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Dual imaging probe

In the design of dual-imaging probes, the first functionalized and neutral heterobimetallic Re(I)-Gd(III)
complex, highly soluble in aqueous solutions, has been prepared. This system exhibits interesting photo-
physical properties (Jem =578 nm, ¢ = 1.4%) for optical imaging and substantial higher relaxivity (r; -
=6.6mM~'s™! at 047 T and 37°C) than the clinically used MRI contrast agents. Moreover, this
system incorporates an aromatic ester functionality suitable for bioconjugation.

© 2013 Elsevier Ltd. All rights reserved.

Re(I) complexes of general formula [ReX(CO);(N~N)]* where
N~N indicates a chelating o,o’-diimine ligand (such as 2,2’-bipyri-
dine (bpy) or 2-pyridyltriazole (pyta)) and X a neutral monoden-
tate ligand (azaheterocycle such as pyridine) are currently
attracting much interest for their wide applications in bioimaging.
These complexes have found uses as biological probes because of
their kinetic inertness in many different chemical and biological
environments, as well as their rich physico-chemical behavior
and their general synthetic flexibility and modularity of the X
component.

These complexes are well known as triplet metal-to-ligand
charge transfer (3MLCT) luminescent systems with useful photo-
physical properties.! They can luminesce at room temperature,
with excitation and emission in the visible domain (350-600 nm)
and exhibit long-lived emission (us domain) which potentially
can overcome the major drawback of organic fluorophores, that
is the superposition of short-lived fluorescence of biological mate-
rials. As a consequence, these complexes are exploited in in vitro
optical imaging, that is cellular imaging using fluorescence micros-
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copy.? A wide range of such d® complexes have also been shown to
be highly effective sensitizers for lanthanide(III) ions (Yb(III) and
Nd(III) in particular) which open perspectives for optical bioimag-
ing in the NIR domain (900-1200 nm).? Recently, it has been dem-
onstrated that these metal tris-carbonyl species may be used as IR
bio-imaging labels, thanks to their specific IR signal in the 1800-
2000 cm™! region, where biological samples are transparent.* Fi-
nally, the derivatization of the coligand X opens many avenues to
bioconjugation or to the formation of hetero dinuclear complexes
through the introduction of another chelating unit.>®

On the other hand, the design of multi-imaging probes, allowing
to combine strengths of several imaging modalities was intensified
in recent years due to the emergence of molecular imaging sci-
ences.’” In this context, heterobimetallic complexes based on rhe-
nium(l) architectures are promising dual-imaging probes,
combining both optical imaging and other imaging modalities such
as (i) magnetic resonance imaging (additional Gd(III) core),5< (ii)
single photon emission computed tomography (additional '''In
or %™Tc¢ core),®® (iii) positron emission tomography (additional
89y, 64Cu or %8Ga core).

In this Letter, we report the synthesis of a new bifunctional neu-
tral probe for bimodal imaging, based on fluorescence (Re core)
and magnetic resonance (Gd(IIl) core) imaging modalities (com-
pound 1, Scheme 1).2 On one hand, this hybrid platform uses a
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Scheme 1. Structures of compounds 1-3.

functionalized 2,2’-bipyridine moiety (2, bpyCOOMe) which allows
both a photosensitization of the rhenium center as well as biocon-
jugation by means of the aromatic ester functionality.® On the
other hand, the chelating part of Gd(IIl) metal uses a 2,2’-bipyri-
dine-based polyaminocarboxylate compound (3), which presents
a promising ligand for MRI and optical imaging based on Ln(III)
ions.!® Moreover, an '''In.3 bioconjugate was recently used with
success by some of us as a molecular nuclear imaging agent for
the visualization of CCK2R positive tumours in small animals.'!

The synthesis of starting materials, 4-functionalized 2,2’-bipyr-
idine ligands 2 and 6 is depicted in Scheme 2.

