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ABSTRACT: Two new macrocyclic ligands, 6,6-((1,4,7,10-tetraazacyclododecane-1,7-diyl)bis(methylene))dipicolinic acid
(H,DODPA) and 6,6"-((4,10-dimethyl-1,4,7,10-tetraazacyclododecane-1,7-diyl)bis(methylene) )dipicolinic acid (H,Me-
DODPA), designed for complexation of lanthanide ions in aqueous solution, have been synthesized and studied. The X-ray
crystal structure of [Yb(DODPA)](PF4)-H,O shows that the metal ion is directly bound to the eight donor atoms of the ligand,
which results in a square-antiprismatic coordination around the metal ion. The hydration numbers (q) obtained from
luminescence lifetime measurements in aqueous solution of the Eu™ and Tb™ complexes indicate that the DODPA complexes
contain one inner-sphere water molecule, while those of the methylated analogue H,Me-DODPA are q = 0. The structure of the
complexes in solution has been investigated by 'H and '*C NMR spectroscopy, as well as by theoretical calculations performed at
the density functional theory (DFT; mPWB9S) level. The minimum energy conformation calculated for the Yb" complex
[A(4444)] is in good agreement with the experimental structure in solution, as demonstrated by the analysis of the Yb"-induced
paramagnetic 'H shifts. The nuclear magnetic relaxation dispersion (NMRD) profiles recorded for [Gd(Me-DODPA)]* are
typical of a complex with q = 0, where the observed relaxivity can be accounted for by the outer-sphere mechanism. However,
[Gd(DODPA)]* shows NMRD profiles consistent with the presence of both inner- and outer-sphere contributions to relaxivity.
A simultaneous fitting of the NMRD profiles and variable temperature '’O NMR chemical shifts and transversal relaxation rates
provided the parameters governing the relaxivity in [Gd(DODPA)]*. The results show that this system is endowed with a
relatively fast water exchange rate k%® = 58 x 10 s7\.

Bl INTRODUCTION molecule that rapidly exchanges with the bulk water of the
Gadolinium(III) complexes with poly(aminocarboxylate) li- body, thereby imparting an efficient mechanism for the
gands attract considerable interest because they are commonly longitudinal and transverse relaxation enhancement (1/T,
used as contrast agents in magnetic resonance imaging and 1/T,) of water protons;4 (ii) a high thermodynamic
(MRI)."” Contrast agents improve the image contrast by and/or kinetic stability under physiological conditions to
preferentially influencing the relaxation efficiency of water prevent the release of toxic free Gd™ in vivo;>° (iii) easy
proton nuclei in the tissue of interest.> A Gd"-based contrast

agent for application in MRI should fulfill a number of Received: November 13, 2011
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functionalization” with groups suitable for targeting different
tissues, organs or spec1f1c biochemical processes at the
molecular level in vivo;*® (iv) a high relaxivity,'® which is a
measure of the efficiency of a contrast agent defined as the
relaxation-rate enhancement of water protons per mM
concentration of metal ion. The relaxation rates of the bulk
water around the paramagnetic Gd" ion are enhanced as a
result of long-range interactions (outer-sphere relaxivity) and
short-range interactions (inner-sphere relaxivity). The latter
process depends on a number of parameters that include the
rotational correlation time of the complex (zy), the residence
time of water protons in the innner coordination sphere (7,,),
and the longitudinal and transverse electronic relaxation rates of
the metal ion (1/T,, and 1/T,.). In the past decade an
important research effort in this field has been focused on the
optimization of these parameters to obtain high relaxiv-
ities 21011

In recent works we have reported a series of octadentate
acyclic hgands containing gyrldmecarboxylate units and
carboxylate'> or phosphonate'~"* pendants designed for stable
Ln" complexation in aqueous solutions, their Gd"™ complexes
showing interesting relaxation properties. On the basis of
structural considerations, we were able to control the residence
time of water protons in the innner coordination sphere, an
important parameter to be optimized to obtain efficient MRI
contrast agents. More recently we have also reported the
macrocyclic ligand H,BP12C4 (Chart 1),"¢ which forms Ln™
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complexes with a reasonably high stability in water.'” The Gd™
complex of BP12C4>" presents an equilibrium in solution
between a nona-coordinated species with one inner-sphere
water molecule and a ten-coordinated species with two bound
water molecules. Interestingly, this complex is also endowed
with a very fast water exchange rate.'”

In the search for innovative structural entries for the design
of novel MRI contrast agents, we report here the macrocyclic
ligand 6,6"-((1,4,7,10-tetraazacyclododecane-1,7-diyl)bis-
(methylene))dipicolinic acid (H,DODPA, Chart 1). This
ligand contains a cyclen unit which, when appropriately
modified, represents a very useful platform for the design
Ln"™ complexes with very high thermodynamic and kinetic
stabilities.® Considering that the most common coordination
numbers observed in aqueous solution for Ln™ coordination
compounds are 8 and 9, at least three and often four of the
nitrogen atoms of the cyclen unit must be functionalized with
pendant arms to ensure a high stability of the corresponding
complexes in water. Indeed, a plethora of works have been
carried out to prepare stable cyclen-based Ln' complexes,
which often contain carboxylate, methylenephospho(i)nate or
acetamide pendant arms.'® These groups generally contain one
donor atom suitable for coordination to the metal ion.
Pyridinecarboxylate groups are bidentate coordinating units

that are known to provide a strong binding to the Ln" ions."**°

2510

Thus, the inclusion of two pyridinecarboxylate groups in
positions 1 and 7 of the cyclen framework is expected to
provide ligands that (i) ensure a high stability of the
corresponding Ln'™ complexes in water; (ii) provide
octadentate binding to the metal ion leaving one coordination
position available for an inner-sphere water molecule; (iii) leave
two nitrogen atoms of the cyclen unit available for further
functionalization with different purposes, that is, conjugation
with targeting units, macromolecules, or nanoparticles. As a
model for such functionalized derivatives we also report here
the ligand 6,6-((4,10-dimethyl-1,4,7,10-tetraazacyclododecane-
1,7-diyl)bis(methylene))dipicolinic acid (H,Me-DODPA,
Chart 1), which contains methyl groups at positions 4 and 10
of the cyclen backbone. The lanthanide complexes of DODPA
and Me-DODPA were characterized by 'H and *C NMR
techniques in D,O solution. Luminescence lifetime measure-
ments on the Eu"" and Tb™ complexes have been carried out to
determine the hydration number of the complexes in solution.
In addition, the complexes were characterized by density
functional theory (DFT) calculations, and the structure
established by these calculations was compared with the
structural information obtained in solution from paramagnetic
NMR measurements (Yb™-induced 'H NMR shifts). Finally,
nuclear magnetic relaxation dispersion (NMRD) investigations
and variable-temperature 70O NMR measurements of the Gd™
complexes were performed to assess their 'H relaxation
enhancement abilities and to gain insight into the parameters
governing the relaxivity.

B EXPERIMENTAL SECTION

General Methods. Elemental analyses were carried out on a Carlo
Erba 1108 elemental analyzer. ESI-TOF mass spectra were recorded
using a LC-Q-q-TOF Applied Biosystems QSTAR Elite spectrometer
in the positive mode. IR-spectra were recorded using a Bruker Vector
22 spectrophotometer equipped with a Golden Gate Attenuated Total
Reflectance (ATR) accessory (Specac). 'H and '3C NMR spectra were
recorded at 25 °C on Bruker Avance 300 and Bruker Avance 500 MHz
spectrometers. For measurements in D,0, tert-butyl alcohol was used
as an internal standard with the methyl signal calibrated at 6 = 1.2
(*H) and 31.2 ppm (**C). Spectral assignments were based in part on
two-dimensional COSY, EXSY, HSQC, and HMBC experiments.
UV—vis spectra were recorded on a Perkin-Elmer Lambda 900
spectrophotometer in 1.0 cm path quartz cells. Excitation and emission
spectra were recorded on a Perkin-Elmer LS-S0B spectrometer.
Luminescence lifetimes were calculated from the monoexponential
fitting of the average decay data, and they are averages of at least 3—5
independent determinations.

