueous HCI. The resulting mixture

1968 48, 3831.
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7.05 fH NMR). EU"L% 25 mM, pH 6.64 (UV~vis); 1.2 mM, pH
8.5 (luminescence). dd.2 4.87 mM, pH 6.94 (NMRD); 95.15
mmolkgt, pH 7.09 7O NMR T; and T, measurements at 7.05
T), and 33.16 mmekg?, pH 9.20 O NMR at 9.4 T). TH'L2
1.6 mM, pH 8.5 (luminescence). Bu3 20 mM, pH 5.5 (U
vis); 3.1 mM, pH 8.2 (luminescence). GH3 20.05 mmolkg 1,
pH 5.73 {70 NMR); 1.0 mM, pH 6.55 (NMRD); THLS: 3.1 mM,
pH 8.4 (luminescence).

Luminescence Measurements€Excitation and emission spectra
were recorded on a Perkin-Elmer LS-50B spectrometer equipped
for low-temperature (77 K) measurements. Luminescence lifetimes
were calculated from the monoexponential fitting of the average
decay data, and they are averages of at least three to five
independent determinations.

UV —Vis Spectroscopy UV —visible spectra on solutions of the
EU" complexes ofL? and L3 were recorded in the temperature
range 15.584.7°C on a Perkin-Elmer Lambda 19 spectrometer,
in thermostatizable cells with a 5-cm optical lengih=f 576.5—

581.5 nm). For the variable-pressure measurements carried out at

333 K, a “Le Noble” piston-type cell was usédThe technique
has been described in detail in a previous publicatfon.

70 NMR Measurements. Variable-temperaturé’O NMR
longitudinal (T) and transverseTg) relaxation time measurements
on aqueous solutions of the Gcomplexes were obtained on a
Varian INOVA-300 spectrometer operating at 7.05 T, 40.7 MHz
[for GdL?(H,0)q] or on a Bruker ARX 400 spectrometer, 9.4 T,
54.2 MHz [for Gd_2(H,0), and Gd.3(H,0),]. They were referenced
to an acidified water solution (aqueous HGJ@H 3.3). Longitu-
dinal IH and1’0 NMR relaxation timesl; were measured by the
inversion-recovery pulse sequengeand the transverse relaxation
times (T,) were obtained by the CarPurcel-Meiboom-Gill
spin—echo techniqué For the 9.4-T measurements, the samples
were sealed in glass spheres that fitted into 10-mm NMR tubes, to
eliminate susceptibility corrections to the chemical sHitSor the

Balogh et al.

Scheme 12
| X R NH,
—>
| N OMe
(o) o
OMe O~ "OMe
R =1,2-ethyl 1a
R =1,2-cyclohexyl 1b
lii
H205P— "~ POsH2 HN "NH
CEO? ? Ogoje i;\)C)Me
= 1,2-ethyl Hst = 1,2-ethyl 2a

R = 1,2-cyclohexyl HgL3 R = 1,2-cyclohexyl 2b
a (i) MeOH, reflux. (ii) MeOH, NaBH. (iii) 6 M HCI, CH,O, H3zPOs.

platform version 6.% or using a Micromath Scientist version 2.0
(Salt Lake City, UT). The reported errors correspond to 1 standard
deviation obtained by statistical analysis.

Results and Discussion

Synthesis of the LigandsLigandsHeL? andHeL 2 were
obtained in three steps from methyl 6-formylpyridine-2-
carboxylate by using the procedure described in the Experi-
mental Section (Scheme 1). The latter can be obtained from
commercially available pyridine-2,6-dicarboxylic acid in

7.05-T measurements, the difference between the chemical shiftsthree steps involving partial reduction of dimethyl pyridine-

