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The preparation of two M(CO)3 complexes (M=Re and 99mTc) from a novel pyridyltriazole-based ligand 2
bearing the bioactive (2-methoxyphenyl)piperazine pharmacophore are described. Spectral data, X-ray
structure and DFT calculations of the rhenium(I) complex as well as the 99mTc-labelling of 2 are reported. Both
complexes were neutral and iso-structural. Moreover, the 99mTc-complex presented a suitable lipophilic
character for its use as a CNS imaging agent.
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Over the past decade, the coordination chemistry of tricarbonyl
technetium(I) and tricarbonyl rhenium(I) cores has been intensively
studied, mainly due to the easy production of the hydrophilic air-stable
fac-[M(CO)3(H2O)3]+ precursor from the corresponding permetallates
MO4

− (M=99mTc or 186/188Re), and the extensive use of the 99mTc
and 186/188Re radioisotopes in the development of diagnostic and
therapeutic radiopharmaceuticals, respectively [1]. Interestingly, the
185/187Re(CO)3 complexes, which have been commonly used as a non-
radioactive alternative to technetium complexes for macroscopic-scale
synthesis and structural characterization, also could serve as luminescent
probes. In this latter case, the tricarbonyl rhenium core was coordinated
by heteroaromatic amine, e.g., diquinolinylamine (dqa) [2], or α,α′-
diimine such as 2,2′-bipyridine [3]. It is noteworthy that if Zubieta et al.
developed maleimide-dqa derivatives, leading to M(CO)3+ complexes
suitable for both imaging and radioimaging studies of proteins [4], the
development of functionalized bipyridines still remains a significant
challenge.

Within this context and aimingat thedevelopmentof novel rhenium
(I) and technetium(I) complexes as luminescent and/or radiopharma-
ceutical agents,we recently designedfluorescent rhenium(I) complexes
frommono-functionalized 2-pyridyl-1,2,3-triazole derivatives (or pyta)
as alternative ligands to 2,2′-bipyridines [5]. The mild reaction
conditions associated with the synthetic click approach allowed the
preparation of a large number of mono-functionalized pyta derivatives.
Nevertheless, only a few of them possess a tethering group for further
coupling to a biomolecule [5,6], and one example of pyta grafted on a
bioactive molecule (a glucose scaffold) was reported [7].

As a continuation of our research, in the present study, we
described a convenient synthesis of a novel pyta functionalized by the
bioactive (2-methoxyphenyl)piperazine moiety, this pharmacophore
being found in numerous selective 5-HT1A imaging agents [8]. The
preparation of this ligand as well as the investigation of its
coordinating ability with a tricarbonyl rhenium core has been herein
presented. Definitive characterization of the tricarbonyl rhenium(I)
complex 2-Re, of general formula [Re(CO)3Cl(k2-2)], was accomplished
by X-ray crystallography study and DFT calculations. Since bidentate
diimine are excellent ligands for the 99mTc(CO)3+ core, we also
investigated the labelling of the pyta derivative with 99mTc.
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Scheme 1.

