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Abstract: A simple Ugi tetrazole multicomponent reaction
allows the synthesis of a novel macrocyclic cyclen deriva-
tive with four appendant tetrazole arms in just two steps
in excellent yields. This ligand, called TEMDO, turns out to
have a high complexation affinity with lanthanoid metals.
Here we describe the design, synthesis, solid-state struc-
ture, binding constant, and some MRI applications of the
Gd-TEMDO complex as the first example of a congeneric

family of oligo-amino tetrazoles.

- /

Since its discovery in 1971, magnetic resonance imaging (MRI)
has evolved into a major medical imaging technique and has
rapidly found its way into daily clinical diagnostics." Today,
more than 20000 MRI scanners are operating in hospitals
worldwide and more than 50 million clinical MRI examinations
are performed every year. The impact of this breakthrough
technology for mankind was honored by the Nobel Prize in
Physiology or Medicine in 2003.”) As opposed to other imaging
techniques, MRI is a radiation-less method and is widely used
in medical diagnosis and staging of disease. Although MRI
does not, in principle, require contrast agents, their use dra-
matically accelerates acquisition times and signal intensity. MRI
contrast agents work by accelerating the relaxation of water
protons in the surrounding tissues. Paramagnetic ions are suit-
able contrast agents and, amongst them, gadolinium (Gd*>™)
complexes are by far the most widely used MRI contrast
agents, owing to their seven unpaired electrons, slow electron-
ic relaxation, and excellent complex stability. Although clinical-
ly approved MRI contrast agents are generally considered to
be safe, a small number of fatalities were reported likely due
to nephron- and neurotoxicity by Gd-leakage.”’ In addition,
not only patients with pre-existing renal failure are affected by
Gd-leakage, but also patients with other conditions showed
considerable neuronal tissue concentrations of Gd** after
being subjected to Gd-based contrast agents (GBCAs).”

Here, we introduce the first example of the novel class of oli-
goamino tetrazoles as chelating agents useful in imaging:
1,4,7,10-tetrakis((1H-tetrazol-5-yl)methyl)-1,4,7,10-tetraazacyclo-
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Scheme 1. DOTA, general formula of oligo-amino tetrazoles, TEMDO, and
retro synthesis thereof. Pg=benzyl, tert-octyl. 3-cyanoethyl.

dodecane (TEMDO, 3, see Scheme 1). We describe the design,
synthesis, solid state structure, binding constant, and some
MRI applications of the Gd-TEMDO complex.

The tetrazole is a known bioisostere of the carboxylic acid
with often superior PKPD properties.”’ For example, the tetra-
zolate allows for a wider delocalization of the negative charge
and could thus facilitate better penetration into tissue. In the
context of MRI, a tetrazolate ligand could also help to increase
proton relaxivity through changes in the metal—H distance by
electron delocalization towards the ligand. Moreover, through
subtle changes in the ligand composition and geometry even-
tually higher tilt angles between the plane of the bound water
and the metal-O bond could be induced by hydrogen bond-
ing of the coordinated water to an appropriate side group of
the chelate, which could result in a significant decrease of the
metal-proton distance. Thus, we reasoned that oligoamino tet-
razoles are suitable for MR, exhibiting different and potentially
better physicochemical and biological properties compared to
their carboxylic acid analogues. Surprisingly, oligoamino tetra-
zoles in general and specifically as MRI agents are unknown.”
Based on our longstanding expertise in multicomponent reac-
tion (MCR) chemistry and its versatility, speed and ease-to-per-
form, we choose MCR as a perfect tool to assemble this func-
tional material class of MRI agents.”’ As a first synthetic target
of the class of the oligoamino tetrazoles (2), we chose the tet-
razole analogue (3) of DOTA® (1) (Scheme 1).

In our retrosynthesis, we envisioned that TEMDO can be fast
and convergently synthesized by applying an Ugi tetrazole re-
action from available cyclen.” The unprotected TEMDO ligand
suitable for metal complexation has to be generated by cleav-
age of the isocyanide substituent. In principle, several cleava-
ble isocyanides such as Walborsky's, benzyl-, or tert-butyl are
suitable; however, we have chosen (-cyanoethyl isocyanide 4
here, owing to its mild cleavage conditions.

