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Gd'" is highly paramagnetic, with seven unpaired electrons and Scheme 1 @

a long electronic relaxation time, making it ideal as a relaxation NHR
agent for magnetic resonance imaging (MRI). However, current BnQ_ NHz NHthc a BnQ HN—<_S=O
commercial, poly(amino carboxylate)-based chelates demonstrate BnO\B?Og * Ln BnO OFN
mediocre image-enhancing capability (relaxiviy)s only a few HO™ 0 BnC BnO- Ofn
percent of that the SolometBloemberger-Morgan theory 3 4R ='B0C
predicts!—3 These agents have only one water coordinated to the b ESR oH

Gd, slow water exchange rate, and fast molecular tumbling, three

parameters that are crucial in attaining high relaxivity. The

development of site-specific, second-generation agents requires OBpOBnN

much higher relaxivity. It therefore becomes important to optimize BnO>E

all of these parameters to obtain adequate contrast at higher

magnetic field, those of the next generation of MRI scanners. N
Recently, hydroxypyridonate (HOPO)-based chelates such as the

heterotripodal Gd-TREN-bisHOPO-TAM-Me (Glj-showed prom-

. . L . ) N ) HO 0

ise due to the high relaxivifythey achieved while maintaining high BnO  OBn BnO” OBn

stability and selectivity, regardless of any functionalization on the e 4

TAM moiety.>¢ This high relaxivity is attributed to the two water Oy -OH d EG R=BOC

molecules coordinated to the &don and to their near-optimal OBn

residence timetw,). These compounds thus represent an advance \°,>Bﬁ05” 0Bn

in the development of high relaxivity contrast agents, especially  B'O~"Swy o7 ~wH

given the importance af,, for macromolecular complexes. Indeed, o o] (\Nl)/\

) O . Bn NH, HN_PHN._O
it has been demonstrated that the relaxivity of &'@dmplex will o SNy OHNIYOOB” bﬁ;

HN

0

Cc

increase upon decelerating its molecular tumbling insofar as its g~ © M

water residence time is optim&i® Theoretically, the optimal water BnO. 0Bn 10

residence time of HOPO-based complexes enables them to achieve BnO” OBn

high relaxivity upon deceleration of their molecular tumbliithis 9 f\\ O NH - HNZPHN O

can be achieved by grafting the Gd chelate to a rigid, spherical OR ro Roﬁ

macromolecule such as a protein or a dendrimer. However, the \?>R[ OR

solubility of a dendrimer is primarily determined by that of its ter- _ RO
. . . . ; . h 11R=Bn

minal groupsi! Low-generation dendrimers in which all terminal 2 - QE or § 0

groups were functionalized with hydrophobic Gd-TREN-bisHOPO- 1ZR=EA 0 SN oHNIYO OR

TAM complexes were thus insoluble in water. The poor water row O P pAEN or

solubility of the parent complex therefore requires that it be grafted RO% OR

upon a “water-solubilizing dendron” terminated by hydrophilic RO™ OR

hydroxyl groups. Furthermore, to fully take advantage of the _ *Reagents and conditions: (a) HATU, DIPEA, DMA, 20, 15 h. (b)

. . - . . TFA, CH,Cl,, 20°C, 5 h. (c) HATU, DIPEA, DMA, 20°C, 18 h. (d) TFA,
structure of the dendrimer, it has to be as rigid as possible to avoid CHoCly, 20°C, 2 h. (€) (1) GO:Cly, toluene, DMF, 20C, 2 h; (2) DIPEA,

the Gd' chelate from freely rotating or folding back. THF, 20°C, 18 h. (f) HATU, DIPEA, CHCl,, 20°C, 18 h. (g) 80 atm of
In the molecule described here, Gd-TREN-bisHOPO-TAM-Asp- H,, Pd/C, acetic acid, 28C, 48 h. (h) Gd(acasg) pyridine, CHOH, reflux,

Asp-120H (Gd2), the Gd' chelate is grafted on a dendron 4h.

consisting of four tris(hydroxymethyl)aminomethane (TRIS) groups

linked by three aspartic acids. The resulting 12 hydroxyl groups (Supporting Information) indicates that maximum compactness is
ensure the overall water solubility of the complex (solubility5 achieved for this spherical molecule.

mM as compared to<0.5 mM for (1)), whereas the short linker The synthesis of Gd-TREN-bisHOPO-TAM-Asp-Asp20H
between two branching points of each aspartic moiety ensures the(Gd-2) is outlined in Scheme 1. First, two benzyl (Bn)-protected

compactness of the dendrimer. A geometry optimization of 25d- TRIS (3) moietied? were coupled on an aspartic acid. Deprotection
of the central amine enabled further coupling of two of the resulting

t University of California-Berkeley. HoN-Asp-60Bn §) mqieties to another aspartic acid. Deprote.c.tic')n
#Universitadel Piemonte Orientale “A. Avogadro”. of the central amine yielded the benzyl-protected water-solubilizing
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Figure 1. Gd-TREN-bisHOPO-TAM-Me(HO), (Gd-1) and Gd-TREN-
bisHOPO-TAM-Asp-Asp-120H(H0), (Gd-2).
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Figure 2. 1/T; NMRD profile at 298 K of Gd2 versus Gdt* and the
commercial Gd-DO3A3 The fitting parameters for Gé-are the follow-
ing: A?(s2 x 10" = 10.5,7y (ps)= 23.4,7r (ps)= 238, =2,r (A)
= 3.00.
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dendron 7). The acid-terminated heteropodal ligand was grafted
to the central amine of the dendron in two steps. First, the 2,3-
dibenzyloxy-terephthalamide (TAM-Bhwas coupled, followed by
the hydroxypyridinone moiety, TREN-bis(HOPO-Bn). The ligand
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Figure 3. Temperature dependence of the paramagnetic contribution to
the water’’0 NMR transverse relaxation rat&#) for 2 (0.015 M, pH
7.2) at 2.1 T. The fitting parameters are the followingg? (s 2 x 1019 =
12, 7v?%8 (ps) = 22, AH, (kJ molY) = 3.0, tm?% (ns) = 10, AHm (kJ
mol~1) = 14, AHg (kJ molt) = 20.
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correlation time, which results both from the increase in molecular
weight and maximum compactness of the structure.

