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ABSTRACT

The new pyrazole-containing ligand 3,5-Me,pz(CH,),S(CH,),COOH (L'H) was synthesized and used to
prepare the complexes fac-[M(x3-L')(CO);] (M =Re (1), °®*™Tc(1a)), which were obtained in high yield
albeit with a low specific activity in the case of *™Tc. The X-ray diffraction analysis of 1 confirmed that
L! coordinates to the metal as monoanionic and through a (N,S,0) donor atom set. Challenge experiments
of 1a against cysteine and histidine showed that this complex suffers considerable transchelation in vitro.
This contrasts with the behavior exhibited by the related complex fac-[**™Tc(i3-L?)(CO)s] (2a) (L? = 3,5-
Me,pz-(CH;),NH-CH,-COO), anchored by a (N,O)-tridentate ligand. Biodistribution studies of 1a and 2a
in mice indicated that both compounds have a relatively similar biological profile. Nevertheless, the fast-
est blood clearance and minor hepatic retention found for 2a has shown that this complex is more ade-
quate to be further explored in radiopharmaceutical sciences. DFT calculations (ADF program) were
performed for these neutral complexes and related cationic M(I) (M =Re, Tc) tricarbonyl complexes
anchored by pyrazole-containing ligands, in order to have a better understanding of the influence of
the donor atom set (N,N,0 vs. N,0,S; N,N,N vs. N,N,S vs. N,S,S) on their in vitro stability. The differences
of the calculated binding energies are not significant, suggesting that the in vitro behavior of these

Re(I)/Tc(1I) tricarbonyl complexes is not determined by thermodynamic factors.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, the coordination and organometallic chemistry
of rhenium and technetium has deserved an increasingly growing
interest, reflecting the importance of these d-transition elements
in the biomedical field. In fact, technetium-99m still is the most
widely used radionuclide for diagnostic imaging in nuclear medi-
cine due to its favorable nuclear properties, low-cost and wide-
spread availability, while rhenium-186 and rhenium-188 are
considered useful radionuclides for targeted radiotherapy applica-
tions [1]. To obtain medically relevant Re and Tc compounds is
necessary to incorporate the metal atom in a coordination complex
using an adequate bifunctional ligand. Ideally, the ligand must
form a thermodynamically and kinetically stable complex and pos-
sess functional groups for further conjugation to a biologically ac-
tive molecule, somehow related to a certain disease or disease
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type. In the last decades, a plethora of °*™Tc and '¢/'%8Re com-
plexes presenting different metal cores and having different formal
oxidation states (I, IlI-V) have been investigated aiming at the find-
ing of compounds with increased stability, improved pharmacoki-
netics and enhanced biological specificity [1-4]. More recently,
tricarbonyl Re and Tc complexes emerged as versatile tools in
radiopharmaceutical research following the introduction by Alber-
to and co-workers of the air- and water-stable synthons fac-
[M(CO)3(H,0)3]* (M =Tc or Re) [5]. So far, the explored chemistry
for this synthon has shown a high substitution inertness for the
three CO ligands and high substitution lability for the three water
molecules. In general, the use of tridentate ligands gives final com-
plexes with highest in vitro and in vivo stability, and with more
favorable and tunable biological properties [6]. Profiting from the
versatility offered by these synthons, different research groups
have been exploring chelators with several donor atoms, like med-
ium hard tridentate ligands containing nitrogen (i.e. imidazoles,
pyrazoles, pyridines), oxygen (i.e. carboxylates), sulfur or phospho-
rus donor atoms [4-8].

Within this organometallic approach, our research group has
introduced and explored pyrazolyl-containing chelators to stabi-
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lize the fac-[M(CO);]" (M = Re, ®*™Tc) core. In particular, we have
evaluated neutral and tridentate chelators, combining a pyrazolyl
coordinating group with amino and thioether functions, which
were used to prepare several cationic tricarbonyl complexes (3/
3a-6/6a), as depicted in Chart 1 [8]. By varying the donor atom
set (N,N,N vs. N,N,S vs. N,S,S) we intended to evaluate its effect
on the kinetics of complexation, as well as on the specific activity,
in vitro/in vivo stability, pharmacokinetics and biodistribution of
the respective tricarbonyl M(I) cations (M = Re, °™Tc).

Our studies have shown that the %°™Tc complexes (e.g. 4a) with
pyrazolyl-diamine ligands (N,N,N-donors) are best suited for the
design of targeted specific radiopharmaceuticals in comparison
with related cations (e.g. 5a) anchored by pyrazole-dithioether
chelators (N,S,S-donors). In fact, the pyrazole-diamine complexes
were prepared with higher specific activity, are more resistant to
in vitro challenge with biologically relevant substrates, like histi-
dine and cysteine, and display a better biological profile in terms
of blood clearance, excretory route and overall rate of excretion
[9]. The pyrazolyl-diamine chelators have been already applied
as bifunctional ligands for labelling a variety of small tumor-seek-
ing peptides with the fac-[**™Tc(CO);]" moiety, affording in some
cases radiometallated peptides which gave promising pre-clinical
results [9].