Fig. 1.Molecular structure of 2-Re (ellipsoids drawn at 50% probability level); hydrogen
atoms have been omitted for clarity. Selected bond parameters: Re(1)–Cl(1)=2.4657
(10), Re(1)–N(5)=2.161(3), Re(1)–N(6)=2.210(3), Re(1)–C(21)=1.921(4), Re(1)–
C(22)=1.909(4), Re(1)–C(23)=1.957(4), N(3)–N(4)=1.346(4) Å; C(23)–Re(1)–Cl
(1)=176.63(11), C(22)–Re(1)–N(5)=172.11(13), C(21)–Re(1)–N(6)=173.82(14),
C(23)–Re(1)–N(5)=93.70(13), C(23)–Re(1)–N(6)=92.56(13), and N(5)–Re(1)–N
(6)=74.83(11)°.
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In order to minimize sterical interference between the metallic
chelating centre and the receptor binding part, an ethylene bridge was
used as a spacer. Thus, the azido-ligand 1, prepared by a three step
procedure, starting from the commercial chlorhydrate of (2-methox-
yphenyl)piperazine, was obtained in a 51% overall yield [9]. Compound 1
undergoes the click reaction with 2-ethynylpyridine to afford a pyta
derivative containing the (2-methoxyphenyl)piperazinepharmacophore
(scheme 1). In this case, the copper(II) salt/reducing agent system (Cu
(OAc)2.H2O, 20 mol.%/sodium ascorbate, 40 mol.%) revealed to be a
better efficient catalyst than copper(I) species used directly [10].
Compound 2was fully characterized by classical spectroscopic methods
[11]. Crystals of 2 suitable for X-ray diffractionwere obtained by the slow
evaporation of a dichloromethane/methanol solution [12]. Structural
features comparewell to those observed for related pyta derivatives [13].
Compound 2 exhibits an anti arrangement adopted by theN(5) andN(6)
atoms of the triazole and pyridine rings, respectively, and an azo
character of the 1,2,3-triazole ring, the N=N bond distance of the 1,2,3-
triazole ring being shorter than the adjacentN–CandN–Nbonds (N(4)=
N(5)=1.3133(15) Å vs. N(5)–C(15)=1.3633(15) Å and N(4)–N(3)=
1.3492(14) Å). Interestingly, a significant contribution to crystal
cohesion is provided by a network of intra-layer hydrogen bonds in
which the ligand and one lattice water molecule participate. The lattice
water molecule forms O–H···N bonds with one nitrogen of the
piperazinyl moiety of 2 (d(O(2)–H(2a)…N(2))=3.013 Å, O(2)–H(2a)–
N(2)=173.08°).

The rhenium complex 2-Re was prepared in moderate yield by
reacting ligand 2 with a slight excess of the Re(CO)5Cl precursor in
refluxing methanol (1.2:1 metal:ligand ratio). It was characterized by
the usual analytical techniques [11], including X-ray diffraction
analysis. The positive-ion DCI-MS spectrum of 2-Re showed the
parent peak [M+H]+ with the correct isotope distribution pattern
without significant fragmentation. The facial arrangement of the
carbonyl groups is evidenced from the CO-stretching absorptions in
the IR spectrum. The three strong ν(CO) stretching bands appear in
the region of 2021–1896 cm−1, indicating the presence of the fac-[Re
(CO)3]+ core [14]. In 1H NMR, a significant down-field shift (0.3 ppm)
of the signal for the triazole proton was observed, as expected [11].
Interestingly, the hydrogen resonances of the (2-methoxyphenyl)
piperazine moiety were either unchanged or exhibited very minor
shifts compared to those of the free ligand. The lack of appreciable
shifts confirms the pendant nature of the (2-methoxyphenyl)
piperazine framework. Therefore, interaction of the metal centre
with the bioactive part of the molecule can largely be excluded. This
structural feature was confirmed by the X-ray diffraction analysis of
2-Re [15]. As anticipated, the ethylene bridge keeps the (2-methox-
yphenyl)piperazine group at a large distance from the chelating part of
the molecule (Fig. 1), and precludes neither any coordinative or
hydrogen-bonding interactions with components near the coordination
sphere, nor the folding of the pendant arm towards themetal center, this
latter feature being observed with more flexible spacers, as reported by
Santos group [16]. The fact that the bioactive fragment does not interact
significantly with the metal should suggest a suitable affinity for the
5-HT1A receptors.