Compound 2 was prepared through a Stille cross-coupling reac-
tion between 2-(tri-n-butyl-stannyl)pyridine and methyl 2-bromo-
pyridine-4-carboxylate in the presence of Pd(P(Phs);) as the
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Scheme 2. Preparation of compounds 2 and 6. Reagents and conditions: (i)
Pd(PPhs)4 (0.2 equiv), CuBr (0.16 equiv), toluene, 140 °C (microwave 260 W), 2 h,
72%; (ii) K,CO3 (1 equiv), methanol/water (2:1), rt, 24 h, 89%; (iii) 4-picolylamine
(1.3 equiv), PyBOP (1.6 equiv), iPr,NEt (5 equiv), CH,Cl, rt, 48 h, 79%.

catalyst. Under microwave irradiation, this reaction was completed
in 2 h and afforded the desired product in 72% yield after purifica-
tion on alumina column. The fully protected bifunctional chelating
agent 4 was synthesized in four steps from commercially available
reagents as described previously (45% overall yield).? After a selec-
tive hydrolysis of the methyl ester group, the resulting carboxylic
acid function was activated with a phosphonium-HOBt peptide
coupling reagent (PyBOP). The formation of an amide bond be-
tween this in situ activated carboxylic function and the amino
group of 4-picolylamine afforded the desired product 6 in 79% iso-
lated yield.

With these building blocks in our hands, the dinuclear Re/Gd
complex 1 was prepared in a four step synthesis in an overall yield
of 18% (Scheme 3). Complexation to the tricarbonylrhenium core
was achieved by refluxing a methanolic solution of the bpyCOOMe
ligand 2 with [Re(CO)sCl]. Chloride abstraction of the resulting new
fac-[Re(CO)3(bpyCOOMe)Cl] complex, 7, was achieved by AgOTf in
acetonitrile at 60 °C yielding the corresponding Re-bound acetoni-
trile molecule, 8. The substitution of the metal-bound acetonitrile
molecule by pyridine derivative 6 took place over 1 h under micro-
wave irradiation and led to Re(I) complex 9 in 56% isolated yield.
Cleavage of the tert-butyl ester protecting groups was then accom-
plished using trifluoroacetic acid at room temperature, and the
subsequent treatment of the tetracid compound with 1 equiv of
GdCls in water yields the neutral dinuclear complex Re/Gd 1.

Due to the paramagnetic nature of the gadolinium part, the purity
of this dinuclear complex 1 was established on the basis of the
RP-UPLC chromatogram and its structure determined by IR and mass
spectrometric analyses.'? This complexis soluble in water (> 0.01 M)
and its fluorescence emission and paramagnetic properties in
aerated water solutions remained unchanged for several days at
room temperature, highlighting its kinetic inertness in this medium.

UV-vis and preliminary fluorescence studies of the dinuclear
complex 1 were undertaken at room temperature in aerated Tris buf-
fer solution at pH 7.4 (Fig. 1). The electronic absorption spectrum of 1
exhibits intense absorptions centred at 247 and 315 nm (& = 27,000
and 19,000M~!'cm~!, respectively) which are assigned to
intraligand transitions [n-t* (bpyCOOMe and py-bpy moieties)]
because similar absorptions are observed for the uncoordinated li-
gands. The lower-energy absorption shoulders at ca., 340-430 nm
with extinction coefficients in the order of 2 x 10> M~ cm™! are
assigned to spin-allowed metal-to-ligand charge-transfer (MLCT)
[dn(Re) - m*(bpyCOOMe ligand)] transitions. Excitation of dinucle-
ar complex at Jexc >350 nm gives rise to a sizeable fluorescence
emission at 578 nm which is assigned to originate from a >MLCT
[dn(Re) — m* (bpyCOOMe ligand)] excited state on the basis of pre-
vious spectroscopic studies of [Re(py)(CO3)bpy] complexes.” The
complex 1 displays a quantum yield of 1.4%, sufficiently large for
detection in fluorescence microscopy. It has to be noted that photo-
physical properties of Re(I) complexes in aqueous solutions are
poorly reported in the literature.'?