of proton signals ofert-butyl alcohol in the paramagnetic sample
and in pure water was used to correct ##® NMR shift for the
contribution of the bulk magnetic susceptibilThe temperature
was measured by a substitution techniéti€o improve sensitivity
in 170 NMR, Y7O-enriched water (11.4% #MO, Isotrade GmbH)
was added to the solutions to yield around 1% enrichment.
Variable-pressure!’0O NMR relaxation rates at 333 K were
measured up to a pressure of 150 MPa on a Bruker ARX-400
spectrometer equipped with a homemade high-pressure proliéhead.
NMRD. The 17T, NMRD profiles of the G# complexes of.2
andL 3 were recorded at 5, 25, and 3Z with a Stelar field cycling
system covering a range of magnetic fields from 2.34740* to
0.35 T (corresponding to a proton Larmor frequency range of-0.01
15 MHz) for Gd_2(H,0), and from 2.35x 104 t0 0.47 T (0.0t
20 MHz) for Gd_3(H,0), Additional points were obtained on
Bruker Minispec PC-20 (20 MHz), mg30 (30 MHz), mg40 (40
MHz), and mq60 (60 MHz) relaxometers, respectively.
Data Analysis. The analysis of’O NMR, NMRD, and U\~
vis data was performed with a program working on a Matlab’s

(18) le Noble, W. J.; Schlott, RRev. Sci. Instrum.1976 54, 2540.

(19) Graeppi, N.; Powell, D. H.; Laurenczy, G.:kaay, L.; Merbach, A.
E. Inorg. Chim. Actal995 235 311.

(20) Meiboom, S.; Gill, DRev. Sci. Instrum.1958 29, 688.

(21) Hugi, A. D.; Helm, L.; Merbach, A. EHely. Chim. Actal985 68,
508.

(22) zitha-Bovens, E.; Vander Elst, L.; Muller, R. N.; van Bekkum, H.;
Peters, J. AEur. J. Inorg. Chem2001, 3101.

(23) Amman, C.; Meyer, P.; Merbach, A. H. Magn. Reson1982 46,
319.

(24) Frey, U.; Helm, L.; Merbach, A. Bdigh Press. Resl199Q 2, 237.
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2,6-dicarboxylate followed by oxidation with Se@67%
overall isolated yield}%26 Methyl 6-formylpyridine-2-car-
boxylate was reacted with ethane-1,2-diamine d&® ZR)-
diaminecyclohexane to give the Schiff badesand 1b in
80—90% yield. Compound4a and 1b were reduced with
sodium tetrahydroborate, affording amin2a and 2b in
excellent yield (ca. 90%). The desired ligands were prepared
in 20—40% isolated yield by a Mannich-type reaction of the
corresponding diamine precurs@a or 2b with parafor-
maldehyde and phosphorous aaidsiM HCI?” The ligands
were obtained in ca. 20% overall yields as calculated from
commercially available pyridine-2,6-dicarboxylic acid.
Assessment of the Hydration State.Luminescence
lifetime measurements have been widely used for quantifying
the number of inner-sphere water molecules in Ln com-
plexes?® Although ions that emit in the near-IR such as'Yb
have been used for this purpd8elh" and El' are most
commonly applied for lifetime measurements because they

(25) Yerly, F. Visualiseur, version 2.3.4; Lausanne, Switzerland, 1999.
Yerly, F. Optimiseur, version 2.3.4; Lausanne, Switzerland, 1999.

(26) Chrystal, E. J. T.; Couper, L.; Robins, D.Tetrahedron1995 51,
10241.

(27) Laza, |.; Hrncir, D. C.; Kim, W.-D.; Kiefer, G. E.; Sherry, A. D.
Inorg. Chem.1992 31, 4422.
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Gd" Complexes with Fast Water Exchange

Table 1. Lifetimes of the EW{Do) and ThfD,4) Excited Levels £, ms)
and Number of Coordinated Water Molecule QObtained in 103 M
H,0O and DO Solutions ofL? andL3 Complexes (pH 8.0)

L2 L3
Eull TbIII Eull TbIII
THo 0.80 2.30 0.73 2.13
0,0 2.01 4.10 2.21 2.69
Akops 0.75 0.19 0.91 0.13
o 0.6 0.7 0.8 0.4
@ 0.5 0.7

aThe emission decay was monitored at 616'{[Eor 490 (TH') nm
under excitation at 245 nni.Values obtained by using eqs 1 (Euand 2
(Tb'). ¢ Values obtained by using eq 3.

emit in the visible region and show longer emission lifetimes.
These two ions flank Gdin the periodic table, and therefore
they have nearly the same charge-to-ionic radius &5 &l
similar coordination chemistry. Therefore, the number of
inner-sphere water molecules determined fof Bnd EJ'
complexes should be close to the value fol'Gamplexes.
Moreover, a desirable optical property of the'Lcomplexes
of L? and L3 is that the pyridine moieties can act as an
antenna to sensitize the emission of''Eand TH', which
greatly increases the effective extinction coefficient of metal
ion excitation and therefore improves the sensitivity of the
luminescence detection.