NMRD and 'O NMR Measurements. The water proton
longitudinal relaxation rates as a function of temperature (20 MHz)
were measured with a Stelar Spinmaster Spectrometer FFC—2000
(Mede, Pv, Italy) on about 0.8—1.9 mM aqueous solutions in
nondeuterated water. The exact concentrations of gadolinium were
determined by measurement of bulk magnetic suceptibility shifts of a
tBuOH signal on a Bruker Avance III spectrometer (11.7 T).>' The 'H
T, relaxation times were acquired by the standard inversion recovery
method with typical 90° pulse width of 3.5 ps, 16 experiments of 4
scans. The reproducibility of the T, data was +5%. The temperature
was controlled with a Stelar VI'C-91 airflow heater equipped with a
calibrated copper—constantan thermocouple (uncertainty of +0.1 °C).
The proton 1/T; NMRD profiles were measured on a fast field-cycling
Stelar SmartTracer relaxometer over a continuum of magnetic field
strengths from 0.00024 to 0.25 T (corresponding to 0.01—10 MHz
proton Larmor frequencies). The relaxometer operates under
computer control with an absolute uncertainty in 1/T, of +1%.
Additional data points in the range 15—70 MHz were obtained on a
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Bruker WP80 NMR electromagnet adapted to variable-field measure-
ments (15—80 MHz proton Larmor frequency) Stelar Relaxometer.
Variable-temperature 70O NMR measurements were recorded on a
Bruker Avance III (11.7 T) spectrometer equipped with a S mm probe
and standard temperature control units. Aqueous solutions of the
complex (16 mM) containing 2.0% of the '"O isotope (Cambridge
Isotope) were used. The observed transverse relaxation rates were
calculated from the signal width at half-height. The bulk magnetic
suceptibility contribution was subtracted from the 'O NMR shift data
using the '"H NMR shifts of the ‘BuOH signal as internal reference.
Single Crystal X-ray Diffraction Measurements. Three dimen-
sional X-ray data were collected on a Bruker-Nonius X8 APEX Kappa
CCD diffractometer. Data were corrected for Lorentz and 2polarization
effects and for absorption by semiempirical methods*> based on
symmetry-equivalent reflections. Complex scattering factors were
taken from the program SHELX97*® running under the WinGX
program system’® as implemented on a Pentium computer. The
structure was solved by Patterson methods with DIRDIF2008>* and
refined®® by full-matrix least-squares on F2. The hydrogen atoms were
included in calculated positions and refined in riding mode, except
those of the water molecule that were located in a difference electron-
density map and all the parameters fixed. The noncoordinated PF
anion shows positional disorder with occupational factors of 0.738(6)
for F atoms labeled with A. The refinement converged with anisotropic
displacement parameters for all non-hydrogen atoms. Crystal data and
details on data collection and refinement are summarized in Table 1.

Table 1. Crystal Data and Refinement Details for

[Yb(DODPA)] (PFG)'HZO
formula  C,,HFN,OPYb 4 A (MoK,) 071073
MW 776.53 Dgy/g e 1.981
crystal monoclinic u/mmi! 3.744
system
space P2,/c 6 range/deg 2.00 to
group 28.37
T/K 100(2) Ry, 0.0316
a/A 9.5249(3) reflns measd 57955
b/A 13.4108(5) unique reflns 6479
c/A 20.5030(7) reflns obsd 6094
f/deg 96.225(2) GOF on F? 1.249
V/A 2603.54(16) R 0.0324
F(000) 1532 wR, (all data)® 0.0822
z 4 largest differences peak 2.907 and
and hole/e A7 —-1.104

“R, = YNE| — IEIl/YIE. bwR, = {Tw(F,2 — F2)?*/ Y w(F,H}V2

Chemicals and Starting Materials. 1,7-Bis(tert-butyloxycarbon-
yl)-tetraazacyclododecane (1),*® 6-chloromethylpyridine-2-carboxylic
acid methyl ester (2),'° and cyclen glyoxal (4)*’ were prepared
according to the literature methods. All other chemicals were
purchased from commercial sources and used without further
purification, unless otherwise stated. Silica gel (Fluka 60, 0.063—0.2
mm) was used for preparative column chromatography.

Dimethyl 6,6'-((4,10-tert-butyloxycarbonyl-1,4,7,10-tetraa-
zacyclododecane-1,7-diyl)bis(methylene))dipicolinate (3). A
mixture of 1,7-bis(tert-butyloxycarbonyl)-tetraazacyclododecane (1)
(1.287 g, 3.46 mmol), Na,CO; (1.831 g, 17.30 mmol) in acetonitrile
(150 mL) was heated to reflux for S min, and then compound 2 (see
Scheme 1, 1.283 g, 6.91 mmol) dissolved in acetonitrile (3 mL) was
added. The mixture was heated to reflux with stirring for a period of 48
h, and then the excess of Na,CO; was filtered off. The filtrate was
concentrated to dryness and the yellow residue partitioned between
equal volumes (50 mL) of H,O and CHCl;. The aqueous phase was
extracted with CHCl; (4 X 50 mL), and the combined organic extracts
were dried over NaSO,, filtered, and evaporated to dryness. The crude
product was purified by using column chromatography (SiO,, CHCl,
to 10% MeOH in CHCI,) to yield 2.115 g of the desired compound as
a yellow oil (91%). Anal. Calcd. for C3,Hg(N4Og0.5CHCl;: C, 56.73;