In fact, after some optimization of the reaction conditions
we could obtain the Ugi tetrazole product 8 in quantitative
yields by reacting the commercially available starting materials
cyclen 5, paraformaldehyde 6, and TMS azide 7, as a safe hy-
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Scheme 2. Two-step UT-MCR synthesis of the TEMDO ligand 3.

drogen azide source and [}-cyanoethyl isocyanide 4
(Scheme 2). The four p-cyanoethyl groups can be cleaved
under mild conditions using NaOH in acetonitrile/water at
room temperature. The crude product was purified by precipi-
tation at pH 7.75, to give neutral TEMDO ligand (86 %) in high
purity. Next, the chelating property of TEMDO towards the lan-
thanide element gadolinium was assessed. The Gd** complex
of TEMDO was prepared by either 1) heating the 1:1.1 mixture
of TEMDO ligand and GdCl; in water at 70°C for 7 days at
pH 6.7, or by 2) heating TEMDO (in acidic form), the approved
excipient meglumin, and GdCl; 1:1:1 in water for 7 days at
70°C. The remaining free Gd*>" was removed using ion-ex-
change resin Chelex™-100 and the clean liquid was lyophilized
to get pure Gd-TEMDO complex (>98%) as a white bench-
stable solid (Scheme 3).

o
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Scheme 3. Reaction scheme of the formation of Gd-TEMDO complex; the
counter ion sodium or meglumine is present depending on the method of
preparation.

Then we investigated the complex behavior of TEMDO to-
wards the lanthanide element gadolinium by determining its
solid state 3D structure using X-ray crystallography. The com-
plex crystallized in small rhombic shapes from water and the
solved structure is shown in Figure 1. The side by side compar-
ison of the obtained crystal structure of Gd-TEMDO with the
Gd-DOTA complex shows a surprisingly high isosterism
(Figure 1, and the video in the Supporting Information).

The central Gd** ion is surrounded by the four basal cyclen-
N and apical by the four N1 of the appendant tetrazoles in
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Figure 1. Comparison of the solid-state structure of Gd-DOTA (left column)
and Gd-TEMDO (right column). Stick representation of the crystal structures
(unbound crystal waters and counter-ions are omitted for clarity). Top row:
top-down view; bottom row: side-on view.

a highly symmetrical twisted quadratic coordination sphere. In
addition, a water molecule is coordinated on top of the twist-
ed cube in-between the four tetrazole ligands. The coordina-
tion number for Gd** is therefore 9 and the idealized complex
belongs to the chiral point group C,. In principle, nine-fold co-
ordinated Ln-complexes with C, symmetry can present
a square antiprismatic (SAP) or twisted square antiprismatic
(TSAP) geometry. Moreover, owing to their membership of the
chiral C, point group, Ln-TEMDO complexes can show the ab-
solute chirality A (left-handed) or A (right-handed). The coordi-
nation geometry of the Gd-TEMDO and Eu-TEMDO complexes
is square antiprismatic (SAP), whereas in the La-TEMDO we
have found twisted square antiprismatic (TSAP) geometry. For
example, SAP geometry is the predominant form found for the
Gd-DOTA complex in aqueous solution, besides some twisted
square antiprism.® Interestingly, the X-ray structures of the
Gd- and Eu-TEMDO reveal only one SAP enantiomer per crys-
tal, whereas La-TEMDO is present in a TSAP geometry and
both A and A enantiomers are present in one crystal (see the
Supporting Information). Similarly, in Ln-DOTA complexes, SAP
geometry is preferred over TSAP with increasing ionic lantha-
nide radius."” The complex geometry is an important parame-
ter in MRI active Ln complexes as the water exchange kinetics
are linked to its geometry and relaxivity.""! Compared to TSAP,
a SAP geometry will result in slower water exchange, but sur-
prisingly a faster relaxation.'” The comparable size of the mac-
rocyclic cavity of DOTA and TEMDO indicates that suitable
metal ions will very well fit to form thermodynamically stable
chelates." Qualitative assessment of free lanthanide ions with
the indicator xylenol orange showed that chelating generally
occurs for the lanthanides. In Table 1 we compare some key
distances between Gd*" with DOTA and TEMDO and its coordi-
nation towards N and O in solid state. The similarity of the
alignment between Gd*" and both DOTA and TEMDO ex-
pressed in distances gives an average difference of 0.09 A
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Table 1. M—O, M—N, and M—N’ bond lengths in the 9-coordinated Gd-
DOTA and TEMDO complexes.

Complex M-N M-0 M—N’ M-0’
A [AJ®! [A]¢ [A]
[GA(TEMDO)(H,0)] 2.712 - 2475 2.434
[La(TEMDO)(H,0)] 2.780 - 2616 2.507
[GA(DOTA)(H,0)] 2.648 2.377 - 2.458

[a] N represents the basal rim nitrogen. [b] Metal coordination to the four
surrounding carboxylates. [c] Metal coordination to the tetrazoles nitro-
gen N'. [d] Average distance between the metal and water molecule.