The emission spectra of 1®M solutions of the Ell and
Th" complexes ol.? andL? in H,O (pH 8.0 and 295 K),

0.005 1
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0.004
0.0035 -
0.003 -

g 0.0025 -
0.002
0.0015 -
0.001

0.0005 -

0
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578.5 579 579.5 580 580.5 581
Wavelenghts (nm)

Figure 1. Variable-temperature UVvis spectra of [EU(3)(H20)q*" (q
=0, 1;c = 20 mM; pH 5.5).

577.5 578

the EU' analogues. ThéD, — 7F, transition band of Ell
(577.5-581.1 nm) is very sensitive to the coordination
environment and is often used to test the presence of different
complex specie¥:*?In the region of théD, — F, transition,

the spectrum of the Eucomplex ofL? shows two absorption
bands at 578.9 and 579 @while that of L3 shows signals

at 579.0 and 579.6 nm (Figure 1). The intensity ratio of these
bands changes with temperature: the band at shorter
wavelengths is decreasing, while that at longer wavelengths

obtained under excitation through the ligand bands at 245 is increasing with temperature. This temperature dependence

nm, display the typicaiDo — F; (EU", J = 0—4) or°D, —

Ry (Tb", J = 6—3) transitions. The emission lifetimes of
the EufDo) and ThfD,) excited levels have been measured
in D,O and HO solutions of the complexes and were used
to calculate the number of coordinated water molecales
by using eqs 1 and 2 for Eu and Tb, respectively (Table 1).
These equations were proposed by Beeby &tfat.solutions

of poly(aminocarboxylate) complexes with< 1,

1)
)

wherekops = L/Tons AKops = KondH20) — kopd D20), and
kobs IS given in reciprocal milliseconds. More recently, a
refined eq 3 has been proposed for'""Egomplexes in
solution?! with an estimated uncertainty ipof +0.1.

Ogu = 1.11Aky,s— 0.31) ®)

Theq values obtained for the Eluand TH' complexes of
L' and L3 range from 0.5 to 0.8, suggesting that an
equilibrium exists in solution between complex species with
g=0and 1 (Table 1).

To learn more about the hydration state of the''Ln
complexes olL? and L3, we performed a variable-temper-
ature and -pressure UWis study on aqueous solutions of

Oy = 1.2(Akyp— 0.25)

Cirp = 5.0(Akyps — 0.06)

(30) Beeby, A.; Clarkson, I. M.; Dickins, R. S.; Faulkner, S.; Parker, D.;
Royle, L.; de Sousa, A. S.; Williams, J. A. G.; Woods, 8.Chem.
Soc, Perkin Trans. 21999 493.

(31) Supkowski, R. M.; Horrocks, W. D., dJnorg. Chim. Acta2002 340,

44,

can be explained in terms of a hydration equilibrium, where
the band at lower energy is assigned to eight-coordinate,
nonhydrated [Eu(Lff, while that at ca. 579 nm is attributed
to nine-coordinate, monohydrated [Eu(LY®)]*~ (L = L?,
L3):
[Eu(L)I®™ + H,0 = [Eu(L)(H,0)]* 4)

Because the concentration of the solvent water is ef-
fectively constant, the equilibrium constant corresponding
to eq 4 may be written as

_ [Eu(L)(H,0)]

= TR ©

The reaction enthalpyAH®, and the reaction entropS,
for the equilibrium may be obtained from the temperature
dependence g,

AS  AH°
NKee="R ~®T ©)

Similarly, the reaction volume can be obtained from the
pressure dependence 6§,

AV'P
RT 7)

whereKg, ois the equilibrium constant at zero pressure. The
temperature-dependent equilibrium constants for the hydra-