2511

H, 6.97; N, 11.50%. Found: C, 56.71; H, 7.10; N, 11.36%. ,; (solvent
CD;SOCD;, 295 K, 300 MHz): 7.91 (m, 4H, py); 7.65 (m, 2H, py);
3.10-3.50 (b, 8H, —CH,—); 2.50—2.70 (b, 6H, —CH,—); 3.87 (s, 6H,
-OCH,); 3.76 (s, 4H, —CH,—) 1.17 (s, 18H, ‘Bu). IR: 1723 and 1682
¥(C=0), 1589 v(C=N),, cm'. MS (ESI'): m/z 693
([C34H5oNgNaO;]").
6,6'-((1,4,7,10-Tetraazacyclododecane-1,7-diyl)bis-
(methylene))dipicolinic Acid (H,DODPA). A solution of com-
pound 3 (0.804 g, 1.20 mmol) in 6 M HCI (10 mL) was heated to
reflux for 24 h. The solution was concentrated to dryness, and the
resulting yellow oil was dissolved in MeOH (S mL) and the solvent
evaporated. This procedure was repeated twice, and another three
times with diethyl ether (3 X S mL) to yield 0.709 g of the desired
compound as a pale yellow foam (85%). Anal. Calcd. for
Cy,HyoN4O,SHCI-4H,0: C, 37.92; H, 622; N, 12.06%. Found: C,
37.75; H, 6.28; N, 12.04%. 5, (solvent D,0, 295 K, 500 MHz, pD =
0.7): 7.75 (m, 2H, py); 7.59 (d, 2H, py, *] = 7.6 Hz); 7.37 (d, 2H, py,
3] = 7.8 Hz); 4.05 (s, 4H, —CH,—); 3.37 (b, 4H, —CH,—); 3.27 (b,
4H, —CH,~); 3.11 (b, 4H, —CH,~); 2.90 (b, 4H, —CH,—). &
(solvent D,0, 295 K, 1258 MHz, pD = 0.7): 42.6, 48.8, 552
(secondary C); 123.9, 126.3, 137.6 (tertiary C); 145.3, 158.4, 167.0
(quaternary C). IR: 1692 v(C=0), 1462 v(C=N),, cm™'. MS
(ESI*): m/z 443 ([Cy,Hy NgO,]"), 222 ([CpH3nNgO,4] ™).
Compound 5. This compound was prepared by using a slight
modification of the literature procedure.”® Compound 4 (1.551 g, 7.98
mmol) was dissolved in dry CH;CN (18 mL), and a solution of Mel
(1095 pL, 17.56 mmol) in the same solvent (10 mL) was added
dropwise over a period of 4 h. The mixture was stirred at room
temperature for 72 h. The white precipitate formed was isolated by
filtration and washed with CH;CN (3% S mL) and diethyl ether (3 X
S mL), and dried under vacuum to give 3.403 g of 5 (89%) as a white
solid. Anal. Caled. for C,H,,LN,: C, 30.14; H, 5.06; N, 11.72%.
Found: C, 30.15; H, 4.98; N, 11.55%. &y (solvent D,0, 295 K, 300
MHz): 4.53 (s, 4H, —CH-); 4.20—3.85 (m, 8H, —CH,~); 3.75—3.55
(m, 4H, —CH,~); 3.44 (s, 6H, —CH,); 3.30—3.05 (m, 4H, —CH,—).
5c (solvent D,0, 295 K, 75.5 MHz): 46.5 (primary C); 43.0, 46.7,
59.1, 65.0 (secondary C); 78.1 (tertiary C). MS (ESI*): m/z 351
([CioHpyIN, "), 112 ([C13Hy N, J™).
1,7-Dimethyl-1,4,7,10-tetraazacyclododecane (6). Compound
5 (2929 g, 6.13 mmol) was dissolved in hydrazine monohydrate (15
mL) and the mixture heated to reflux over a period of 4 h. The
solution was allowed to cool down to room temperature and then
stored at 5 °C for 4 h. The white crystals formed were collected by
filtration and washed with cold hydrazine monohydrate (2 mL). The
solid was dissolved in EtOH (20 mL), and the solvent removed in a
rotary evaporator. This process was repeated five times, resulting in the
formation of an oily residue. Addition of diethyl ether (40 mL) and
subsequent evaporation of the solvent gave 0.980 g of the desired
compound as a pale-brown oil (80%). & (solvent CDCl, 295 K, 300
MHz): 2.70 (m, 8H, —CH,—); 2.53 (m, 8H, py, —~CH,—); 2.32 (s, 6H,
—CH,;). 8¢ (solvent CDCly, 295 K, 75.5 MHz): 44.4 (primary C);
45.5, 54.3 (secondary C). MS (ESI): m/z 201 ([C oH,sN,]*).
Dimethyl 6,6'-((4,10-dimethyl-1,4,7,10-tetraazacyclodode-
cane-1,7-diyl)bis(methylene))dipicolinate (7). Compound 6
(0.980 g, 4.89 mmol) was dissolved in dry CH;CN (40 mL), and
K,CO; (2.703 g, 19.56 mmol) was added. A solution of 6-
chloromethylpyridine-2-carboxylic acid methyl ester (2) in the same
solvent (20 mL) was added dropwise to the former solution over a
period of 6 h. The mixture was stirred at room temperature for 6 days,
and then at 40 °C for 3 days. The excess of K,COj; was filtered off, and
the filtrate concentrated to dryness. The oily residue was partitioned
between H,0 (20 mL) and CHCIl; (50 mL). The organic phase was
collected and the aqueous phase extracted with CHCl; (2 X 40 mL).
The combined organic extracts were dried over MgSO,, and the
solvent was evaporated to give a brown oil. This was purified by using
column chromatography (neutral ALO; CHCl, to 6% MeOH in
CHCL,;) to yield 1.097 g of the desired compound as a yellow oil
(45%). 6y (solvent CDCl,, 295 K, 300 MHz): 7.73 (d, 2H, py); 7.62
(d, 2H, py); 7.57 (m, 2H, py); 3.70 (s, 4H, —CH,—); 3.60 (s, 6H,
—CH,); 244 (s, 16H, —CH,—); 2.33 (s, 6H, —CHj;). 5. (solvent
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CDCl,, 295 K, 75.5 MHz): 432, 55.5 (primary C); 52.2, 61.2
(secondary C); 122.8, 125.9, 134.0 (tertiary C); 146.6, 161.1, 165.2
(quaternary C). IR: 1716 v(C=0), 1589 V(C=N)py cm . MS
(ESI"): m/z 499 ([Cy6H39Ns0,]"), 521 ([Cy6H3sNgNaO,]").

6,6'-((4,10-Dimethyl-1,4,7,10-tetraazacyclododecane-1,7-
diyl)bis(methylene))dipicolinic acid (H,Me-DODPA). A solution
of compound 7 (0.795 g, 1.59 mmol) in 6 M HCI (70 mL) was heated
to reflux for 12 h. The solution was concentrated to dryness to give
1.00 g of the desired compound as a pale-yellow crystalline solid
(85%). Anal. Calcd. for C,,H;,N4O,7HCI-H,0: C, 38.75; H, 5.83; N,
11.30%. Found: C, 38.72; H, 6.05; N, 11.09%. 8 (solvent D,0, 295 K,
300 MHz, pD = 0.7): 7.91 (m, 2H, py); 7.82 (d, 2H, py, *] = 7.5 Hz);
7.56 (d, 2H, py, ¥ = 7.8 Hz); 4.17 (s, 4H, —CH,—); 3.55 (b, 4H,
—CH,~); 3.37 (b, 4H, —CH,—); 3.18 (b, 4H, —CH,-); 2.99 (b, 4H,
—CH,—); 2.74 (s, 6H, —CH,). 8¢ (solvent D,0, 295 K, 125.8 MHz,
pD = 0.7): 43.3, (primary C); 49.1, 53.1, 56.2 (secondary C); 124.5,
127.2, 138.5 (tertiary C); 145.4, 158.7, 166.3 (quaternary C). IR: 1730
v(C=0), 1615 v(C=N),, cm '. MS (ESI'): m/z 236
([CoiteNGO, ), 471 ([CoyHN,O,]).

General Procedure for the Preparation of [Ln(DODPA)ICI
Complex Salts. A solution of H,DODPA-4HCI-H,O (0.100 g, 0.160

2512

mmol) and triethylamine (172 pL, 1.23 mmol) in methanol (7 mL)
was heated to reflux. Then, a solution of LnCl;-6H,0 (0.160 mmol, Ln
= La, Eu, Gd, Tb, Yb, or Lu) in methanol (3 mL) was slowly added
drop by drop. The mixture was heated to reflux for 72 h. After that, the
reaction mixture was allowed to cool to room temperature and then
concentrated to dryness. The addition of CH;CN (4 mL) resulted in
the formation of a white precipitate. The mixture was stirred at room
temperature for 24 h, and then the solid was isolated by filtration,
washed with CH;CN (3 X 4 mL) and diethyl ether (3 X 4 mL), and
dried under vacuum.