The coordination geometry about rhenium in 2-Re is distorted
octahedral, as illustrated by the ORTEP view (Fig. 1). The three CO
ligands are coordinated to one face of the octahedron, maximizing
Re–CO back-bonding, whereas the other face is occupied by the
chlorine and the bidentate pyta ligand, leading to a neutral complex.
Corresponding bond lengths and angles in 2-Re are unexceptional
(Fig. 1) and compare well to those observed for related complexes
[5,7]. TheRe–carbonyl bond lengths average 1.93 Å and lie in themiddle
side of the range (1.92–1.94 Å) found for other tricarbonyl–rhenium
pyta derivatives [7]. Conversely, the Re(1)–Cl(1) distance (2.4657 Å) is
the shortest observed in the Re(CO)3 complexes based on pytamoieties
(mean 2.471–2.485 Å) [5,7]. The trans bond angles fall in the range of
172.1–176.6°, showing only moderate deviations from an idealized
octahedral geometry. The most significant angular distortion is
associated with the bite angle N–Re–N angle of 74.83°. This value is a
consequence of the formation of a strained five-membered chelate ring.
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Fig. 3. Experimental (black) and calculated (red) electronic absorption spectra of 2-Re;
λmax [nm] (ε [dm3 mol−1 cm−1]): 329.9 (3270), 276.8 (11250), 241.1 (19650), and
206.1 (39730).
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The gas phase geometry of 2-Re was optimized in a closed-shell
singlet (S=1) state without any symmetry restrictions with the DFT
method using the hybrid B3LYP functional of GAUSSIAN-03 [17,18]. The
calculations were performed using the ECP LANL2DZ basis set [19] with
an additional d and f functions with the exponents α=0.3811 and
α=2.033 [20] for the rhenium and the standard 6-31G basis set for the
other atoms, respectively. For chlorine, nitrogen and oxygen diffuse and
polarization functions were added [21,22]. The vibrations in the
calculated vibrational spectrum of 2-Re were real; thus, the geometry
of 2-Re corresponds to true energy minimum. The predicted bond
lengths and angles are in reasonable agreement with the values based
on the X-ray crystal structure data, and the general trends observed in
the experimental data are well reproduced in the calculations [23].

The partial molecular orbital diagram of 2-Rewith several occupied
and virtualmolecular orbital contours is presented in Fig. 2. TheHOMO–
LUMO gap is equal to 3.32 eV. The low-lying virtual orbitals correspond
mainly to theπ-antibonding orbitals of the chelate and carbonyl ligands.
The LUMO and LUMO+1 are centered at the 2-pyridyl-1,2,3-triazole
fragmentof the chelate ligand. Thehigher virtual orbitals are delocalized
among the carbonyls and Re atom or among carbonyls, Re and chelate
ligand. The three highest occupied molecular orbitals are localized on
the (2-methoxyphenyl)piperazine part of the chelate ligand. The
HOMO-3, HOMO-4 and HOMO-5 are predominantly of dRe orbital
character corresponding to the (5dxy)2 (5dπ)4 occupation.

The electronic spectrum of 2-Re was calculated with the TDDFT
method [24], and the solvent effect (methanol)was simulated using the
Fig. 2. Energy (eV), character and some contours of the o
polarizable continuum model with the integral equation formalism
(IEF–PCM) [25]. The experimental and calculated electronic spectra of
2-Re are compared in Fig. 3. Each calculated transition is represented by
ccupied and unoccupied molecular orbitals of 2-Re.
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a Gaussian function y=ce−bx2 with the height (c) equal to the oscillator
strength and b equal to 0.04 nm−2. The TDDFT/PCM calculations well
reproduce the absorption spectrum of 2-Re in methanol. The assign-
ment of the calculated orbital excitations to the experimental bandswas
based on an overview of the contour plots and relative energy to the
occupied and unoccupied orbitals involved in the electronic transitions.
The longest wavelength experimental band of the rhenium complex at
329.9 nm originates in the HOMO-1→LUMO, HOMO-1→LUMO+1
and HOMO-4→LUMO transitions. As shown in Fig. 2, the LUMO and
LUMO+1 orbitals are centered at the 2-pyridyl-1,2,3-triazole part of
the chelate ligand, the HOMO-1 orbital has a substantial contribution
from the free electron pairs on the nitrogen atomsof thepiperazine ring,
whereas the HOMO-4 is delocalized on the whole Re(CO)3Cl unit.
Accordingly, the transitions assigned to the longest wavelength
experimental bands can be seen as mixed dRe→π⁎(chelate) (MLCT)
and π(Cl)/π(chelate)→π⁎(chelate) (LLCT) or a delocalized MLLCT
(metal–ligand–ligand CT) description can be used.