In Kgy=InKgyo—

(82) Platas-lglesias, C.; Corsi, D. M.; Vander Elst, L.; Muller, R. N.; Imbert,
D.; Bunzli, J.-C. G.; Teh, E; Maschmeyer, T.; Peters, J. A.Chem.
Soc., Dalton Trans2003 727.
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Table 2. Thermodynamic Parameters Determined by-tiis that allowed us to determine the hyperfit® coupling
Spectrophotometry for the Hydration Equilibrium in Eq 4 constant,A/A, for Gd_z(HzO)q, which in the preliminary
ligand K28 AHO2 AP AVOC report was fixed to a usual value. In the case of fast water
L2 18403 —11.6+2 —34+5 —41+08 exchange, as for Gd(H.0),, the calculated value of the
L3 1.7+£03 —135+1 —41+4 —6.7+1.0 water exchange rate is directly dependent on the scalar
aData in kimol-L. b Data in Jmol--K-L. ¢ Data in cr#-mol-L; values coupling constant, and therefore it is important to experi-
determined at 333 K. mentally assesé/h.

Because of their charge and important structure ordering

tion equilibrium (4) have been determined as previously effect, phosphonate groups have a tendency to induce a

described? In this analysisKe, is assessed by making the  ¢acond hydration sphere around the metal compl&@s.
assumption that the twRid, < Fo transitions observed have remaining in the proximity of the paramagnetic't5denter

the same oscillator strength. This hypothesis has beeng,. o nonnegligible time, these second-sphere water mol-
confirmed for complexes [Eu(PDTA)@),]™ and [Eu-  ¢cyles may represent a significant contribution to the overall
(HDTA)(HZO), for which the equilibrium is strongly shifted  t0n relaxivity. The second-sphere term also contributes
toward the eight- and nine-coordinate species, respecfi¥ely. to longitudinal’’0 NMR relaxation, which is influenced by
The temperature and pressure dependences (see the SUoiar and quadrupolar contributions, both relatedq8°
porting Information) of the absorption spectra were used {0 The second-sphere water feels the rotation of the chelate,
determine the reaction enthalpyH?® the reaction entropy,  gnq consequently th@; values will be affected by the
AS, and the reaction volume (Table 2). The results compiled resence of second-sphere water molecules. In contrast to
indicate that the Elicomplexes of.? andL 2 present similar T., 70 NMR T, relaxation is mainly governed by the scalar

a\z{erageshydratior? numbers, withve = 0.64 and 0.63 for o hanism and therefore remains insensitivestand thus
L andL"? respectively, at 298 K. These values are in fairly 5 the presence of a second hydration shell. In the analysis
good agreement with those obtained from luminescence ¢ 14 and70 NMR relaxation data on Gci(H,0), reported

measurements for the Eucomplexes (Table 1). This i, the preliminary papet second-sphere contributions have
agreement confirms that it is indeed correct to analyze the ot peen taken into account. Therefore. here we have

UV—vissspectr? by assg_ming similar oscillator strengths for reanalyzed the previously publish€® NMR T, and NMRD
the two®Do == 'Fo transitions. The thermodynamic param-  yai5 by introducing two modifications: (i) we fixed the
eters reported in Table 2 indicate thipthanges importantly  pyherfinel’o coupling constant to the value obtained in the
with temperature from ca. 0.71 at 278 K to ca. 0.45 at 353 high-pH "0 NMR study and (i) a second-sphere contribu-

K. ) ) ) tion was considered. The data for IG{H,0), have been
The reaction volumes obtained from variable-pressure gna1y7ed in the same manner, with the exception of the scalar

UV—vis measurements (Table 2) are smaller than those ., njing constant, which was not fixed during the fitting

calculated for other europium(lll) poly(aminocarboxylates). procedure.

For instance, a reaction volume-6.3.3 cn¥-mol~* has been For both GdL%(H;0) and Gd.*(H.0),, the ™0 NMR data

determined for the hydration equilibrium in EDTA-Epand were analyzed simultaneously with tHé NMR relaxation

. o
a%reactlon vo:utfme Of_zrﬁse’ C"; mol hals been report(ra]d for  rates. The hydration state at each particular temperature has
.t e DOBA-EU' system” These results ;uggest that an  peen calculated from the equilibrium constant as determined
important rearrangement of the 'Ewcoordination sphere by UV—vis spectrophotometry for the Euanalogue. A
oceurs on going from_spe_C|e|s= 0 to 1. The rearrangement second-sphere contribution was considered for both hydrated
of the metal ion coordination environment appears to be more nonhydrated species. The data have been fitted to the
) ) o R . :
important for the complsex O[_(AV - n§4.1 Cf mol_ ) common SolomonBloemberger-Morgan theory relating
thgn for the gomplex ot (A.V_ _.6'.7,C *mol™), which the observed paramagnetic relaxation rates to microscopic
might be attributed to the higher rigidity &f® as compared parameters. Altogether, a very high number of parameters