[La(DODPA)ICI. Yield 0.023 g 25%. HS-MS (ESI'): m/z
§79.1226; caled. for [Cp,H,LaNgO,]* 579.1236. IR (ATR, em™): v
1628 (C=0), v 1583 (C=N),,.

[Eu(DODPA)ICL. Yield 0.061 g, 65%. HS-MS (ESI*): m/z
593.1371; caled. for [Cp,H,sEuN4O,]" 593.1384. IR (ATR, coi™'): v
1632 (C=0), v 1588 (C=N),,.

[GA(DODPA)ICI. Yield 0.049 g 46%. HS-MS (ESI'): m/z
598.1412; caled. for [C,,H,LGAN,O,]* 598.1413. IR (ATR, cm™'):
v 1714 (C=0), v 1585 (C=N),,.
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[Tb(DODPA)ICI. Yield 0.066 g, 70%. HS-MS (ESI*): m/z
599.1420; calcd. for [C,,H,gNgO,Tb]* §99.1425. IR (ATR, cm™'): v
1653(C=0), v 1593 (C=N),,.

[Yb(DODPA)ICI. Yield 0.066 g, 68%. HS-MS (ESI'): m/z
614.1564; calcd. for [Cp,H,N,O,Yb]" 614.1561. IR (ATR, cm™'): v
1646 (C=0), v 1597 (C=N),,.

[Lu(DODPA)ICI. Yield 0.063 g, 65%. HS-MS (ESI'): m/z
615.1576; caled. for [CpH,sLuNO,]* 615.1580. IR (ATR, cm™): v
1633 (C=0), v 1595 (C=N),,.

General Procedure for the Preparation of [Ln(Me-DODPA)]
Cl Complex Salts. The same procedure used for the H,DODPA
analogues was followed by using of H,Me-DODPA-7HCI-H,0 (0.100
g, 0.130 mmol), thiethylamine (197 L, 1.41 mmol) and LnCly;-6H,0
(0.130 mmol, Ln = La, Eu, Gd, Tb, Yb, or Lu) in methanol (10 mL).

[La(Me-DODPA)ICI. Yield 0.078 g, 89%. HS-MS (ESI*): m/z
607.1535; caled. for [C,,H;,LaNgO,]* 607.1549. IR (ATR, cm™): v
1624 (C=0), v 1588 (C=N),,.

[Eu(Me-DODPA)ICI. Yield 0.074 g, 84%. HS-MS (ESI'): m/z
621.1696; caled. for [C,,H;,EuNO,]" 621.1697. IR (ATR, cm™): v
1658 (C=0), v 1600 (C=N),,.

[Gd(Me-DODPA)ICI. Yield 0.076 g, 85%. HS-MS (ESI*): m/z
626.1724; caled. for [C,,H;,GANGO,]* 626.1726. IR (ATR, cm™): v
1657 (C=0), v 1600 (C=N),,.

[Tb(Me-DODPA)ICI. Yield 0.086 g, 95%. HS-MS (ESI*): m/z
627.1732; caled. for [C,H3,N,O,Tb]* 627.1738. IR (ATR, cm™): v
1659 (C=0), v 1601 (C=N),,.

[Yb(Me-DODPA)ICI. Yield 0.082 g 90%. HS-MS (ESI'): m/z
642.1872; caled. for [CpyHy,N4O,Yb]* 642.1874. IR (ATR, cm™): v
1660 (C=0), v 1602 (C=N),,.

[Lu(Me-DODPA)ICI. Yield 0.069 g, 76%. HS-MS (ESI*): m/z
643.1871; caled. for [C,H;,LuNgO,]* 643.1893. IR (ATR, cm™!): v
1660 (C=0), v 1602 (C=N),,.

Computational Methods. All calculations were performed
employing DFT within the meta generalized gradient approximation
(meta-GGA), with the mPWB9S exchange-correlation functional,***°
and the Gaussian 09 package (Revision A.02).>" On the grounds of our
previous experience, full geometry optimizations of the [Ln(DODPA)-
(H,0),]" and [Ln(Me-DODPA)(H,0),]* (Ln = La, Nd, Eu, Gd, Ho,
Yb, or Lu; g = 0 or 1) systems were performed in water solution by
using the effective core potential (ECP) of Dolg et al. and the related
[5s4p3d]-GTO valence basis set for the lanthanides, and the 6-
31G(d) basis set for C, H, N, and O atoms. No symmetry constraints
have been imposed during the optimizations. The default values for
the integration grid (“fine”) and the SCF energy convergence criteria
(107®) were used. The stationary points found on the potential energy
surfaces as a result of the geometry optimizations have been tested to
represent energy minima rather than saddle points via frequency
analysis. Solvent effects were evaluated by using the polarizable
continuum model (PCM), in which the solute cavity is built as an
envelope of spheres centered on atoms or atomic groups with
appropriate radii. In particular, we used the integral equation
formalism (IEFPCM) variant as implemented in Gaussian 09.>* In
aqueous solution relative free energies of the different isomers include
nonpotential-energy contributions (zero point energies and thermal
terms) obtained through frequency analysis.

B RESULTS AND DISCUSSION

Synthesis of the Ligands and Lanthanide Complexes.
The synthetic protocols used for the preparation of H,DODPA
and H,Me-DODPA are shown in Scheme 1. The synthesis of
H,DODPA involved the preparation of diBoc-cyclen (1)
following the previous reported reaction of cyclen with tert-
butyl-(oxycarbonyloxy)succinimide.”® Alkylation of 1 with the
6-chloromethylpyridine derivative 2'® in refluxing acetonitrile
in the presence of Na,CO; gave compound 3 in 91% yield. Full
deprotection of the methyl esters of 3 and the tert-butyl
carbamate groups was cleanly achieved with 6 M HCI to yield
the desired ligand H,DODPA with an overall yield of 77% as
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calculated from cyclen. The synthesis of H,Me-DODPA was
achieved by using the now well-known bis-aminal chemistry.>*
Cyclen glyoxal (1) was quantitatively obtained by direct
condensation of glyoxal with cyclen,”” the subsequent trans-
alkylation with iodomethane leading to compound $ in 89%
yield. The reductive cleavage of $ with hydrazine monohydrate
gave compound 6 in good yield (80%).”” Alkylation of 6 with
the 6-chloromethylpyridine derivative 2, as previously described
for 1, followed by deprotection of the methyl ester groups with
6 M HCI gave the desired ligand in 27% yield as calculated
from cyclen. Reaction of ligands H,DODPA or H,Me-DODPA
with hydrated lanthanide chlorides in the presence of an excess
of triethylamine resulted in the formation of compounds of
formula [Ln(L)]CI (L = DODPA or Me-DODPA; Ln = La, Eu,
Gd, Tb, Yb, or Lu). Compounds [Ln(Me-DODPA)]CI were
isolated in 76—95% yields, while the [Ln(DODPA)]CI yields
were somewhat lower (25—70%). The high resolution mass
spectra (ESI*-MS) show peaks due to the [Ln(L)]" entities,
thereby confirming the formation of the desired compounds.
X-ray Crystal Structure of [Yb(DODPA)]I(PF4)-H,O.
Addition of an excess of KPF4 to an aqueous solution of the
[Yb(DODPA)]* complex resulted in the formation of single
crystals suitable for X-ray diffraction analysis. Crystals contain
the cation [Yb(DODPA)]*, one heavily disordered hexafluor-
ophosphate anion, and a noncoordinating water molecule.
Figure 1 shows a view of the complex cation, while bond

Figure 1. X-ray crystal structure of the cation [Yb(DODPA)]* with
atom labeling; hydrogen atoms are omitted for simplicity. The ORTEP
plot is drawn at the 30% probability level.

