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The prominence of magnetic resonance imaging (MRI) as a
medical diagnostic technique has prompted intense interest in the
development of contrast agents. The primary clinical contrast agents
are nine-coordinate gadolinium (&jicomplexes based on a poly-
(amino carboxylate) ligand and function by enhancing the relaxation
rate of water protons:2 The image enhancement capability (proton
relaxivity, rip) of current clinical contrast agents is only a few
percent of that theoretically possibfedue to the presence of only Gd Gd-2
one inner sphere water molecule and a short rotational correlation g re 1. Gd-TREN-bis(1-Me-HOPO)-(TAM-Me)(bD), (Gd-1) and Gd-
time. When the rotational correlation time is optimized, the slow TREN-bis(6-Me-HOPO)-(TAM-TRI)(HO), (Gd-2).
water exchange raté ~ 10° s1) becomes the limiting factor in

attaining higher relaxivities.Therefore, any rational design of a 100 = GdLH G
high-relaxivity contrast agent requires a thorough understanding 8o 4 944
of the mechanism of water exchange at the metal center.

The Gd' complexes based on a hexadentate, hetero-tripodal 60 1

hydroxypyridonate (HOPO) ligand, such as [Gd-TREN-bis(1-Me-
HOPO)-(TAM-Me)(H0),] (Gd-1) (Figure 1), are promising can-
didates for the development of second-generation MRI contrast
agent® In this series of complexes, the metal ion is eight-
coordinate and possesses two inner sphere water moléclies.
generally high stability and fast water exchange of the complexes
make them highly desirable as candidates for MRI. [Gd-TREN- Fjgyre 2. Species distribution diagram calculated for the Zslstem for
bis(6-Me-HOPO)-(TAM-TRI)(HO);] (Gd-2) represents anew entry 1 uM Gd'"' and 10uM 2.
into this class of complexes and is based on a hetero-tripodal ligandp,, spectrophotometric titrations in the pH-8 range using
design involving 6-Me-3,2-HOPO chelating units, as opposed to procedures previously reportédh
the 1-Me-3,2-HOPO isomer in the parent complex (GdA tri- The chemical model employed in the fitting of the'Gtitration
(ethylene glycol) is conjugated to the terephthalamide (TAM) gata closely resembles that applied in related ligand sysiénds,
chelating unit to enhance the water solubility of the complex.  with the formation of a monomeric complex with stepwise addition
The stability of a MRI contrast agent is critical, because the of yp to two protons before the complex dissociates below pH 2.5
toxicity of the agent has been shown to be directly related to the (Figure 2). The formation constant (Igty;0) of Gd-2 is 24.9, and
concentration of free Gllin vivo.® As contrast agent development  the calculated p¥ is 20.6, a value slightly higher than that of
is now oriented toward targeted imaging and longer in vivo Gd-1 (pM = 20.1)51 This can be attributed to the greater basicity
residence times are sought, the thermodynamic stability of future of the 6-Me-HOPO chelator as compared to that of the 1-Me-HOPO
agents will come under increased scrutiny. The stability of2Gd-  jsomer. Spectrophotometric competition titration against DTPA was
was assessed using both potentiometric and spectrophotometriqised to verify the stability of G@-(Supporting Information).
titration techniques. The ligand protonation constants of TREN-  The water exchange ratk.{) of Gd-2 was assessed by variable
bis(6-Me-HOPO)-(TAM-TRI) @) were determined by potentio-  temperature (VT), proton decoupl&® NMR measurement of the
metric titration. The experimental procedure, including instrumen- water nuclear transverse relaxation r&Rg)**The VT 70 NMR
tation and solution preparations, is as described in detail in previous curves for Gd2 are shown in Figure 3. The data were measured at
reports?~11 Ligand2 is slightly more basic thah, in keeping with 2.12 T (90 MHz for the proton and 12 MHz féfO) and 14.09 T
the higher basicity of the 6-Me-HOPO moiety as compared to the at pH~ 7. The curves were analyzed in terms of the Sw@bnnick
1-Me-HOPO isomet! Gd" formation constants were determined equations, rearranged in a form suitable fof'Gdrhe profiles of

Figure 3 have a shape typical of systems in the fast exchange
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Figure 3. Temperature dependence of the paramagnetic contribuRigh (

to the transvers&’O water relaxation rate of GA<(1.7 mM, pH 7.3).
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Figure 4. Pressure dependence of the increase of 1tk transverse

relaxation rate at 9.4 T and 319.9 K for Gd-

only a careful comparison of tHéO data with the NMRD profile

(from the analysis of both experiments, the same set of values for

the electronic parameters must be obtained) allows for a convincing

solution. An excellent fit of the experimental data was obtained

with g = 2, kex = 5.3 (£0.6) x 107 s71, AH¥ = 25.9 ({1.4) kJ/

mol, A2 = 0.9 £0.2) x 10?° s, 7y = 24 (£2.0) ps,Ey = 2.0

(£1.2) kd/mol, anddh = —3.8 MHz. From these parameters, it

can be seen that scalar relaxation't® is governed by exchange

and not by electron spin relaxation, thatks, > 1/T;e

0 40 200

an eight-coordinate intermediate. The very small valueAsff
indicates that the activation energy barrier for the formation of the
transition state of G@-is low and that the eight- and nine-coordinate
states of the HOPO complexes are close in energy.

In summary, this report describes a new member of the class of
hydroxypyridonate-based @dcomplexes targeted for future MRI
contrast agent development. @ds sufficiently stable for clinical
applications and has a fast rate of water exchange, a combination
of traits unique to this class of ®dcomplexes. The very fast water
exchange rate should allow for optimization of the water proton
relaxivity by slowing the molecular rotation of the complex (work
in progress). While the mode of water exchange in this class of
complexes was previously assumed to be associatifei*15
definitive proof of this mechanism has now been presented.
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