2
to 1'; ' ) (21) are involved in the fit, with several of them being com-
O NMR and NMRD Measurements. Variable-temper- 1, 15170 and*H NMR data. The number of second-sphere
17
ature*’O NMR at 7.05 T andH NMRD measurements have o1 molecules was fixed to three per complex, based on

been E)Sreviqusly reported for GA(H-O)q in the preliminary guantum mechanical calculatiofsThese calculations showed
paper;® which evidenced an unprecedenteo_lg fast water .t three second-sphere water molecules are in close proxim-
exchange. Here we have performed a combif@dNMR ity of the Gd" ion with a Gd-O distance of ca. 4.1 A, where-

1 : .
and H. relaxometric study on Acf(H:0)q in order to as the others are relatively distant (8@ distances above
determine parameters describing water exchange and rotar, 5 A). The distances between O and H atoms of the first-

tional dynamics. Moreover, to assess an eventual pH gohare coordinated water and Gd were also fixed based on
dependence of the water exchange forL&#,0), ad-

ditional O NMR measurements have been carried out on (34) (a) Aime, S.; Gianolio, E.; Corpillo, D.; Cavallotti, C.; Palmisano,

this complex at pH 9.2. In addition to the previcd® NMR M.; Sisti,(l\gj; Giovenzana, G. B.; Pagliﬁrin, Relv. Chim. Acta2003
: . . 86, 615. Botta, M Eur. J. Inorg. Chem200Q 399.
15 £
study;* herein we also report chemical shift measurements 55, | chdikova P.; Sour, A.: Helm, L.; Tth, £ Kotek, J. Lukésl.:
- Merbach, A. E.Dalton Trans.2006 3399. )
(33) Tah, E; Ni Dhubhghaill, O. M.; Besson, G.; Helm, L.; Merbach, A.  (36) Mato-Iglesias, M.; Balogh, E.; Platas-Iglesias, C.thl¢.; de Blas,
E. Magn. Reson. Cheni999 37, 701. A.; Rodrguez-Blas, T. Unpublished results.
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Table 3. Parameters Obtained from the Simultaneous Analysi¥@fNMR and NMRD Data

parameter Gd(H0) GdL2(H20)q GdL3(H,0)q GdDTPA(HO)" Gd(H,0)g3" P
P8 1 0.64 0.63 1 8
kﬁi’g [106 57 5.0 700+ 80 149+ 12 3.3 800

490+ 90¢
AH* [kJ-mol™] 40.1 22+ 2 32+ 2 51.6 15.3
ASF [J*mol~1-K~Y] +17.8 —-3+6 +18.94+ 6 +53.0 —-23.1
AVF [cm3mol™] +8.3+ 1.¢¢ +8.7+1.0 +12.5 -3.3
AR [10° racks 1] 23 —35+0.3 —35+03 -3.8 -5.3
298 55 1554+ 109 145+ 13 58 41
Tro [PS]
E, [k-mol-1] 17.9 27.1+£0.8 22.0+ 0.6 173 15.0
298 12.6 22+ 2 18+ 2 25 7.3
7y [Ps]
A2[10205 7] 1.2 0.82+ 0.09 0.95+ 0.10 0.46 1.19

aReference 16? Reference 13¢ pH 9.2.9 Reference 15¢ Obtained from measurements at pH 9.2 and then fixed for the analysis at pH 7H&Ohigh

fitted values obtained for the quadrupolar coupling constant explain thedg

these calculations to 2.54 and 3.1 A, respectively. Four

parameters describe the relaxation contribution of the second-

sphere water. The exchange rate of the second-sphere wate
Song Was fixed to 2x 101 s, based on the simulations
by Borel et al3” while its activation energyAH*:,) was
set to 20 kdmol™*. The distances of the second-sphere O
and H from the Gd ion were fixed to 4.1 and 3.5 A,
respectively.
The activation energy of the correlation time for the
modulation of the zero-field splittind;,, had to be fixed to
a value of 1 kdmol™*; otherwise, unrealistically low values
were obtained. In the simultanous fit of the 7.032D NMR
and the NMRD data for Qd?(H.O),, the value of the
hyperfine coupling constanA(h) was fixed to—3.5 x 10°
racts 2, the value obtained for the same complex in the high-
pH study at 9.4 T, where chemical shifts have also been