distances of the metal coordination environment are given in
Table 2. The metal ion is directly bound to the eight donor

Table 2. Selected Bond Lengths (A) of the Metal
Coordination Environment in [Yb(DODPA)](PF,)-H,0“

Yb(1)—0(1) 2.242(3) Yb(1)-N(S) 2429(3)
Yb(1)-0(3) 2.247(3) Yb(1)-N(3) 2.430(3)
Yb(1)-N(1) 2.359(3) Yb(1)-N(2) 2.520(3)
Yb(1)-N(6) 2.368(3) Yb(1)-N(4) 2.535(3)

“See Figure 1 for labeling.

atoms of the ligand, which adopts a syn conformation with the
two pendant arms disposed on the same side of the macrocyclic
unit. The distances between the Yb™ ion and the pivotal
nitrogen atoms [N(2) and N(4)] are about 0.1 A longer than
the Yb(1)—N(5) and Yb(1)—N(3) distances. The distances

between the Ln™ ion and the nitrogen atoms of the cyclen
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moiety are about 0.08—0.18 A shorter than those observed®
for [Lu(DOTA)]", pointing to a rather strong binding of the
cyclen unit to the metal ion in [Yb(DODPA)]*. The distances
between the lanthanide and the donor atoms of the picolinate
pendants are about 0.03—0.09 A shorter than those found for
an eight-coordinate Lu™ complex containing picolinate
moieties.’® The [Yb(DODPA)]* cation shows a slightly
distorted C, symmetry in the solid state, where the symmetry
axis is perpendicular to the pseudoplane described by the four
donor atoms of the crown moiety and contains the Yb™ ion.

The coordination polyhedron around the Yb™ ion can be
described as a severely distorted twisted-square antiprism
composed of two parallel pseudo planes: O(1), O(3), N(1),
and N(6) define the upper pseudo plane (mean deviation from
planarity 0.211 A), while N(2), N(3), N(4), and N(5) define
the lower pseudo plane (mean deviation from planarity 0.046
A). The angle between these two least-squares planes amounts
to 0.7°, and the Yb™ ion is placed at 1.23 A from the upper
plane and 1.41 A from the plane defined by the nitrogen atoms
of the cyclen unit. As described in detail for [Ln(DOTA)]™
complexes,37 the syn conformation of the ligand in the
[Yb(DODPA)]* complex implies the occurrence of two
helicities (one belonging to the crown moiety and one
associated with the layout of the pendant arms).***” Inspection
of the crystal structure data reveals that two A(8665) and
A(4442) enantiomers cocrystallize in equal amounts (race-
mate). The mean twist angle, ®,*" between these nearly parallel
squares is —30.5° in line with a twisted-square antiprismatic
(TSAP) coordination polyhedron around the metal ion. This
twist angle is somewhat larger than that observed for the TSAP
isomer of [Tm(DOTA)]™ (—24.5°).*!

Assessment of the Hydration State. A desirable optical
property of the Ln™ complexes of DODPA and Me-DODPA is
the presence of picolinate moieties that can act as an antenna to
sensitize the emission of Eu and Tb™. Indeed, the absorption
spectra of the Eu™ and Tb™ complexes show a band with a
maximum at about 272 nm that can be assigned to a
combination of 7—7* and n—a* transitions centered on the

picolinate moieties (Figure 2).** The emission spectra of about
bt h o
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Figure 2. Absorption (dotted lines), excitation and emission spectra of
the Eu™ and Tb™ complexes of Me-DODPA as recorded in H,0
solution (1075 M, pH ~ 7.0) at room temperature.

10~° M solutions of the Eu™ and Tb™ complexes of in H,O
(pH ~ 7.0 and 295 K), obtained under excitation through the
ligand bands at 272 nm, display the D, — 7F] (Eu™, J = 0—4)
or °D, — 7F] (Tb™, J = 6—3) transitions characteristic of the
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particular Ln"" ion (Figure 2). The excitation spectra recorded
upon metal centered emission are very similar to the
corresponding absorption spectra, indicating that the coordi-
nated picolinate moieties provide an efficient energy transfer to
the Eu™ and Tb™ ions.

The emission lifetimes of the Eu(*°D,) and Tb(°D,) excited
levels have been measured in D,O and H,O solutions of the
complexes, and were used to calculate the number of
coordinated water molecules q (Table 3). The luminescence

Table 3. Lifetimes of the of Eu(°D,) and Tb(°D,) Excited
States in DODPA and Me-DODPA Complexes and
Hydration Numbers (q)

Ln Ty,0/ms Tp,0/ms q*
[Eu(DODPA)]* 026 0.39 11
[Eu(Me-DODPA)]* 091 127 0.0
[Tb(DODPA)]* 118 151 0.6
[Tb(Me-DODPA)]* 2.39 2.68 0.0

aAkobs = kobs(HZO) - kobs(DZO) and kobs = 1/Tobs' qeu = 1'11(Akobs -
0.31);® gy = 5.0(Aky,, — 0.06).%

lifetimes determined for the DODPA complexes are clearly
shorter than those obtained for the Me-DODPA derivatives.
This is in agreement with a higher hydration number and an
important quenching effect of the ligand NH oscillators in
DODPA complexes. As pointed out by 'H NMR measurements
(see below) the exchange between the ligand NH protons and
deuterium in D,O is very slow. However, the emission lifetimes
recorded in D,0 solution were progressively increasing with
the passing of time as a consequence of the exchange between
NH protons of the ligand and the solvent, and therefore the
7p,0 values used for hydration number calculations were
measured from freshly prepared solutions of the complexes.
The results obtained for the DODPA complexes are consistent
with the presence of one-inner-sphere water molecule, the
average hydration number obtained for the Eu™ and Tb™
complexes amounting to 0.8. In contrast, the luminescence
lifetimes determined for Me-DODPA complexes point to a
hydration number of zero, in line with the coordination sphere
saturated by the eight heteroatoms of the ligand (4 N atoms
from the cyclen moiety, 2 O atoms from the carboxylate
functions, and 2 N atoms of the pyridyl rings). These results
suggest that the introduction of two methyl groups in DODPA
causes a certain degree of steric hindrance that precludes the
coordination of water molecules to the metal ion. The
hydration numbers obtained for [Ln(DODPA)]* complexes
(Ln = Eu, Tb) are lower than those previously determined for
[Eu(BP12C4)]*."® For the latter complex UV—vis measure-
ments revealed the presence of an equilibrium in solution
involving a ten-coordinated species with g = 2 and a nine-
coordinated species with q = 1, the average hydration number
at 298 K amounting to g = 1.4.

Structure of the Complexes in Solution. The 'H and
C NMR spectra of the diamagnetic Lu™ complex of DODPA
and Me-DODPA were obtained in D,O solution at pD = 7.0
and 298 K. While for the Lu™ complex of DODPA the spectra
are well-resolved at 298 K (Figure S1, Supporting Information),
in the case of the Me-DODPA analogue the '"H NMR spectrum
recorded shows relatively broad signals for protons H8—HI1.
The proton spectrum of [Lu(DODPA)]* consists of 14 signals
corresponding to 14 magnetically nonequivalent proton
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environments in the ligand (see Scheme 1 for labeling), which
points to an effective C, symmetry of the complex in solution.
This is also confirmed by the *C NMR spectrum, which shows
11 peaks for the 22 carbon nuclei of the ligand backbone. The
assignments of the proton signals (Table 4) were based upon

Table 4. 'H and '3C NMR Shifts for [Lu(DODPA)]* and
Comparison of Experimental and Calculated 'H Shifts for
the [Yb(Me-DODPA)]* Complex at 278 K (pD ~ 7.0)?

