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With seven unpaired electrons and a long electronic relaxation

time, Gd' is ideal for use as a relaxation agent in Magnetic HN/J*o nNo
Resonance Imaging (MRI). Its high toxicity, however, requires that ch*_'sMe E:N“:Hz
it be complexed by a strong chelator for in vivo applications. o b
Current commercial poly(amino carboxylate)-based chelates have N No N So

only one water molecule coordinated, which exchanges too slowly
with the bulk solvent such that it limits the image enhancing
capability (relaxivity, ryp) of macromolecular derivativésThe
development of second generation agents, for example, site-specific
requires much higher relaxivity. As predicted by the Solomon
Bloemberger-Morgan theory, this can be achieved by increasing
the number of water molecules coordinated to the' Gdthout
destabilizing the complek.

We have previously reported hydroxypyridonate (HOPO)-based
Gd'" chelates which display high relaxivity while maintaining high
stability 3 In these complexes, the atenters are eight-coordinate
with a bicapped trigonal prism geomethSince the ligands are

hexadentate, water molecules occupy two of the coordination sites

of Gd", resulting in a relaxivity double that of commercial agents.
These complexes exchange water rapidly ¢ 108 s™1) through

an associative interchange mechanism, suggesting that the eight

and nine coordination states are close in enérfiyis is supported
by the structure of the l'a analogue of TREN-1-Me-3,2-HOPO
which crystallized as a dimer, with one La being eight-coordinate
and the other nineThe crystal structure of Gd-TREN-1-Me-3,2-
HOPO indicates that filling the open coordination site of'Gaith
a third water molecule would result in minimal distortion of the
complex? This indicates that it would be possible to stabilize the
nine coordination state to achiege= 3 complexes which would
still maintain high stability. One possibility to achieve this is to
graft a hydrogen bond acceptor, such as an amine, on the
terephthalamide moiety. A significant hydrogen bonding interaction
between the amine and another water molecule close to the Gd
could facilitate its coordination.

Three derivatives of Gd-TREN-bisHOPO-TAM-Me (Gde)

bearing either one, two, or three pendant amines were synthesized

(Figure 1). Their 1T; NMRD profiles (Figure 2) indicate that the
relaxivity of the smaller GAN1 is noticeably higher than that of
the intermediate G2, which is, in turn, higher than that of the
larger GAN3. The refinement parameters (Table 1) indicate that
all three complexes have similar electronic relaxation time% (
and 7,), and that their rotational correlation timesg, are
proportional to their molecular weight. The large difference in
relaxivity observed, which is inversely proportional to the size of
the complexes, is therefore not due to a changs,itout rather to

an increase in the number of inner sphere water molecglder
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Figure 1. Gd-TREN-bisHOPO-TAM-Me (Gdvie) and the amine deriva-
tives GAN1, GdN2, and GdN3.
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Figure 2. 1/T1 NMRD profile at 298 K and pH 7.4 of G{1 (H), GdN2
(»), GAN3 (@), and GdMe (O).
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Table 1. Stability and Refinement Parameters of the 1/T; NMRD
Profiles of Gd-N1, Gd-N2 and Gd-N3

Gd-Me® Gd-N1 Gd-N2 Gd-N3
p 20.1 19.5 20.0 18.8
298, 8.7 11.1 9.7 9.0

(mM—l S—l)a

q 1.94+0.09 2.82+0.08 2.3%+0.07 1.98+0.05
Tr (PS) 110+ 2 110+ 5 114+ 3 127+ 3
A2(10%9579) 12402  13+02  14+£01 13401
7y (ps) 17.1+£0.3 18.7+0.9 19.2+0.4 20.0+£0.9
Tm(NS) 8.0+09 26+09 3 2.1+ 0.8

aAt 20 MHz. ® Determined from the temperature dependence of the
paramagnetic contribution to the wafé® NMR ry,. ¢ Fixed.

the smaller GAN1.2 Refinements of the NMRD profiles indicate
that GANS3, like the parent methyl derivative, GQde, bears two
inner sphere water molecules, whereas NEdeoordinates three.
The intermediate G!#N2 displaysq = 2.4(30.1), indicating that at
room temperature the eight and nine coordination states are present
in almost equal proportiors.

Further evidence of the 8.5 coordination number of KEti{at
298 K) was obtained by temperature dependence of the paramag-
netic contribution to the watéfO NMR transverse relaxation rate
(Supporting Information). Unlike G&#3, Gd-N2 does not display
the exponential decrease of, with temperature, typical of
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Figure 3. Proposed hydrogen bonding network of Gid-and GdN3.

Figure 5. Proposed model for the pH dependence of the hydrogen bonding
network of GAN2.
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"a;,- ST TS Ao ammonium can no longer hydrogen bond to, and stabilize, the
204 wh ‘om 4 . . . . X
A coordination of a third water molecule. The resulting complex is
il . ¢ Il 1 only eight-coordinate, with lower relaxivity.
S 121 el ....q.-"" 1 The stabilities of the three Gdcomplexes were measured by
% o LR E i spectrophotometric titration against DTPA. All complexes are highly
i " if 1 stable, with pM valugd comparable to those of the commercial
agents Gd-DTPA (19.2) and Gd-DOTA (194n particular, the
il e e s e Aa A a4 stability of GAN1 (pM = 19.5) is similar to that of the parent
pH Gd-Me (20.1)¢ This indicates that coordination of a third water
Figure 4. The pH dependence of the longitudinal relaxivityy) of Gd- molecule does not destabilizes the'Gdomplex.
N1 (black squares), Gtz (open circles), and GiIi3 (gray triangles). In summary, this report describes the increase of the hydration

number of HOPO-based @Wdcomplexes by substituting the TAM
podand with a moiety capable of hydrogen bonding a third water
molecule close to the metal center. The resulting nine-coordinate
Gd" complex is the first displaying three inner sphere water

complexes with fast water exchang&he “S” shaped profile
observed, characteristic of two overlapping decays, indicates a
change in coordination number with temperature. The nine-

coordinate complex is predominant at high temperature, and themolecules and high stability. The ensuing high relaxivity of this

elght-coordlnate one at low temperature. . small complex renders it a promising candidate for the development
Since no change in electronic parameters is observed, we do not

believe that the difference iq is due to a change in the ligands of second generation contrast agents.
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an intermolecular bond to a water molecule, such that the complex
remains eight-coordinate. Such hydrogen bonding networks haveReferences
already been observed in several crystal structures of lanthanide
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