The encouraging results that have been obtained for the neutral
and tridentate pyrazole-containing ligands prompted us to evalu-
ate related classes of ligands having a monoanionic character,
expecting to achieve neutral and moderately lipophilic complexes
more adequate for the coupling of small non-peptidic biomole-
cules. To achieve such goal, the coordination capability of the com-
pound [2-(3,5-dimethylpyrazol-1-yl)-ethylamino]acetic acid (L?H)
towards the fac-[M(CO);]* (M = Re, %°™Tc) moiety was evaluated.
This study allowed the synthesis of stable, small and neutral com-
plexes, 2/2a (see Chart 1), anchored by this monoanionic and
(N,O)-tridentate ligand. These complexes were already coupled
to a small biomolecule by conjugation through the central second-
ary amine. The resulting functionalized Re complex retained the
biological activity of the pharmacophore, i.e. was still able to inhi-
bit significantly the epidermal growth factor receptor (EGFR) auto-
phosphorylation [10].

Aiming to evaluate the effect of replacing the central amine
group of L?H by a thioether function on the in vitro and in vivo

M=Re (1), Tc (1a); X=S
M = Re (2), Tc (2a); X= NH

/N
/A
N,

/7
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M =Re (3), Tc (3a); X=S
M = Re (4), Tc (4a); X= NH

properties of neutral Re(I)/*°™Tc(I) tricarbonyl complexes an-
chored by pyrazole-containing chelators, we have extended our
investigation to the congener ligand [2-(3,5-dimethylpyrazol-1-
yl)-ethylthio]-acetic acid (L'H). In this work, we report on the syn-
thesis and characterization of this novel chelator (L'H), and on the
corresponding tricarbonyl complexes fac-[M(3-L')(CO);] (M = Re
(1), *°*™Tc (1a)) (Chart 1). For both 1a and the congener fac-
[#°™Tc(x3-12)(CO)s] (2a), the in vitro stability in challenge experi-
ments against cysteine and histidine will be also presented, as well
as the evaluation of their in vivo stability and biodistribution in
mice. Searching for a better understanding of the influence of the
ligand donor atom set on the in vitro stability of neutral and cat-
ionic Re (I) and ®*™Tc(1) tricarbonyl complexes anchored by pyraz-
olyl-containing chelators, DFT (density functional theory)
calculations [11] have been performed for compounds 1/1a-6/6a
(Chart 1), and will be also discussed herein.

2. Results and discussion

2.1. Synthesis and characterization of L'H and its Re(I) and %*™Tc(1)
tricarbonyl complexes

As shown in Scheme 1, the new pyrazole-containing ligand, [2-
(3,5-dimethylpyrazol-1-yl)-ethylthio]-acetic acid (L'H), was pre-
pared by S-alkylation of mercaptoacetic acid with N-(2-bromoeth-
yl)-3,5-dimethylpyrazole. L'H was obtained as a white solid with
an almost quantitative isolated yield (98%), after adequate
work-up. The formulation proposed for L'H was corroborated by
elemental analysis, IR, 'H and '3C NMR spectroscopy.

The reaction of the starting material fac-|[Re(H,0)3(CO)3]Br [12]
with L'H in refluxing water yielded fac-[Re(k>3-L')(CO)s] (1), which
precipitated from the reaction mixture (Scheme 1). Compound 1
was recovered in moderate yield (60%) as a microcrystalline white
solid, and is stable towards aerial oxidation or hydrolysis either in
the solid state or in solution. The characterization of 1 involved the
common spectroscopic techniques (IR, 'H and '*C NMR) and X-ray
diffraction analysis.

The most significant feature of the IR spectrum of 1 is the pres-
ence of a set of four intense bands in the range 2027-1879 cm™!
that were easily assigned to the v(C=O0) stretching modes. There
is also an intense band at 1644 cm~! due to v(C=0) of the terminal

o *
/} N/\\S/w
oNH, / s
‘\‘ N / TQ\\ Sx

CO co
o oc’ .o

M = Re (5), Tc (5a); X= CH,CH,
M = Re (6), Tc (6a); X= COOEt

Chart 1. Cationic (1/1a and 2/2a) and neutral (3/3a-6/6a) Re and Tc tricarbonyl complexes with the pyrazole-containing chelators addressed in this work.
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Scheme 1. Synthesis of L'H and fac-[Re(i>-L')(CO);] (1).
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carboxylate group. This frequency is red shifted (Av = 64 cm™) rel-
atively to the frequency of the same band in free L'H which con-
firms that the carboxylate from L! is coordinated to the metal.