[Yb(Me-
DODPA)]*

'H [Lu(DODPA)]**  &22¢ s  1C  [Lu(DODPA)]*®
H3 7.96 -1.63 -719 CI 173.9
H4 8.20 —301 -336 C2 1512
HS 7.80 —463 -273 C3 1254
H7a 428 6821 6640  C4 144.3
H7b 472 —090  2.54 cs 1282
HSax 2.66 —7142 —7413 C6 158.7
H8eq 3.02 —2059 -1791 C7 63.0
H9ax 3.13 1.19 -060 C8 46.0
H9q 2.68 —1350 -1213 C9 57.6
H10ax 3.31 8745 8614  CI10 55.5
H10eq 3.11 2525 2822  ClI 475
Hllax 327 1698  17.59
Hileq 2.99 2690 2395

“See Scheme 1 for labeling. bAssignment supported by 2D COSY,
HSQC and HMBC experiments at 298 K; °J;, = 7.7 Hz; 7], = 7.9 Hz;
2]73'7]) = 16.2 Hz. “Assignment supported by 2D COSY experiments at
278 K. “Calculated values were obtained using eq 2 and the A(4444)
form of the complex optimized in aqueous solution at the mPWB95/6

-31G(d) level.

HMQC and HMBC 2D heteronuclear experiments as well as
standard 2D homonuclear COSY experiments, which gave
strong cross-peaks between the geminal CH, protons (7—11)
and between the ortho-coupled pyridyl protons. The "H NMR
signal due to NH protons is observed at 4.04 ppm as a
complicated multiplet due to coupling with protons H9 and
H10. As previously observed for different metal complexes with
secondary polyamines, the NH protons exchange very slowly
with D,0O at about neutral pH.**

The signals due to protons H7a and H7b in [Lu(DODPA)]*
show an AB pattern where the larger shift for H7b results from
the combined deshielding effects of the pyridyl ring current and
the polarizing effect of the Ln™ ion on the C—H bond pointing
away from it.*® It is known from previous '"H NMR studies on
Ln™ complexes with macrocyclic ligands that the ring axial
protons experience strong coupling with the geminal protons
and the vicinal axial protons, while the equatorial protons
provide strong coupling with the geminal protons only."’
Indeed, the °J;_y coupling constants characterizing the
coupling between vicinal pairs of protons (axial—axial, axial—
equatorial and equatorial-equatorial) follow the Karplus
equation [}Jy_;; = 7 — cos ¢ + 5 cos 2¢), where ¢ represents
the H—-C—C—H dihedral angle and 3Jy;_y is given in Hz].*®
Thus, the specific assignment of the axial and equatorial
protons could be achieved by observing the cross-peaks in the
COSY spectra, as axial protons are expected to give two strong
(geminal and axial—axial) and one weak (axial—equatorial)
cross-peaks, whereas equatorial protons should show one
strong (geminal) and two weak (equatorial-equatorial and
equatorial-axial) cross-peaks.
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The 'H NMR spectra of paramagnetic [Ln(Me-DODPA)]*
complexes (Ln = Eu or Yb) are well resolved (Figure 3, see also
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Figure 3. '"H NMR spectrum of [Yb(Me-DODPA)]* recorded in D,0
solution (pD ~ 7.0) at 278 K and plot of experimental versus
calculated shifts. The solid line represents a perfect fit between
experimental and calculated values. See Scheme 1 for labeling.

Figure S2, Supporting Information). They consist of 13 signals
corresponding to the 13 different proton magnetic environ-
ments of the ligand (see Scheme 1 for labeling), which points
to effective C, symmetries of the complexes in solution, as
observed previously for the [Yb(BP12C4)]* analogue.'® The
assignments of the proton signals in [Yb(Me-DODPA)]*
(Table 4) were based on standard 2D homonuclear COSY
experiments, which gave strong cross-peaks between the
geminal CH, protons (7—11) and between ortho-coupled
pyridyl protons. Additional cross-peaks between protons 8—9
and 10—11 allowed identifying the proton signals correspond-
ing to each of the ethylenediamine units. The ten 'H NMR
peaks due to protons 7—11 can be grouped into two different
sets according to their relative line broadening: five resonances
with linewidths at half height of 135—200 Hz (at S00 MHz and
278 K), and five signals with linewidths in the range of 60—75
Hz (Figure 3). These two sets of signals correspond to two sets
of Yb"™.proton distances, the broader resonances being
associated with the protons closer to the metal ion.*” Thus,
the broader resonances were assigned to axial protons, while
the second set of signals was assigned to equatorial ones.

To get more information on the solution structure of the
Ln™ complexes of DODPA and Me-DODPA we have
characterized the [Ln(Me-DODPA)]* systems (Ln = La, Nd,
Eu, Gd, Ho, Yb, or Lu) by means of DFT calculations
(mPWB9S model) performed in aqueous solution. On the basis
of our previous experience,™® the effective core potential (ECP)
of Dolg et al.*> and the related [5s4p3d]-GTO valence basis set
were applied in these calculations. This ECP includes 46 + 4f"
electrons in the core, leaving the outermost 11 electrons to be
treated explicitly. The use of large core ECPs has been justified
by the fact that 4f orbitals do not significantly contribute to
bonding because of their limited radial extension as compared
to the 5d and 6s shells.”"

The NMR spectra of the paramagnetic Eu'' and Yb™
complexes of Me-DODPA indicate that the complexes adopt
a relatively rigid C, symmetry in solution (see above). As
described previously for the BP12C4 complexes,'® there are up
to eight possible forms of the complexes (four enatiomeric pairs
of diasteroisomers) consistent with a C, symmetry: A(4444),
A(AAA4), A(8A84), A(A848) and their corresponding enan-
tiomers A(8656), A(6665), A(ASA5), A(8ASA). Our DFT
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calculations provide the A(A4A4), A(A444), A(A6A8), and
A(6A84) isomers as minimum energy conformations. The
optimized geometries show slightly distorted C, symmetries
(Figure 4), where the symmetry axis is perpendicular to the
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Figure 4. Geometries of [Gd(Me-DODPA)]* obtained from DFT
calculations (mPWB95) in aqueous solution.

pseudoplane described by the four donor atoms of the crown
moiety and contains the Ln™ ion. The relative energies of these
isomers calculated for the [Ln(Me-DODPA)]* system are
shown in Figure S and Table S1, Supporting Information.

La Nd Eu Gd Ho YblLu
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Figure S. Relative free energies of the different diasterisomeric forms
of [Ln(Me-DODPA)]* complexes obtained from DFT calculations in
aqueous solution.

According to our calculations the A(A444) isomer is the most
stable one along the whole lanthanide series, with the exception
of the Lu™ system, for which the A(A5A8) form is more stable
than the A(4444) one by 0.10 kJ-mol". These results suggest
that the complexes may adopt a A(4444) structure in solution.

Aiming to confirm the predictions of our DFT calculations
we have analyzed the Yb™-induced "H NMR shifts. Indeed, the
binding of a ligand to a paramagnetic Ln™ ion such as Yb™
results in Jarge NMR frequency shifts at the ligand nuclei, with
magnitudes and signs depending 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 provide useful structural informa-
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tion in solution. For a given nucleus i, the isotropic
paramagnetic shift induced by a lanthanide ion j (85™) is
generally a combination of the Fermi contact (") and dipolar
(55‘7’) contributions as given in eq 1, where the diamagnetic
contribution 8% is obtained by measuring the chemical shifts
for analogous diamagnetic complexes.