measured. The empirical constant describing the outer-sphere

contribution to the’O NMR chemical shiftCos, was fixed
to 0. The rotational dynamics of the complexes has been
evaluated by using different rotational correlation times for
the motion of the Gd inner-sphere water O and Gd inner-
sphere water H vectorrgy and tro), as observed by’O
NMR and'H NMRD, respectively¥® Geometrical calcula-
tions show that the ratio of these two rotational correlation
times @rr?°¥7r0?>%) has to lie between 0.65 and 1. The
quadrupolar coupling constant1 + 7%3)"?, was fixed to
7.58 MHz, the value of pure water. The best least-squares
fits were obtained using parameters listed in Table 3. The
diffusion constantDZy, and its activation energypcdn,
were calculated to be (24 2) x 101 m?s! and 26+ 2
kJmol~* for GAL%(H.0), and (244 2) x 10 m?-s ! and
32 + 2 k¥mol ! for GdL3(H,O),, respectively. The experi-
mental data and the fitted curves for IG{H,0), are
presented in Figure 2, while for G8(H,0),, they are shown
in the Supporting Information. All equations used in the
fitting procedure are also given in the Supporting Informa-
tion.

The pressure dependence of the transvéf€e NMR
relaxation rates gives access to the volume of activaiafi,
a potent tool in assigning the mechani&hTransversé’O

(37) Borel, A.; Helm, L.; Merbach, A. EChem—Eur. J.2001, 7, 600.

walues.9 From2H NMR of LaL2 " try/tro = 0.70 £ 0.05.
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Figure 2. (a) Reduced longitudinal®) and transversea) 'O NMR
relaxation rates anfO chemical shifts M) of a Gd._3(H,0)q solution at

9.4 T and pH 5.73. (bJH NMRD profiles of a Gd.3(H.0)q at 5 ), 25

(d), and 37°C (O) and pH 6.55. The reduced relaxation rates and chemical
shifts in this figure are defined asTl/= [1/(ccd/55.5)][1/Ti — L/Tia]; Aw,

= [L/(ccd55.5)llw — wa), whereT; and Tia are the paramagnetic and
diamagnetic relaxation timesp and wa are the paramagnetic and
diamagnetic chemical shifts, amdg is the concentration of the complex.
The lines represent a simultaneous fit’8® NMR and NMRD data as
explained in the text.

0.1 10 100

NMR relaxation rates, Th, were measured & = 9.4 T
andT = 333 K for Gd_3(H,0), [analogous data for Qd-

(38) Dunand, F. A.; Borel, A.; Merbach, A. B. Am. Chem. So2002
124, 710.

(39) Lincoln, S. F.; Merbach, A. EAdv. Inorg. Chem.1995 42, 1.
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Figure 3. Variable-pressure reduced transvefS® relaxation rates Bl + HO0=> BllM(H0) GALA(H,0) + BO* <= GIL#(H0)* + H,0
measured in a Adf(H,0)q solution at 333 K and 9.4 T. EachTg/ value Figure 4. Volume profile showing the reaction volumes (from bVis
has been calculated by taking into account the pressure dependence of theneasurements) for the hydration equilibrium observed in tHedeumplexes
hydration equilibrium, as determined by WVis for the EW' analogue. of L2 andL* and the activation volumes (frodfO NMR data) for the

The line represents a least-squares fit to the experimental data points aswater exchange reaction in the correspondind' Gtielates.
explained in the text. )
sphere around the metal ion. Other'Gebmplexes that also

(H20), were reported in the preliminary papét]At the present hydration equilibrium do not necessarily have such
temperature and magnetic field used in the variable-pressureextreme water exchange rates. For instance, GdDO3A and
study, 1T is in the fast exchange limit and is dominated GdDO2A" both have differently hydrated species in aqueous
by the scalar interaction. For G&H.O0),, the increase of  solution @ae = 1.8 and 2.8, respectively), but they show
1/T,, with pressure is, therefore, due to the slowing down of only a limited increase of the water exchange rate as
the water exchange process and suggests a dissociativeompared to the monohydrated Gd(DOTA)n addition to
interchange ¢) mechanism. For each pressure, we calculated the decreased negative charge, which has a “slowing” effect
the individual hydration number on the basis of the pressure-in dissociatively activated mechanisms, the flexibility of the
dependent hydration equilibrium constant, as determined byinner sphere of these macrocyclic complexes is the main
the variable-pressure UWis study for the EU analogue.  factor responsible for the limited increase kg°. The

