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Abstract—We report the synthesis and the properties of the Gd(III) complex with 4 (H,dotetra), a novel mixed pendant-arm
macrocyclic ligand embodying a tetrazole subunit in a N5O; donor set as a potential magnetic resonance imaging (MRI) contrast

agent. © 2002 Elsevier Science Ltd. All rights reserved.

Azacrowns such as 1,4,7,10-tetraazacyclododecane
(cyclen) have a broad spectrum of applications.! Their
properties have been thoroughly investigated in the
design of magnetic resonance imaging (MRI) contrast
agents (CAs) based on their paramagnetic (S=7/2) Gd
(IIT) complexes® as well as diagnostic/therapeutic radio-
pharmaceuticals carrying radionuclides such as °°Y,
6467Cu or '"In.? In order to optimize efficiency in MRI
applications, numerous macrocyclic ligands have been
synthesized with a wide spectrum of structural features,
based on the tetraacetic derivative (1,4,7,10-tetra-
azacyclododecane-1,4,7,10-tetraacetic acid, H,dota).
Isosteric replacement of functional groups (e.g. CO,H)
represents one strategy used in medicinal chemistry for
the rational modification of a lead compound to yield
safer and more effective agents.* Generally, in non-clas-
sical isosteres the carboxylate group is replaced by one
of the following: (a) point-charge monoprotic acids
(e.g. hydroxamic acids and acylsulphonamides), (b) tet-
rahedral oxyacids (e.g. PO;H,, SO;H and derivatives),
(c) charge-distributed monoprotic acids (e.g. tetrazoles
and 1,2,4-oxadiazolones). Over the past two decades,
several isosteres of H,dota, including phosphonic,
phosphinic and sulphonic acids and carboxamides have
been currently evaluated as potential MRI agents.> To
further clarify the structure—activity relationship (SAR)
and to address the role of the CO,H group in H,dota-
related CAs, we have examined the effect of an isosteric
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replacement for the CO,H at a carbon atom of a
pendant arm. Accordingly, the tetrazole derivative 4
(H,dotetra) was selected for synthesis and evaluation
(Scheme 1).

This nitrogen-rich five-membered heterocycle (a strong
o-donor and weak m-acceptor ligand) shows a remark-
able similarity in size and shape to the carboxyl group
and displays acidic properties with pK, 4.9-5.6 versus
4.2-4.6 for carboxylic acids.® Our initial efforts on the
preparation of 4 from the known tri(ferz-butyl)ester
hydrochloride 17 proved less straightforward than its
structure would suggest. Attempts to directly alkylate 1
with either 5-chloromethyl-1H-tetrazole® or 2-benzyl-5-
chloromethyl-2H-tetrazole’ in refluxing MeCN in the
presence of K,CO; yielded intractable mixtures show-
ing little or no evidence of containing the desired
tetrazole derivatives. The failure of this approach led us
to attempt the alkylation step prior to installing the
tetrazole moiety. The modification of a single pendant
arm of H,dota to afford the tetrazole derivative 4 was
attempted by the method of Duncia!® as outlined in
Scheme 1. Alkylation of 1 with N-(2-cyanoethyl)-2-
bromoacetamide'! in MeCN at rt (24 h) in the presence
of K,CO; provided cyanoethylamide 6'> (69% yield).
To our disappointment, treatment of 6 with TMSN; in
the presence of diisopropyl azodicarboxylate (DIAD)
and PPh; in THF under various reaction conditions
failed to effect the cyclization of the putative intermedi-
ate imidoyl azide'? to the protected tetrazole 7. Then we
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Scheme 1. Reagents and conditions: (a) BrCH,CONHCH,-
CH,CN, K,CO,, CH;CN, rt, 24 h; (b) TMSN;, DIAD, TPP,
THF, rfx; (c) DBU, MeCN, rt; (d) CICH,CN, KI, K,CO;,
MeCN, rfx, 3 h; (¢) TMS-N;, Bu,SnO, PhMe, rfx, 4 h, then
5% aq. HCL, rt, 0.5 h; (f) 12N HCI, rfx, 2 h; (g) TFA, rt, 24
h.