61};{”“ _ Slgjxp _ 6;11a — 6lgj'on + 651}7 )
The hyperfine "H NMR shifts in Yb™ complexes are considered
to be largely pseudocontact in origin, and we therefore initiated
the analysis of the paramagnetic shifts observed in the "H NMR
spectrum of the Yb™ complex with the assumption that they are
dominated by dipolar contributions, which can be written as
linear combinations of the five components of the susceptibility
tensor y as given by the following equation:

di 1 322 — +*
P
o = (Xzz - ngX)(r—s) + ( —

2 2
x" =y 4xy 4xz
[ ) end2) )

Xyy)

N (4yz)
Xyz 1’5 (2)
With
r= \/x2+y2 + 22 3)

In eq 2 the Cartesian coordinates of atom i relative to the
location of a paramagnetic ion are used in place of the more
usual spherical coordinates. In the principal magnetic axis
system J, = Xx. = Xy, = 0, and for axial symmetry y,, — 4, = 0.
According to the Neumann’s principle,”* one of the principal
magnetic axis of [Yb(Me-DODPA)]* must coincide with the 2-
fold symmetry axis of the molecule. Thus, we assumed the z
axis of the principal axis system of the magnetic susceptibility
tensor coincides with the C, axis of the molecule. As a
consequence, we only considered three (rather than five)
parameters in the analysis of the paramagnetic shits, namely,
the axial [,, — 1/3(Yu + Xpy + Xz2)] and rhombic (¥ — x,,)
anisotropies of the magnetic susceptibility tensor y, and the
orientation of the magnetic axis in the xy plane given by an
angle a. The calculated DFT geometries of [Yb(Me-
DODPA)]" in A(A444), A(A444), A(6A81), and A(A6A5)
isomers were used to assess the agreement between the
experimental and predicted Yb"-induced paramagnetic shifts
by using a least-squares fit relying on these three parameters.
The 'H NMR resonances due to protons of the macrocyclic
fragment in [Lu(Me-DODPA)]* could not be assigned, as they
are observed as broad signals due to exchange phenomena. For
these proton nuclei the diamagnetic shift was estimated from
those observed for [Lu(DODPA)]* (Table 4), while for the
remaining proton nuclei the diamagnetic contribution was
obtained from shifts observed for the Me-DODPA derivative
[H3 8.05 ppm, H4 831 ppm, HS 7.92 ppm, H7ax 4.38 ppm
and H7eq 4.83 ppm]. The DFT optimized structures of the
A(A442), A(6A84) and A(A5A8) isomers provided unaccept-
able agreements between the experimental and calculated Yb'"'-
induced shifts. On the contrary, the A(A441) conformation
provided an excellent agreement between experimental and
calculated shifts (Figure 3) with y,, — 1/3(Yu + 2y + X22) =
—113 + 40 ppm-A® and y,, — x,, = 4628 + 67 ppm-A’. Thus,
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the analysis of the Yb"-induced paramagnetic shifts unambig-
uously proves that this complex presents a A(4141) [or
A(8656)] structure in aqueous solution, in agreement with the
relative free energies reported in Figure S, and the X-ray
structure of [Yb(DODPA)]* (see above).

Once the structure in solution of the complexes was
established, we used DFT calculations to investigate the
reasons for the different hydration numbers determined for
DODPA and Me-DODPA complexes from luminescence
lifetime measurements. Thus, we performed full geometry
optimizations of the [Ln(DODPA)(H,0)]* and [Ln(Me-
DODPA)(H,0)]* systems. In these calculations only the
A(A4A2) isomer was considered. Figure 6 shows a plot of the
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Figure 6. Distances between the Ln"™ ion and the oxygen atom of the

water molecule obtained from DFT calculations (aqueous solution) on
the [Ln(DODPA)(H,0)]" and [Ln(Me-DODPA)(H,0)]* systems.

distances between the water molecule and the Ln™ ion for

DODPA and Me-DODPA complexes. In the case of DODPA
complexes the water molecule remains coordinated to the metal
ion along the lanthanide series from La™ to Ho™", and then it is
expelled from the first coordination sphere for the smallest ions
Yb™ and Lu™. The corresponding optimized geometries show
that in these cases the water molecule is hydrogen-bonded to
the carboxylate groups of the ligand rather than coordinated to
the metal ion (Figure S3, Supporting Information). This is in
agreement with the X-ray structure of the Yb™ complex
described above, which does not contain inner-sphere water
molecules. In the case of Me-DODPA derivatives the water
molecule remains coordinated to the metal ion only for the
largest Ln(III) ions from La™ to Nd", and does not participate
in metal ion coordination already around the middle of the
lanthanide series for Eu™ and Gd™. These results are in good
agreement with the g values determined from luminescence
lifetime measurements, and indicate an important degree of
steric compression around the water binding site in Ln'"-
DODPA complexes. The introduction of methyl groups
increases this steric compression, which results in g = 0
complexes for at least the second half of the lanthandie series.

NMRD and 7O NMR Studies. The relaxivity describes the
efficiency of magnetic dipolar coupling occurring between
water proton nuclei of the solvent and the paramagnetic metal
ion (Gd™), and represents a measure of the efficacy of a
contrast agent in vitro. The relaxation rates of bulk water
proton nuclei in the proximity of a gadolinium(III) ion are
enhanced as a result of long- (outer-sphere relaxation) and
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short-range interactions (inner-sphere relaxation). Nuclear
magnetic relaxation dispersion (NMRD) profiles of aqueous
solutions of [Gd(DODPA)]* and [Gd(Me-DODPA)]* com-
plexes were measured at 10, 25, and 37 °C in the proton
Larmor frequency range 0.01—70 MHz, corresponding to
magnetic field strengths varying between 2.343 X 10* and
1.645 T (Figure 7). Additionally, relaxivity of [Gd(DODPA)]*
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Figure 7. '"H NMRD profiles of a [Gd(DODPA)]* (top) and
[Gd(Me-DODPA)]* (bottom) recorded at different temperatures.
The lines represent the fit of the data as explained in the text.

was investigated at 20 MHz in the temperature range 298—336
K (Figure 8). The NMRD profiles recorded for [Gd(Me-
DODPA)]" are consistent with the absence of inner-sphere
water molecules coordinated to the metal ion in this complex,
the observed relaxivity being the result of the outer-sphere
relaxation mechanism. By contrast, the relaxivities measured for
the DODPA analogue are substantially higher, in line with the
presence of both inner- and outer-sphere contributions. The
relaxivity of [Gd(DODPA)]* decreases with increasing temper-
ature; this shows that the relaxivity is limited by the fast
rotation of the complex in solution, as usually observed for
small Gd™ chelates.