The scalar coupling constard/f) was previously found to  inner-sphere structure is always less rigid for complexes of
be independent of pressufeso we assumed that it is  nonmacrocyclic ligands. The introduction of the cyclohexyl
constant and equal to the value reported in Table, Svas ring in the amine backbone I rigidifies the structure and,
also assumed to be pressure-independent. In fact, ascribingys a consequence, slows down the water exchange by a factor
to 7, a pressure dependence equivalent to activation volumesof 5 on the G# complex. It is interesting to note that the
between—4 and+4 cn-mol~* had a negligible effect on  same rigidifying effect also has consequences on the forma-
the fitted AV* value. The experimental data points and results tion kinetics of the Ln complexes, which has been found to
of the least-squares fits for G8(H,0), are shown in Figure  be much slower for Cydta than for EDTA complexés.

3. The fitted parameters afe/* = (+8.7 & 0.8) cnf-mol1, For both Gd.?(H,0), and Gd.3(H,0), the mechanism
(ke)s® = (4.7 + 0.8) x 108 s'L. (The error onAV* is of the water exchange is dissociative interchange, as proven
usually considered to b&1 crf-mol~* or 10% of theAV* by the positive activation volumes. This is typical of nine-
value, whatever is the largest, to take into account possiblecoordinate species, implying that the exchange proceeds via
effects of nonrandom errors.) an eight-coordinate transition state. Figure 4 presents volume

Water Exchange. The parameters characterizing water profiles showing, on the one hand, the reaction volumes
exchange are shown and compared to those of GADTPA anddetermined for the hydration equilibrium on the "Eu
Gd(H,0)¢*" in Table 3. The rate of water exchange varies complexes of.2 andL3 (from UV—vis measurements) and,
by 2 orders of magnitude between the acetate derivativeon the other hand, the activation volumes for the water
GdL(H20) and its phosphonate analoguelG@H;0),, with exchange reaction in the corresponding"'Gdomplexes
an intermediatd® value for Gd 3(H,O),. Although K23® (from O NMR data). For the water exchange reaction,
calculated here for Gd?(H,0), by using an experimentally  similar activation volumes have been determined on both
determined scalar coupling constant is slightly lower than GdL?(H,0), and Gd.3H,0),. However, the reaction volume
what we have published in the preliminary pagét remains of the hydration equilibrium is clearly smaller for E&
an extremely high value for a Gcchelate, being comparable  (H,0), than for Ew 3(H,0), The AV° value obtained for
to kfjsfor the aqua ion. This very fast exchange is related to the complex ofL? is considerably smaller than those
the presence of a hydration equilibrium for the chelate and, previously reported for other europium(lll) poly(aminocar-
more importantly, to the very flexible inner coordination boxylatesy which confirms that an important rearrangement

(40) Cossy, C.; Helm, L.; Merbach, A. Enorg. Chem.1989 28, 2699. (41) Szilagyi, E.; Bfaher, E.Dalton 200Q 2229.
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Figure 5. Calculated relaxivities as a function of the water exchange rate 145__
for various proton Larmor frequencies and rotational correlation times, 140 4
The simulations have been performed by using the common Solemon 1
Bloemberger-Morgan theory of paramagnetic relaxation. 1354
130 T T T T T T T T
of the EW' coordination sphere occurs on going from species 0 20 40 60 8 100 120 140
g = 0 to 1. The inclusion of the cyclohexyl ring in the [mM]

backbone inlL? rigidifies the structure of the chelate and, Figure 6. Rotational correlation times at 298 K% obtained in water
hence, limits the rearrangement of the metal coordination solutions of Lal 2-ds)(H20)q at different concentrations.
environment, which results in a largAiv® value for EdL3-
(H20)q compared to E2(H,0).