The experimental absorption bands at 276.8, 241.1 and 206.1 nm
are attributed to the metal-to-ligand charge transfer (occurring from
the rhenium ion to the π-antibonding orbitals of the chelate ligand or
π-antibonding orbitals of the carbonyl groups), ligand–ligand charge
transfer and intraligand (IL) transitions (see Table 1 in supplementary
data). As expected, 2-Re exhibited fluorescence at room temperature
in the MeOH solution (λexc=330 nm, and λem=522 nm) [26]. Its
observed that the quantum yield (Φ=0.32%) is in agreement with the
values measured for other Re(I) complexes of the type [Re(α,α′
diimine)(CO)3X] (α,α′-diimine=2,2′-bipy or pyta, X=halogene) [7].

The technetium-99m being one of the most relevant isotopes for
imaging purposes, the 99mTc-labelling of 2 was evaluated. The
radiocomplex 2-99mTc was prepared in excellent yield (N95%) using
the fac-[99mTc(CO)3(H2O)3]+ precursor (see supplementary data).
After 20°min at80°C, [99mTc(CO)3(H2O)3]+haddisappeared completely
and the formation of a new product, 2-99mTc, was observed in the
radiochromatogram. Its radiochemical purity assessedby ITLCwasN98%
after RP-HPLC purification. In addition, we demonstrated that the
radiolabelling of 2 could be performed at room temperature but it
required a longer reaction time. The chemical identity of 2-99mTc was
determined by comparing its analytical HPLC profile with the HPLC
profile of the rhenium analog 2. Since the retention time of the
99mTc-complex is similar to that of the “cold” Re-complex (11.9°min for
2-Re vs. 11.3°min for 2-99mTc), it may be assumed that identical
structures are adopted by the species generated at the tracer level and
the complex produced and characterized on the macroscopic scale. As
previously reported by several teams, the chlorine atom present in the
radiolabelling medium replaces one of the H2O ligands of the [99mTc
(CO)3(H2O)3]+ precursor (thermodynamically favoured process)
[16,27], leading after reaction with 2, to the formation of the neutral
complex 2-99mTc of general formula [99mTc(CO)3Cl( 2-2)].

The lipophilic character of this radiocomplex was assessed by the
determination of the partition coefficient (P) in physiological
conditions (0.1°M phosphate buffer pH 7.4/n-octanol) and was
expressed as logPo/w. A value of 2.34 was found, indicating that
2-99mTc is moderately lipophilic. It is noteworthy that this value is
within the range for related radiocomplexes able to cross the blood
brain barrier (logPo/w=0.5–2.5) [28].

In short, a novel pyta derivative grafted to a bioactive pharmacophore
was prepared, taking advantage of the trendy click chemistry. The
corresponding rhenium and technetium complexes were characterized
in the solid and solution states. If a Tc- or Re-tricarbonyl complex with a
tridentate ligand is less prone to cross-metallation, previous studies
showed that this kind of bidentate M(CO)3+ complexes with a chlorine
ligand (at the sixth position) was suitable for in vivowork and exhibited
high stability against histidine and cysteine challenge experiments [27a].
Thus, this bidentate ligand 2 can be considered: (i) a good starting point
for the preparation of novel technetium-99m 5HT1A imaging probes and
(ii) an alternative of 5HT1A imaging probes based on PET emitters. Then,
the neutrality and the lipophilic character of bothmetallic complexes are
two important prerequisites for the design of central nervous system
(CNS) receptor-binding agents. The binding affinity and in vivo
biodistributions of 2-99mTc will be reported in another paper.
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