As pointed out previously, it is difficult to determine the
different parameters that determine the relaxivity of a given
Gd"™ complex without obtaining independent information for
some of the most important parameters.55 We therefore
measured variable temperature 'O NMR shifts and transversal
relaxation rates in a 16 mM solution of the [Gd(DODPA)]*
complex in H,O (Figure 8) at neutral pH. The reduced
transversal relaxation rates increase with decreasing temper-
ature, which is characteristic of complexes endowed with a fast
water exchange rate of the inner-sphere water molecule, the
observed transversal relaxation rates being dominated by the
relaxation rate of the bound water molecule.'>'”

A simultaneous fitting of the NMRD and ’O NMR data of
[Gd(DODPA)]* was performed with the sets of equations
given in the Supporting Information. The distance of closest
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Figure 8. Top: Reduced transverse (A) 'O relaxation rates and 7O
chemical shifts (@) of a [GdA(DODPA)]" solution at 11.75 T and
neutral pH; bottom: Temperature dependence of the 'H relaxivity of
[Gd(DODPA)]* at 0.47 T.

approach for the outer-sphere contribution agyy was fixed at 4
A. The distance between the proton nuclei of the coordinated
water molecule and the Gd™ ion (rggy) was fixed at 3.168 A,
which corresponds to the averaged distance obtained from
DFT calculations (see above). The number of inner-sphere
water molecules in the first coordination sphere was taken as
0.8, which corresponds to the average hydration number
obtained from luminescence lifetime measurements for the
Eu™ and Tb™ complexes. The parameters obtained from the
fittings are listed in Table S, while the curve fits are shown in
Figures 7 and 8. The NMRD curves recorded for [Gd(Me-
DODPA)]* were fitted according to the Freed equation for the
outer-sphere contribution of the relaxivity, and the calculated
parameters are also shown in Table 5. For comparison,
previously reported data for [Gd(DOTA)]", [GA(DTPA)]*,
and [Gd(BP12C4)]" are also reported.

Inspection of the data reported in Table 5 reveals some
similarities in the parameters that determine the relaxivity in the
five complexes. The values obtained for the rotational
correlation time (73%) of [GA(DTPA)]*", [Gd(DOTA)T,
and [Gd(DODPA)]* are very similar (58—77 ps). In the case
of [GA(BP12C4)]" the 7’® given in Table S was obtained from
the analysis of longitudinal 'O NMR relaxation rates, which
are determined by dipole—dipole and quadrupolar relaxation,
both related to rotation. Molecular dynamics and NMR
investigations showed that the ratio of the rotational correlation
time for the Gd—H,,., vector and that of the vector Gd—O, e,
is about 0.75.%° Thus, the 72° value for the Gd—H,,;,, vector in
[GA(BP12C4)]* can be estimated to be ~79 ps, in nice
agreement with the values determined for the other systems
given in Table 5.

The value obtained for the scalar coupling constant (A/#) is
smaller than those reported for other polyaminocarboxylate
complexes with one inner-sphere water molecules (typically
(=3.6 + 0.3) X 10° rad s7').">* The shift induced by a Gd™
complex to the water '’O NMR resonance is proportional to q
when the exchange between the coordinated water molecule
and the bulk is fast on the NMR time-scale. Thus, the small
value obtained for A/% could reflect a q value somewhat lower
than 0.8, which corresponds to that obtained from
luminescence lifetime measurements. However, relatively
small values of A/f were previously obtained for other Gd™
complexes containing picolinate units,”’ which could be
attributed to an efficient spin delocalization on the ligand
backbone caused by the presence of aromatic units. The small
value obtained for A/% could be also related to a long Gd—
O,ater distance (2.56 A according to our DFT calculations).
The relatively high value of the activation energy for the relative
diffusion coefficient obtained for [Gd(DODPA)]" (Epcin =
44.8 kJ-mol "), together with the low activation energy for the
rotation (E, = 8 kJ mol") probably hide a certain dependence
of g with temperature, as increasing temperature is expected to
favor the species with the lowest hydration number.>®

Given the traditionally used MRI field strengths in clinics
(20—60 MHz), the typical simulated curves of proton
relaxivities as a function of the exchange rate have usually
been performed for 20 MHz, and the values cited as “optimal”
exchange rate varied around S—10 X 107 s'. At higher
magnetic fields the ideal range of water exchange rates becomes
much broader, so that the water exchange rate is not as critical

Table 5. Parameters Obtained from the Simultaneous Analysis of 7O NMR and NMRD Data

parameter [Gd(DTPA)]*“ [Gd(DOTA)*
7" 1.0 1.0
k28/10° 57t 3.3 4.1
AH kJ mol™! 51.6 49.8
A/R/10° rad s7! -3.8 -3.7
2% /ps S8 77
E./KJ mol™* 17.3 16.1
72%/ps 28 11
A?/10% 2 0.46 0.16
E,/kJ mol! 1.6 1.0
DE3/1071° m? 57! 20 22
Epgary/KJ mol™ 19.4 202
rean/A 3.1 3.1
acau/A 3.5 3.5
“Ref 55. PRef 17. “Fixed in the fitting procedure.
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[Gd(BP12C4)]** [Gd(DODPA)]* [Gd(Me-DODPA)]*

1.4 0.8° 0. 0°

220 58 + 13

14.8 307 +3

—34 —22 %02

105 612 + 4

15 8+6
150 + 1.0 149 + 1.6
1.0 + 09 12 + 02
1S+ 12
224 217 + 0.7
448 + 4 211 + 0.7
3.168°
4.0° 4.1
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to achieving high relaxivities.’” The water exchange rate is very
high on [Gd(DODPA)]", being at least 1 order of magnitude
faster than for the [Gd(DTPA)]*", [GA(DOTA)]™ systems. In
the case of [GA(DOTA)]™ the k2® value reported in Table §
corresponds to the averaged water exchange rate provided by
the two isomers of the complex present in solution (actually
two diasteroisomeric pairs of enantiomers), which are often
denoted as square antiprismatic (SAP) and twisted square
antiprismatic (TSAP). Different studies on DOTA derivatives
have shown that the TSAP form presents a water exchange rate
1 order of magnitude faster than the SAP one,*® which is
attributed to the important degree of steric compression around
the water binding site in the TSAP form.®’ In the case of
[Gd(DODPA)]* the complex is present in solution exclusively
as the A(4444) [or A(8655)] form, which provides a somewhat
distorted TSAP coordination around the Ln™ ion (see above).
This results in an important degree of steric compression
around the bound water molecule, as confirmed by our DFT
calculations described above, thereby resulting in a fast water
exchange. However, the water exchange rate determined for
[Gd(DODPA)]* is considerably slower than for [Gd-
(BP12C4)]* (ca. 3.7 times). We attribute the faster water
exchange in [Gd(BP12C4)]* to an important degree of
flexibility of the macrocyclic fragment in BP12C4 as compared
to DODPA.

B CONCLUSIONS

In this work we have presented two new octadentate ligands
based on a cyclen platform that were designed for complexation
of Ln" ions in water. The ligands were prepared in good yields
following two different procedures of selective N-protection:
the preparation of the diBoc-cyclen, which leads to H,DODPA,
or the use of bisaminal chemistry, which gives its methylated
analogue H,Me-DODPA. A detailed investigation of the
structure of the Ln"™ complexes of Me-DODPA and DODPA
shows that they exist in solution as the A(A414)/A(5858)
enantiomeric pair, which provides a TSAP coordination around
the Ln"" ion. The most striking result obtained in this study is
the effect of introducing methyl groups in positions 4 and 7 of
the cyclen unit on the hydration number of the complexes.
Indeed, the [Ln(DODPA)]* complexes (Ln = Eu, Gd, or Tb)
contain one inner-sphere water molecule, as demonstrated by
the luminescence lifetime measurements on the Eu"" and Tb"
complexes, and the NMRD profiles recorded for the Gd™
analogue. However, the corresponding complexes of Me-
DODPA do not contain inner-sphere water molecules. The
inner-sphere water molecule in [Gd(DODPA)(H,0)]" is
endowed with a relatively fast water exchange rate, in line
with an important degree of steric compression around the
water binding site. The introduction of methyl groups increases
this steric compression, which results in a g = 0 complex.
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[Ln(Me-DODPA)]* complexes, optimized geometry of the
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