In recent years, much interest has been devoted to the

i l
modulation of the water exchange rate on''Grbmplexes procedure analogous to that used for the preparatiéthlof,

and, in particular, to the search for chelates _With “optimal" with the exception of using deuterated paraformaldehyde.
water exchange for MRI contrast agent applications. Given |, yiamagnetic systems, the longitudinal deuterium relaxation

the traditionally used MR field strengths in clinics (260 is fully controlled by quadrupolar interactions. Under the

MH2z), 'Fhe typical simulated curves of proton relaxivities as extreme narrowing conditionsrr < 1), it is given by eq 8.
a function of the exchange rate have usually been performed

for 20 MHz, and the values cited as “optimal” exchange rates 1 3[eqQ\?
varied around (510) x 10’ s'%. Nowadays, higher and Rl_?_é e i
higher magnetic fields are entering clinical practice and !
experimental animal research in particular (400 MHz, 9.4 T  The quadrupolar coupling constarfdQ/h) depends on
or even higherf243The maximum relaxivities attainable at the degree of hybridization of the-€H bond and takes a
those high fields for Gti-based contrast agents are much value of approximately 176 2 kHz for a Gz—2H bond*®
lower than those at 20 MHz, which makes more important TheT; values for aqueous solutions of the L&(ds)(H20),
the optimization of the proton relaxation properties fof'Gd  system increase upon dilution of the solution, while the
complexes. It is noteworthy to examine how the optimal calculatedrr values decrease linearly (Figure 6). This effect
value of the water exchange rate to attain the maximum was previously observed for different poly(aminocarboxylate)
relaxivity is varying with the magnetic field. Figure 5 shows chelates? and it has been attributed to a viscosity increase
calculated relaxivities as a function of the water exchange and to more important intermolecular interactions in con-
rate for three different frequencies and two rotational centrated solutions. The rotational correlation times obtained
correlation times. It is clear from Figure 5 that the optimal vary from 144 ps at a concentration of 10 mM to 172 ps at
water exchange rate shifts considerably to higher values witha concentration of 137 mM.
increasing magnetic field, and it also depends on the )
rotational correlation time. At high frequencies, extremely Conclusions
fast water exchange rates such as those found faf(EgO), In this work, we have presented two new octadentate
or Gd_3(H,0), are needed to reach maximum relaxivities. ligands designed for stable complexation of Ln ions. Lifetime
Rotation. The rotational correlation timezg, is an  measurements on solutions of the'"Eand TH' complexes
important parameter to influence the proton relaxivity, and reveal the presence of a hydration equilibrium in solution
thus the efficiency of a MRI contrast agent. The relaxivities between a nine-coordinate species containing one inner-
of both Gd_#H20), and Gd.3(H20), (Figure 2) are typical ~ sphere water molecule and an eight-coordinate species
of small-molecular-weight chelates. The value of the rota- without any inner-sphere water molecules. This has been
tional correlation timezg, can also be estimated from the confirmed by a detailed analysis of the temperature and
deuterium longitudinal relaxation rate of the deuterated ligand pressure dependence of the Yuis spectra of the Efl
complexed to the diamagnetic'llaon.** To get information complexes in the region where tB®, — 7Fo transition
about the rotational correlation time of this family of 'l.n occurs. The GH complex ofL2 presents an extremely fast
water exchange rate of the inner-sphere water molecule,

complexes in aqueous solutions, we prepared ligaglc?-
ds, deuterated at the position with respect to phosphonate
groups. The synthesis of the deuterated ligand followed a

R (8)

(42) Pautler, R. G.; Fraser, S. Eurr. Opin. Immunol2003 15, 363 and

references cited therein. which it is attributed to the flexibility of the metal coordina-
(43) Pautler, R. GPhysiology2004 19, 168.
(44) Vander Elst, L.; Laurent, S.; Muller, R. Nvest. Radiol. 1998 33, (45) Mantsch, H. H.; Saito, H.; Smith, I. C. Prog. Nucl. Magn. Reson.
828. Spectrosc1977 11, 211.
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tion environment k22 = (7.0+ 0.8) x 1B s7Y]. Increasing ~ framework of the EU COST Action D18 “Lanthanide
the rigidity of the ligand by introducing a cyclohexyl moiety ~Chemistry for Diagnosis and Theraphy” and the European-
in the ligand backbone decreases the water exchange ratéounded EMIL program (Grant LSCH-2004-503569); their
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