The "H NMR spectrum of 1 showed a set of six CH, resonances,
between 2.60 and 4.75 ppm, integrating for one proton each. They
indicate the presence of diastereotopic methylenic protons as a
consequence of the facial coordination of L! through the carboxyl-
ate, the central sulfur atom and the pyrazolyl ring. This coordina-
tion mode was confirmed by the X-ray diffraction analysis of 1
(Fig. 1). Table 1 summarizes selected bond distances and angles
found for 1, as well as those obtained from DFT optimization of this
complex (see below). In the structure of 1, the rhenium atom is six-
coordinate with a distorted octahedral coordination geometry, as
can be seen from the angles around the rhenium atom which vary
between 86.17(13) and 99.11(13)°. The values of the Re-C
(1.897(3)-1.914(3) A), Re-S (2.4858(7)A), Re-O (2.1219(19)A)
and Re-N (2.203(2) A) bond distances are comparable to those re-
ported for other octahedral complexes containing the fac-
[Re(CO)s]" unit and the same donor atoms [7,8,10].

The congener radioactive complex fac-[**™Tc(CO);(1>-L1)]* (1a)
was obtained with almost quantitative yield (>99%) by reaction of
fac-[°™Tc(H,0)5(CO)s]* with L'H in phosphate buffer (pH 7.4) at
100 °C during 1h (Scheme 2). The identity of complex 1a was

Fig. 1. ORTEP view of complex 1. Vibrational ellipsoids are drawn at the 40%
probability level.

Table 1

/N I | \‘\\\o
L1 (103 M)
oc/| co
H,0, 100 °C, 60 min, pH=7.4 co
(1a)
OH, ] +1
Hzo"';rc Q0H2
oc” | “co
co [\ o
N HN
/N 7] .o
N, aa
L2 (105 M) = '/'Tc\
H,0, 100 °C, 30 min, pH= 7.4 oc (|:o co
(2a)

Scheme 2. Synthesis of complexes fac-[*°™Tc(k>3-L)(CO)s] (L=L" (1), L? (2)).

established by comparing its HPLC radiochromatograms with the
UV-Vis trace of the Re surrogate (complex 1).

The synthesis of 1a required the use of a 10~ M concentration
of L'H to increase the kinetics of the reaction and to avoid some
oxidation to %*™TcQOy, in contrast with the behavior exhibited by
the congener L2H (Scheme 2) [10]. The same trend was already ob-
served during the synthesis of the related cationic °°™Tc tricar-
bonyl complexes, 3a-6a (see Chart 1), ie. the successive
replacement of an amino group by thioethers led to chelators
which have to be used in highest concentration to assure a com-
plete reaction with the aqua-tricarbonyl precursor [8b].

Compound 1a has a logD =1.26 + 0.04 [13], a value which is
higher than the one found for 2a (logD =1.10 £ 0.03), reflecting
the influence of the central donor group (S vs. NH) on the lipophil-
icity of these complexes.

In a comparative way, we have studied the resistance of com-
plexes 1a and 2a against transchelation, using a 10>-fold excess
of two potentially metal-binding amino acids, cysteine and histi-
dine. Complex 2a does not undergo significant transchelation with
cysteine or histidine, even after 24 h of incubation at 37 °C. By con-
trast, after 6 h of incubation roughly 50% of complex 1a already re-
acted with these aminoacids, affording the respective 9™Tc(I)
tricarbonyl complexes (Fig. 2).

These results showed that the donor atom set (N,N,O vs. N,S,0)
can have a dramatic influence on the in vitro stability of neutral
99mTc(I) tricarbonyl complexes against challenge with cysteine

Selected bond lengths (A) and angles (°) from DFT calculations (in gas phase and in the presence of methanol) for [M(CO)s{3,5-Me,pz-(CH,),S-CH,-CO0}] (M = Re, 1; Tc, 1a), and

comparison with the X-ray structural data of complex 1.

Parameter Complex 1 Complex 1a
DFT data (gas phase) DFT data (MeOH) X-ray DFT data (gas phase) DFT data (MeOH)

M1-C7 1.908 1.909 1.897(3) 1.905 1.901
M1-C8 1.916 1.917 1.908(3) 1.913 1.915
M1-C6 1.912 1.914 1.914(3) 1.908 1.905
M1-05 2.128 2.143 2.1219(19) 2.125 2.153
M1-S1 2.514 2.517 2.4858(7) 2.516 2.517
M1-N1 2.241 2.228 2.203(2) 2.245 2237
C8-M1-C6 88.22 88.28 86.16(13) 88.30 88.03
C8-M1-C7 87.22 87.24 89.31(14) 87.26 86.86
C6-M1-C7 87.53 87.78 88.77(14) 87.65 87.81
C8-M1-N1 95.69 95.91 96.42(11) 95.67 95.84
C7-M1-N1 96.79 96.61 96.48(11) 96.67 96.29
C7-M1-S1 98.27 98.38 99.11(9) 98.23 98.42
C6-M1-S1 89.98 89.91 89.81(9) 89.93 90.26
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Fig. 2. Stability of complex 1a in the presence of histidine and cysteine ([amino-
acid]/[L'H] = 100).

and histidine. The same trend was observed for related cationic
complexes (3a-6a), but in this case the influence of the nature of
the donor atoms was less significant [8b,9a].