turned our attention to nitriles as dipolarophiles in the
intermolecular [3+2] cycloaddition for the assembly of a
tetrazole ring in 4. Thus, 1 was reacted with freshly
distilled CICH,CN under heterogeneous conditions
(K,CO;, cat. KI, MeCN, reflux, 3 h) to afford the
required nitrile 2'? in 76% isolated yield. Subsequent
thermal [3+2] cycloaddition of 2 with HN; (or equiva-
lents, i.e. NaN;-NH,CI-LiCl in DMF,'* NaN,;-AICl,

in THF," or Me;SnN; in o-xylene'®) under various
conditions gave erratic results. Gratifyingly, reaction of
2 with TMSN; in refluxing toluene (4 h) in the presence
of 1.0 equiv. of Bu,SnO'%!7 resulted in the tetrazole
triester 3'2 in 56% isolated yield after acidic workup
(5% aq. HCI, rt, 0.5 h) to protodestannylate the 5-
stannyltetrazole product. Full deprotection of fert-butyl
esters in 3 to reach the target 4'> (91%) was cleanly
achieved with 12N HCI at reflux (2 h), whereas selective
deprotection took place in neat TFA (rt, 24 h) yielding
the symmetrical diacid 5'? in 85% yield.

The protonation constants of H,dotetra 4 were deter-
mined by conventional pH potentiometry [pK,, 11.2(4),
pK.» 9.1(8), pK,; 4.7(2), pK,4 3.3(8)]. The Gd(I1I) com-
plex of 4 Na*"[Gd-4]" was synthesized by mixing a
stoichiometric amount of Gd(III) chloride hexahydrate
with an aqueous solution of 4, while maintaining the
pH at 7.5 by the addition of IN NaOH. Excess free
Gd(III) ion was easily removed by precipitation of
Gd(OH), at basic pH, followed by centrifugation of the
precipitate. The key requirements for a potential Gd-
containing contrast agent are: (i) high thermodynamic
and kinetic stability (vide infra), (ii) good water solubil-
ity, (iii) low osmolality and (iv) marked ability to
enhance the relaxation rate of solvent water. The mag-
nitude of this effect is generally expressed as relaxivity
(R'P), the latter being function of many parameters (i.e.
the denticity and the nature of donor atom set). Relax-
ivity measurements (pH 7.4, 298 K, 0.47 T) with Na*
[Gd-4 gave values of R'"?=48 mM! s
Interestingly, this value is higher than those reported
for octadentate ligands such as Gd(dota)™'® and
Gd(dtpa)>~ (dtpa is diethylenetriamine—pentaacetic
acid),'® both used nowadays in clinical applications on
a routine basis.?® A careful analysis of R'P at various
frequencies strongly suggests a close similarity of [Gd-
4] with Gd(dota)": H,dotetra should then be coordi-
nated to Gd(III) ion in an octadentate fashion via five
N atoms (four of the macrocycle rim and one of the
tetrazole ring) and three carboxylate oxygens (N;O,
donor set) with one water molecule in the inner sphere.
The kinetic stability of Na*[Gd-4]" was assessed by
measuring the pH dependence of relaxivity in a closed
cell under dinitrogen with CO,-free KOH. Under these
conditions R'P remains constant in the range 2<pH<
11.5 (Fig. 1).
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Figure 1. Relaxivity as a function of pH for [Gd-4]" (25°C,
0.47 T).
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A high in vivo stability of the complex under normal
metabolic conditions is required as free Gd(III) is
highly toxic and is retained in the liver, spleen and
bone. Potentiometric determination of the Na*[Gd-4]"
thermodynamic stability constant K4, gave a log Kgqr.
19.0, indicating a reasonable stability compared to the
lowest value (16.85) for Gd(dtpa-bma), a commercially
used MRI agent (Omniscan™, Nycomed). The tetra-
zole, like other surrogates of the CO,H function, would
be expected to have a pronounced effect on the
metabolic stability'® of the ligand; consequently, it was
thought that it was poorly adsorbed, thus exhibiting an
even better safety profile. Furthermore, we can envisage
for the tetrazole group the occurrence in vivo of non-
covalent interactions with slowly moving biomolecules
such as proteins. This could lead to CAs with longer
correlation times and consequently higher relaxivity.
Specific tissue affinity could also be improved. In sum-
mary, we have shown that H,dotetra 4, arising from
isosteric substitution of a single CO,H pendant arm by
a tetrazole moiety, represents a good framework to
produce an octadentate NsO; ligand system for Gd(III)
ion. The resulting complex Na*[Gd-4]~ exhibits a satis-
factory stability and interesting relaxometric properties
that make it suitable for MRI applications.
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