In order to assess the potential of this Re/Gd complex to act as
MRI contrast agent, we estimated its relaxometric properties at
body temperature (310 K) with proton larmor frequencies of 20
and 60 MHz which correspond to magnetic fields operating cur-
rently in clinical imaging (0.2-3T). The proton longitudinal relaxiv-
ities r; of compound 1 in H,0 at physiological pH were equal to 6.6
and 6.0 mM~! s7!, at 20 and 60 MHz, respectively. These values are
1.7-1.9 times larger than those found in mono-aqua contrast
agents [Gd(DTPA)(H,0)]?>~ or [Gd(DOTA)(H,0)]~ which are cur-
rently used in clinical practice." They are also larger than those
found in some diaqua Gd(IIl) complexes such as DO3A deriva-
tives.'® Interestingly, no substantial reduction of r; value was ob-
served when 1 was incubated in phosphate-buffered saline
solution. This behavior suggests that no significant displacement
of water molecule from the Gd(IIl) coordination sphere in 1 occurs
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Scheme 3. Synthesis of dinuclear complex 1. Reagents and conditions: (i) Re(CO)sCl (1.2 equiv), MeOH, 65 °C; overnight, 91%; (ii) AgOTf (1.2 equiv), THF-CH3CN, overnight,
reflux, 100%; (iii) 6 (2.5 equiv), THF, 105 °C (microwave 155 W), 1 h, 56%; (iv) (a) CF3COOH (300 equiv), CH,Cl,, rt, 24 h; then, (b) GdCl; 6H,0, H,0 (pH 5-6), rt, overnight, 36%
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Figure 1. Absorption and emission (inset, Zexc = 365 nm) of dinuclear complex 1 in
50 mM tris buffer (pH 7.4) at 298 K.

in the presence of phosphate anion.!® We have also investigated
the relaxometric properties of 1 on a larger range of magnetic fields
(0.01-60 MHz). The resulting NMRD relaxivity profile of 1 at 310 K
(Fig. 2) revealed a high relaxivity at all magnetic fields and has the
typical shape for a low-molecular-weight Gd complex. These val-
ues are larger over the whole magnetic field range than those of
the parent complex Gd.3. This is probably the result of the increase
in the molecular weight of 1 with a concomitant slower tumbling
in solution, that is an increase in the rotational correlation time
(TR).

Finally, no significant binding of the dinuclear complex 1 with
Human Serum Albumin (HSA) was detected. In the presence of
4% HSA, relaxivity value r; of 74mM~'s™! was observed at
20 MHz and 310 K. Such weak increase (<15%) of the r; value does
not indicate a significant interaction of the complex with HSA.!”
This result is promising, since a molecular imaging agent must spe-
cifically bind to its target while avoiding non-specific interferences
with blood macromolecules such HSA.

In conclusion, a trifunctional system combining a tridentate do-
nor set for complexation of a {Re(CO);} moiety, an octadentate do-
nor set for complexation of a Gd(Ill) ion and an aromatic ester
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Figure 2. 'H NMRD relaxivity profile of dinuclear complex 1 (closed circles), Gd 3
(open circles) and Gd-DTPA (closed triangles) in water at 310 K. The lines are drawn
to guide the eyes.

group suitable for a subsequent bioconjugation has been conve-
niently prepared. This system is highly soluble in water and aque-
ous buffer solutions, retains exploitable 3MLCT emission
characteristics of the Re(I) moiety for fluorescence imaging and
displays a high relaxivity of the Gd(IIl) component promising for
MRI. This hybrid system once bioconjugated with a given targeting
vector will exhibit a unique biodistribution profile for two imaging
probes. It should be useful for in vivo detection of pathologies via
MRI and for supporting surgical guidance via intraoperative fluo-
rescence imaging.
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