2.2. Biodistribution studies

Biodistribution studies of 1a and 2a were performed in female
CD-1 mice, in order to evaluate the influence of the central donor
group (secondary amine vs. thioether) on the in vivo behavior of
the complexes. The biological profiles found for 1a and 2a are sim-
ilar and reflect the lipophilic character of both complexes. Complex
2a shows the fastest blood clearance, with blood activities of
1.2%0.1 and 0.37 £0.08% ID/g at 1h and 4 h p.i.,, respectively.
Complex 1a is more retained in the blood stream (1.6 + 0.3% ID/g,
1h pi.; 1.5+£0.2% ID/g, 4 h p.i.) although its blood clearance can
still be considered relatively fast. Only a negligible fraction of the
injected radioactivity was found in the stomach (values between
0.5 and 0.9% ID/g), demonstrating that 1a and 2a are not undergo-
ing in vivo reoxidation to %™TcOy, a species which is taken by this
organ. In agreement with their lipophilic character, both com-
plexes have high liver uptake especially 1a (1a: 35.1 +8.3% ID/g
(1h p.i.), 28.3+3.0% ID/g (4 h p.i.); 2a: 13.0+3.0% ID/g (1 h p.i.),
7.3+2.3%ID/g (4 h p.i.)). The accumulation of the radioactivity in
the intestines suggests the hepatobiliary tract as the predominant

Blood
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excretory route (1a, 4.9+0.8% ID/g (1 h p.i.), 5.1 £0.4% ID/g (4h
p.i.); 2a: 18.2+2.4% ID/g (1 h p.i.), 18.6 £3.2% ID/g (4 h p.i.)), the
excretion of 1a being slower than that of 2a. The whole animal
body excretion rate, either by the hepatobiliary or urinary path-
ways, is relatively slow for both complexes (1a: 9.8 +6.8% ID (1 h
pi.), 35.8+22% ID (4h pi.); 2a: 245+1.6% ID (1h p.i.),
29.7+3.5% ID (4 h p.i.)).

The metabolic stability of complexes 1a and 2a has been as-
sessed by HPLC analysis of the urine and blood of mice injected
with these complexes. These studies have shown that the intact
complexes correspond to the major part of the circulating activity.
However, a significant amount of metabolites were detected in the
urine, as can be seen in the radiochromatograms presented in
Fig. 3. The occurrence of metabolization is most probably related
with the biological elimination of the compounds and seems to
be more extensive for 1a, as a larger proportion of metabolites
were detected in the urine of the mice injected with this complex.
It is not clear whether this behavior is related or not with the great-
est reactivity towards biologically relevant substrates observed for
1a in vitro.

2.3. Computational studies

DFT calculations on Tc and Re complexes potentially relevant in
the radiopharmaceutical field, namely organometallic derivatives
of fac-[M(CO);]* (M =Re, Tc), were recently reported [14-16].
Geerling et al. investigated the influence of different combinations
of N, O and S donor atoms ligands on the stability of Re(I)/Tc(I) tri-
carbonyl complexes, using simplified models of the real com-
pounds [16].

In this work, DFT calculations [11] (see Section 4.9) were carried
out on Re/Tc complexes 1/1a-6/6a (Chart 1) with pyrazole-con-
taining chelators with different donor atoms [8,10], in order to
rationalize the in vitro stability of the complexes.

The geometry of complexes 1/1a-6/6a and the isolated ligands,
modeled after the available experimental X-ray structures of com-
pounds 1-4 and 6, was optimized without any symmetry con-
straints, both in the gas phase and in the presence of solvent
(methanol), using the COSMO method [17]. The agreement

2a

/

L S M e
20 25
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/

N

LA [ B D N B (N B N I ) L B |

10

Fig. 3. HPLC analysis (radiometric detection) of urine and blood from mice administered with 1a or 2a at 1 h p.i.
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Fig. 4. The frontier orbitals of the fac-[M(CO);]* (M =Re, Tc) fragments (energies
in eV).

between calculated and experimental structures (when available)
is quite good, and the effect of the solvent on bond distances and
angles is negligible, as can be seen in Table 1 and in Supplementary
material for complexes [M(CO)s3{3,5-Me,pz-(CH;),S-CH,-COO0}]
(M=Re, 1; Tc, 1a). No significant differences are observed between
the bond lengths and angles calculated for the corresponding com-
plexes of Re and Tc.

The frontier orbitals of facial d® [M(CO);]* (M = Re, Tc) are dis-
played in Fig. 4 and are typical of the conical C3, ML; fragments
[18]. The three lower levels are derived from the octahedron t,g
set, while the two empty higher levels derive from the octahedron
eg set. The HOMO-LUMO gap is larger for [Tc(CO);]* than in the Re
analogue, indicating that, according to the HSAB theory, this frag-
ment is harder [19].