In summary, this report describes a new dendrimeric derivative
of a hydroxypyridonate-based ®Gdchelate. The alcohols of the
solubilizing dendron increase the water solubility of the complex,
whereas its compactness ensures an efficient increase in rotational
correlation time. The combination of a very short water residence
time and a short electronic relaxation time results in a complex
with high relaxivity, peaking at ca. 100 MHz. To the best of our
knowledge, this is the first example of a dendrimeric¢'Gamplex
with fast water exchange displaying high relaxivity at high magnetic
field. This is perhaps the first contrast agent that has optimal efficacy
at the frequency of the scanners of the new generétion.
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and the dendron were simultaneously deprotected by hydrogenolysi% eferences

(Pd/C, H), enabling further complexation with &d

The 1m; NMRD profile (Figure 2) indicates that G2l-has a
relaxivity three times that of the comparatige= 2 commercial
agent Gd-DO3A Furthermore, a distinct peak of relaxivity was
centered around 90 MHz, the frequency for which the dendrimeric
chelate has an optimal water residence time. Indé&a,NMR
studies (Figure 3) indicate that for &j-t, =~ 10 ns and is
comparable to that of the parent complex Gd-=urthermoreq =
2 for Gd-=2, indicating that none of the nearby alcohols coordinate
the Gd'. Detailed refinements of the NMRD aA@® NMR studies
of the dendrimeric analogue Gtlas compared to the parent Gd-
1% indicate that most of the increase in molecular weight is translated
into an increase in rotational correlation time. The macromolecule
Gd-2 (M, = 1576 g/mol) is 1.9 times larger than AdM,, = 831
g/mol), and its rotational correlation timex(= 238 ps) is 1.9 times
that of Gd4 (g = 125 ps). At 20 MHz, Gd-TREN-bisHOPO-
TAM-Asp-Asp,-120H @) has a relaxivityry, = 14.3 mMt s71
(pH 7.2, 25°C), barely 1.6 times greater than that of the monomer
Gd-1 (rip = 8.8 mM1s1, pH 8.5, 25°C). However, at 90 MHz,
the dendrime® has a relaxivityr;, = 18.0 mM st (pH 7.2, 25
°C), 1.8 times that ol (r;p~ 9.8 mM1s7%; pH 7.2, 25°C). This
increase in relaxivity is thus consistent with the increase in rotational

(1) Toth, E.; Helm, L.; Merbach, A. ETop. Curr. Chem2002 221, 61—
101

(2) Aime, S.; Botta, M.; Fasano, M.; Terreno, Ehem. Soc. Re 199§ 27,
19—-29.

(3) Caravan, P.; Ellison, J. J.; McMurry, T. J.; Lauffer, R. ®hem. Re.
1999 99, 2293-2352.

(4) Cohen, S. M.; Xu, J.; Radkov, E.; Raymond, K. N.; Botta, M.; Barge, A.;
Aime, S.Inorg. Chem.200Q 39, 5747-5756.

(5) Doble, D. M. J.; Melchior, M.; O'Sullivan, B.; Siering, C.; Xu, J. D;
Pierre, V. C.; Raymond, K. Nlnorg. Chem.2003 42, 4930-4937.

(6) Pierre, V. C.; Melchior, M.; Doble, D. M. J.; Raymond, K. Norg.
Chem.2004 43, 8520-8525.

(7) Nicolle, G. M.; Toth, E.; Schmitt-Willich, H.; Raduchel, B.; Merbach, A.
E. Chem. Eur. J2002 8, 1040-1048.

(8) Tath, E.; Pubanz, D.; Vauthey, S.; Helm, L.; Merbach, Ahem. Eur.
J. 1996 2, 1607-1615.

(9) Tath, E.; Merbach, A. EACH Models Chem1998 135 873-884.

(10) Wiener, E. C.; Brechbiel, M. W.; Brothers, H.; Magin, R. L.; Gansow,
O. A; Tomalia, D. A.; Lauterbur, P. GMagn. Reson. Medl994 31,
1-8.

(11) Fischer, M.; Vogtle, FAngew. Chem., Int. EA.999 38, 885-905.

(12) Segura, M.; Sansone, F.; Casnati, A.; UngaroSRnthesis2001, 14,
2105-2112.

(13) Aime, S.; Botta, M.; Crich, S. G.; Giovenzana, G.; Pagliarin, R.; Sisti,
M.; Terreno, E.Magn. Reson. Chem998 36, S200-S208.

(14) Paper no. 14 in the series “High Relaxivity MRI Agents”; for the previous
paper in the series, see: Thompson, M. K., Doble, D. M. J.; Tso, L. S;
Barra, S.; Botta, M.; Aime, S.; Raymond, K. forg. Chem2004 43,
8577—-8586.

JA045263Y

J. AM. CHEM. SOC. = VOL. 127, NO. 2, 2005 505