RMSD. Such minor changes in bond length and angle, howev-
er, can have profound effects on how well the ion is held, the
residence time of the water molecule, and its exchange rate.""

The chelating properties of Gd-TEMDO were accessed by de-
termination of the thermodynamic stability constant using col-
orimetry (Table 2)."”" The stability constant 16.6 confirms the
strong chelating properties of the macrocyclic TEMDO, similar
to Gd-(DTPA-BMA), a marketed MRI contrast agent (Omniscan,
16.8), though lower than Gd-DOTA. Studies on Gd*>™ release re-
vealed that not only thermodynamic stability, but also kinetic
inertness and elimination rate of the complex, plays an impor-
tant role in the amount of free Gd*" in vivo.'"”? Kinetic inert-
ness expressed as dissociation rate is therefore important to
predict toxicity through Gd** leakage (Table 2). However, due
to the general observed fast excretion of Gd-based contrast
agents the complex is not long enough in the body to estab-
lish thermodynamic equilibrium. The lower stability constant of
Gd-TEMDO as compared to the DOTA complex is thus com-
pensated by a two orders of magnitude slower release of Gd*"
from the TEMDO complex

Table 2. Binding constants and kinetic data of Gd>* complexes.

Metal complex Log K Kon ky

[M 1S 1]Laj [M 1S 1]Lb]
[GA(TEMDO)(H,0)] 16.6 3474+05x10° 1.20£0.5x10°®
[GA(DOTA)(H,0)] 24119 5.16+0.5%x10° 3.20+0.5%x10°¢

[a] Formation rate, experimentally determined for both TEMDO and DOTA
by UV/VIS spectrometry. [b] Dissociation rate. [c] Value determined under
identical conditions used for TEMDO (lit. value for Gd-DOTA 24.7;
ref. [16]).

Finally, we investigated the usefulness of Gd-TEMDO for
magnetic resonance imaging. In a Bruker 9.4 T 400 MHz small
bore MRI apparatus, we ran relaxation experiments resulting in
phantom images of Gd-TEMDO (Figure 2). From the phantom
images we calculated a relaxivity r, of 20 mm's™', which was
lower than the Gd-DOTA value of 6.0 mm 's™' (measured
under identical conditions at ambient temperature), but being
in the same range a promising starting point for further intro-
duction of variations on TEMDO. However, the T,-weighted
images, as expected, show a concentration-dependent increase
of the relaxation rate of the solvent water protons associated
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Figure 2. Gd-TEMDO MRI. a) T,-weighted MRI phantoms of Gd-TEMDO prov-
ing concentration-dependent T, shortening. b) MRI obtained from isoflur-
ane-anaesthetized mice, c) taken 30 min after intraperitoneal injection (I.P.)
of Gd-TEMDO (0.6 mmolkg ™). Left: the heart fully visible; right: heart with
reduced brightness, the damaged tissue remains visible, owing to absorbed
Gd-TEMDO following the red line.

with Gd-based contrast agents. In vivo assessment of Gd-
TEMDO was performed through delayed contrast-enhanced
MRI. Some Gd-based contrast agents such as Gd-DOTA accu-
mulate in damaged myocardium tissues, diffusing from the in-
travascular into the interstitial space, unable to enter intact
cells. Delay in measurement causes the majority of agent to
wash out, and contrast agent absorbed in damaged tissue pro-
vides enhanced contrast.”” In a left-coronary-artery occlusion
murine animal model, we investigated Gd-TEMDO to image
the myocardial infarcted tissue. This clearly shows that the
TEMDO contrast agent is absorbed in damaged tissue and the
enhanced contrast is shown in Figure 2.

In summary, we have described design, synthesis, X-ray
structure, binding and some applications of the first example
of a new class of Ln chelators with potential for use in MRI as
Gd-based contrast agents. The macrocyclic TEMDO ligand is
easy accessible by only two synthetic steps, in excellent yields
employing a Ugi tetrazole multicomponent reaction. The ther-
modynamic stability constant of our first Gd** complex is com-
parable to clinically used Gd-(DTPA-BMA). So far we were able
to grow diffractable crystals of the Gd", Eu" and La" com-
plexes. Moreover we were able to show proof-of-principle, uti-
lizing the Gd-TEMDO complex as contrast agent and visualizing
myocardial infarcts in mice. Further analysis of the complex
confirms comparable structural features as compared to mar-
keted Gd-based contrast agents, a very good starting point for
future development of this new class of oligotetrazolo-based
metal complexes.

Experimental Section

For details, see the Supporting Information.

All animal experiments were performed in accordance with the na-
tional guidelines on animal care and with prior approval by the
Animal Experimentation Committee of University of Groningen.
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