The energies of the HOMO and LUMO of the isolated pyrazole-
containing ligands used to prepare complexes 1/1a-6/6a are
shown in Fig. 5. The LUMO of all ligands, except 3,5-
Me,pz(CH;),S(CH,),SCH,COOEt (complexes 6/6a) is a m orbital of
the pyrazole ring, which can thus behave as an acceptor. In 3,5-

g7 87

L——2.560 L —3 494

H—‘Hﬂo.ns .

HA--0.460 L—— -0.473

3

o{ V' i"h ? éﬁa“ e

(N,N,N)

(N,S,0) (N,N,0) (N,S,N)

Me,pz(CH;),S(CH,),SCH,COOEY, it is mostly localized in the COO
group. The HOMOs are localized in different donor atoms of each
ligand: in the carboxylate, when it is present, in the two nitrogen
atoms in Me,pz(CH;),NH(CH,),NH,, and in the sulfur (the terminal
one, when there are two S atoms) in the others. The HOMOs of the
anionic ligands display the highest energy (by ~4 eV), and they can
therefore be considered softer than the neutral ligands (see also
Supplementary material). The differences in energy between
HOMOs of the neutral ligands are very small, but the ligands con-
taining sulfur donor atoms tend to be softer than the one contain-
ing NH, with the exception of [3,5-Me,pz-(CH,),S-(CH;),-
SCH,COOEt], owing to the presence of the ester function. Indeed,
sulfur is softer than nitrogen accordingly to Pearson’s hard-soft
classification of acids and bases [19]. However, the inverse trend
was seen in the monoanionic ligands with L (N,S,0) having a lower
energy HOMO than L? (N,N,0), showing that such a simple mode
cannot be used.

The binding energy (AE) of complexes 1/1a-6/6a sequence, cal-
culated as the difference between the energy of complex with the
optimized geometry (Ecompiex) and the sum of energies of the opti-
mized ligands (Ejiganq) and fragments fac-[M(CO)]* (M = Re, Tc;
Eq. (1)), was used to analyze their stability

(Eligand + E[M(C0)3]+) S

The interaction energy (AE’) between fragments can be decom-
posed in three terms AEp,yj; + AEeiec + AEqrp (see Section 4.9). The
binding energy AE can be obtained from AFE/, by adding the reorga-
nization energies of the fragments (difference between the energy
of each fragment with the geometry it adopts in the complex and
the energy of the optimized structure). These values were calcu-
lated in the gas phase and are given in Table 2, as well as the bind-
ing energies in methanol.

In the gas phase, the neutral complexes (1/1a and 2/2a) are
more stable than the cationic ones (3/3a-6/6a) by approximately
100 kcal/mol, as can be seen in Table 2 and Fig. 6A, and the Re com-
plexes (1-6) are more stable than the corresponding Tc complexes
(1a-6a) by ~15-18 kcal/mol. The energy decomposition terms (Ta-
ble 2) suggest that the interaction energy AE’' almost reflects the

Epmccoy+) (
AE = Ecomplex -

F‘\s/\

S-CH,COOEt

(N,S,5) (N,5,5)

Fig. 5. The HOMOs (H) and LUMOs (L) of the ancillary ligands of complexes 1/1a-6/6a (energies in eV).
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Table 2
Energy decomposition analysis for complexes 1/1a-6/6a in the [M(CO);]* (M = Re, Tc) fragment and the ligand (energies in kcal mol~1).
Complexes 1/1a 2/2a 3/3a 4/4a 5/5a 6/6a
N,S,0 N,N,0 N,S,N N,N,N N,S,S N,S,S
Re Tc Re Tc Re Tc Re Tc Re Tc Re Tc
AEpauii 188.83 152.99 195.12 159.29 186.65 153.36 188.61 150.77 182.22 149.32 181.36 146.56
AEejec —278.63 —246.04 —297.74 —263.55 —194.49 —164.86 —208.51 —174.42 —178.38 —150.09 —175.07 —145.41
AEq, —172.46 —149.90 -173.02 —-151.19 —157.59 —136.97 —153.12 -131.67 —166.85 —144.92 —166.98 —144.05
AFE' —262.27 —242.96 —275.64 —255.44 —165.43 —148.48 —-173.02 —155.32 —163.01 —145.69 —160.69 —142.90
AE eorg 21.60 19.98 27.13 25.44 11.24 9.37 19.74 17.59 8.02 6.47 10.04 8.37
AE —240.67 —222.98 —248.51 —230.00 —154.19 —-139.11 —153.28 -137.73 —154.99 —139.22 —150.65 —134.53
AE (MeOH) 6.15 0.94 -1.18 -5.9 2.51 -3.54 -0.27 —4.92 11.58 4.48 11.96 7.21
A -100 +
-120 4
5a(N,s,s) .
-140 A - NON) 4 (N.S NI 6a(N,s,5)
160 g B * B :(NSS]
- 3(NNN) ANSN)  5(Nss) >
= -180 4
=)
5] -
£ -200
~
z -220 - { 53} ”
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Fig. 6. Binding energy in the gas phase (A) and in the presence of methanol (B) for complexes 1/1a-6/6a.

AEqec term, with the Pauli repulsion and the orbital interaction
(AEpaui and AE,;p,) practically canceling each other. The AEgje term
is much higher for the carboxylate containing anionic ligands. The
Pauli repulsion is significantly larger for Re than for Tc, as the 5d
orbitals are much more diffuse. The same fact probably explains
the larger covalent interaction taking place between the [Re(CO)3]*
fragment and the ligands, compared with the analogous Tc frag-
ment. The reorganization energies are substantially higher for the
ligands than for the conical [M(CO);]* (M =Re, Tc) fragments
(about 2-3 kcal mol~! for these). The anionic ligands require the

highest energy to adopt the geometry they have in the complexes,
with the maximum for the N containing ligand. The large differ-
ences between complexes are not realistic and the binding ener-
gies AE were recalculated taking into account the solvent
(methanol). The new AE(MeOH) values are almost identical for
both the neutral and cationic complexes (Table 2 and Fig. 6B).
The highest solvation energy of the [Re(CO);]" fragment
(—303.65 kcal/mol) compared with [Tc(CO);]* (—258.08 kcal/mol)
contributes to make the binding energies for Re and Tc complexes
much closer.
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The successive replacement of nitrogen by sulfur donor atoms
results, both in the gas phase and in methanol, in less stable com-
pounds by approximately 4-10 kcal/mol, for the neutral (1/1a and
2/2a) and cationic (3/3a-6/6a) tricarbonyl complexes. The same
trend was found by other authors, who have applied DFT calcula-
tions to a series of model complexes containing the fac-[M(CO)3]*
(M =Re, Tc) cores, and have reported differences on energies in
the range of 20-30 kcal/mole upon replacement of two or three
N donor atoms by sulfur [16]. The much smaller energy differences
found in this work are probably associated with having used the
tridentate ligands themselves, rather than a small model as the
other authors did in their DFT calculations.

3. Conclusions

The novel pyrazolyl-containing ligand L'H forms well defined
tricarbonyl complexes, fac-[M(x>-L1)(CO);] (M=Re (1), %°™Tc
(1a)), both at macroscopic (Re) and no-carrier-added level
(°*™Tc). The characterization of the Re complex by the common
spectroscopic techniques confirmed that L! acts as a tridentate
and monoanionic ligand, a coordination mode that we have found
previously for the congener ligand (L?) containing a central amine
function instead of a central thioether.

A comparative study of the complexes fac-[**™Tc(x3-L)(CO)s]
(L=L! (1a), L? (2a)) has shown that the nature of the ancillary li-
gand has a strong influence on their in vitro stability against trans-
chelation with metal-binding aminoacids (cysteine and histidine),
and it was observed that the introduction of the thioether group
clearly enhances the reactivity of the compounds towards these
aminoacids. In spite of these differences, the evaluation of the bio-
distribution of 1a and 2a in mice has shown that the compounds
have a relatively similar profile. In particular, both complexes seem
to undergo metabolization processes, as several metabolites have
been detected in the urine of mice injected with 1a and 2a. The
occurrence of metabolization is not necessarily a negative aspect
in what concerns the use of these complexes in the design of radio-
pharmaceuticals since it may accelerate the elimination of the
compounds and, therefore, increase the clearance from non-target
tissues. Nevertheless, the less pronounced hepatic retention ob-
served for 2a indicates that this complex is more promising to be
further explored in radiopharmaceutical research. A similar ten-
dency has been previously observed by our research group for re-
lated cationic complexes, i.e. the inclusion of thioether
coordinating groups enhances the liver uptake of the complexes,
most probably as a consequence of their increasing lipophilicity.

DFT calculations were performed for the neutral (1/1a and 2/2a)
and cationic (3/3a-6/6a) complexes anchored by pyrazole-contain-
ing chelators, in order to have a more rationale insight into the
influence of different donor atom sets on the in vitro stability of
the complexes. This study has shown that the replacement of
nitrogen by sulfur donor atoms led to slightly less stable com-
plexes (AE ~ 4-10 kcal/mol). However, these differences are not
significant enough to explain the lower in vitro stability observed
experimentally for the complexes with the ligands containing sul-
fur donor atoms, suggesting that the in vitro behavior of these com-
plexes is not controlled by thermodynamic factors. A more
complete study of the reaction mechanism for the formation of
the complexes, taking into account the most stable intermediates
and likely transition states, is being performed, in order to deter-
mine energy barriers for each kind of ligand.

4. Experimental

The synthesis of the ligands and complexes were carried under
a nitrogen atmosphere, using standard Schlenk techniques and dry

solvents, while the work-up procedures were performed under air.
The compound N-(2-bromoethyl)pyrazole [20] was prepared
according to published methods. The starting material fac-[Re-
(H0)3(CO)3]Br [12] was synthesized by the literature method.
Na[®°™Tc0,] was eluted from a commercial *Mo/**™Tc generator,
using 0.9% saline. Complex 2a was prepared as previously re-
ported.[10] 'H and '>C NMR spectra were recorded on a Varian
Unity 300 MHz spectrometer; 'H and '3C chemical shifts are given
in ppm and were referenced with the residual solvent resonances
relative to SiMe,. IR spectra were recorded as KBr pellets on a Bru-
ker, Tensor 27 spectrometer. C, H and N analyses were performed
on an EA 110 CE Instruments automatic analyser. Thin layer chro-
matography (TLC) was done using plates from Merck (silica gel 60
F254). Column chromatography was performed in silica gel 60
(Merck). HPLC analysis was performed on a Perkin-Elmer LC pump
200 coupled to a LC 290 tunable UV-Vis detector and to a Berthold
LB-507A radiometric detector, using a Macherey-Nagel C18 re-
versed-phase column (Nucleosil 10 pm, 250 x 4 mm) and a gradi-
ent of aqueous 0.1% CF3COOH (A) and methanol (B) with a flow rate
of 1.0 mL min~'. Method: 0-3 min, 100% A; 3-3.1 min, 100% — 75%
A; 3.1-9min, 75% A; 9-9.1 min 75% — 66% A; 9,1-20 min,
66% — 0% A; 20-25 min, 0% A; 25-25.1 min, 0% — 100% A; 25.1-
30 min, 100% A.

4.1. Synthesis of [2-(2-(3,5-dimethyl-pyrazol-1-yl)ethylthio)]acetic
acid (L'H)

To a solution of mercaptoacetic acid (167 pL, 2.45 mmol) in H,0
(7 mL) was added NaOH (196 mg; 4.90 mmol) and the reaction
mixture was refluxed for 15 min. After cooling to room tempera-
ture, a solution of 1-(2-bromoethyl)pyrazole (500 mg, 2.45 mmol)
in THF (7 mL) was added dropwise to the mixture. After overnight
reflux, the solvent was removed under vacuum. The residue ob-
tained was applied on the top of a silica-gel column which was
eluted with CHCl3/MeOH/NH4OH (70/28/2). The removal of the
solvent from the collected fractions gave compound L'H as a white
microcrystalline solid. Further purification of L'H was done by dis-
solution of the compound in distilled water followed by precipita-
tion as the free carboxylic acid by adjustment at pH 1 with 2 N HCI.
Yield: 98% (514 mg, 2.40 mmol).

Anal. Calc. for CgH14N,0,S.H,0: C, 46.53; H, 6.94; N, 12.06.
Found: C, 46.00; H, 7.00; N, 12.62%. IR (KBr, v/cm™'): 1581 (s)
¥(C=0). '"H NMR (CD30D): 6 2.13 (3H, s, CHs-pz), 2.27 (3H, s,
CH5-pz), 2.92 (2H, t, CH,-S), 3.09 (2H, s, CH,-COOH), 4.17 (2H, t,
pz-CH,), 5.79 (1H, s, H(4)). *C NMR (CDs0D): § 11.2 (CHs3-pz),
13.3 (CH3-pz), 33.5 (CH;); 38.1 (CH;), 48.0 (CH,), 105.9 (C(4)-pz),
141.6 (C(3/5)-pz), 148.9 (C(3/5)-pz), 177.7 (C=0). R (silica-gel,
CHCl3/MeOH/NH40H (70/28/2)) = 0.50.

4.2. Synthesis of fac-[Re(1>-L")(CO)5] (1)

To an aqueous solution (10mL) of fac-[Re(CO)s(H,0)s]Br
(50 mg, 0.24 mmol) was added an equimolar amount of L'H
(33 mg, 0.40 mmol) dissolved in H,O (10 mL). The resulting solu-
tion was heated at 70 °C for 3 h. After cooling to room temperature,
complex 1 precipitated as a white microcrystalline solid which was
separated by filtration and dried under vacuum. Yield: 60% (36 mg,
0.07 mmol).

Anal. Calc. for ReC;,H13N,055.H,0: C, 28.74; H, 3.01; N, 5.59.
Found: C, 28.62; H, 2.67; N, 4.51%. IR (KBr, v/cm™'): 1644 (s)
¥(C=0), 1879 (s) v(C=0); 1934 (s) v(C=0); 2027 (s) v(C=0).'H
NMR (CD30D): § 2.37 (3H, s, CH3-pz), 2.44 (3H, s, CH3-pz), 2.60
(1H, d, CH,-C00), 2.90 (1H, m, CH,-S), 3.50 (1H, m, pz-CH,), 3.75
(1H, d, CH,-C0O0), 4.33 (1H, m, CH»-S), 4,75 (1H, m, pz-CH,), 6.18
(1H, s, H(4)). *C NMR (CDCls): 11.95 (CHs), 15.60 (CHs); 34.62
(CH,); 37.27 (CH,), 47.04 (CH,), 108.75(C(4)-pz), 141.83 (C(3/5)-
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pz), 154.94 (C(3/5)-pz), 177.30 (C=0), 191.05 (C=0), 194.03
(C=0), 197,49 (C=0). HPLC (gradient 0.1% TFA/methanol):
Ri=17.47 min.

4.3. Synthesis of fac-[*°™Tc(C0)s{3,5-Mespz-(CH-).S-CH,-CO0}] (1a)

In a nitrogen-purged glass vial, 100 pL of 1072 M solution of the
compound L'H was added to 900 uL of a solution of fac-
[9°™Tc(OH,)3(CO)s]* (1-2 mCi) in NaCl 0.9%. The reaction mixture
was incubated at 100 °C for 60 min and then analyzed by HPLC,
with a vyield >99%. HPLC (gradient 0.1% TFA/methanol):
R, =17.56 min.

4.4. X-ray diffraction analysis

The X-ray diffraction analysis of compound 1 has been per-
formed on a Bruker AXS APEX CCD area detector diffractometer,
using graphite monochromated Mo Ko radiation (0.71073 A).
Empirical absorption correction was carried out using sapass [21].
Data collection and data reduction for 1 were done with smart
and saiNt programs [22]. The structure was solved by direct meth-
ods with sirR97 [23] and refined by full-matrix least-squares analy-
sis with sHELxL97 [24] using the wingx [25] suite of programmes.
Non-hydrogen atoms were refined with anisotropic thermal
parameters whereas H-atoms were placed in idealised positions
and allowed to refine riding on the parent C atom. Molecular
graphics were prepared using ORTEP3 [26]. A summary of the crys-
tal data, structure solution and refinement parameters are given in
Table 3.

4.5. Challenge experiments against cysteine and histidine

In a nitrogen-purged glass vial were added 900 pL of cysteine
and histidine solutions (1.11 x 1072-1.11 x 103 M) in PBS (pH
7.4) and 100 plL of the ®*™Tc complexes (1a or 2a). The resuting
solutions were incubated at 37 °C; aliquots were removed at 1, 2,
4, and 6 h, and analyzed by HPLC.

4.6. Octanol-water partition coefficient

The log D, values of 1a and 2a were determined by the multi-
ple back extraction method [13] under physiological conditions
(n-octanol/0.1 M PBS, pH 7.4). 1a: logD, =+1.26 +0.04; 2a:
logPojw = +1.10 £ 0.03.

Table 3
Crystallographic data for complex 1.

Chemical Formula Cq2H21N;05SRe

Formula weight 491.57

Crystal System Monoclinic

Space Group P2:/n

a(A) 7.5323(3)

b (A) 18.0823(7)

c(A) 11.4036(4)

B(°) 100.537(2)

V (A3) 1526.99(10)

V4 4

Temperature (K) 293(2)

p(caled.) (g cm™3) 2.138

(Mo Kor) (mm~1) 8.115

0 range for data collection (°) 2.14-30.50

No. of data 4669

No. of parameters 193

R indices (all data) R;=0.0316
WR; = 0.0491

R indices [I>2a(I)] R, =0.0215
WR, = 0.0471

Goodness-of-fit (GOF) 1.032

4.7. Biodistribution studies

Biodistribution studies of complexes 1a and 2a were performed
using groups of five female CD-1 mice (randomly bred, Charles Riv-
er) weighing approximately 20-25 g each. Prior to administration,
complexes were diluted with PBS pH 7.4. Animals were intrave-
nously injected with 100 pL (2.5-12.5 MBq) of each preparation
via the tail vein and were maintained on normal diet ad libitum.
At 1h, and 4 h, mice were sacrificed by cervical dislocation. The
administered dose and the radioactivity in the sacrificed animals
were measured in a dose calibrator (Aloka, Curiemeter IGC-3, To-
kyo, Japan). The difference between the radioactivity in the injected
and sacrificed animal was assumed to be due to excretion. Blood
samples were taken by cardiac puncture at sacrifice. Tissue samples
of the main organs were then removed, weighed, and counted in a
gamma counter (Berthold, LB2111, Germany). Accumulation of
radioactivity in the tissues was calculated and expressed as per-
centage of the injected dose per gram tissue (% ID/g organ). For
blood, bone, and muscle, total activity was calculated assuming that
these organs constitute 6%, 10%, and 40% of the total weight, respec-
tively. Urine was also collected at the time of sacrifice.

4.8. Metabolism studies

The in vivo stability of 1a and 2a was evaluated by urine and
murine serum HPLC analysis, using the above referenced experi-
mental conditions. Urine: the urine was collected at sacrifice time
and filtered through a Millex GV filter (0.22 um) before RP-HPLC
analysis. Serum: blood collected from mice was immediately cen-
trifuged for 15 min at 3000 rpm at 4 °C, and the serum was sepa-
rated. Aliquots of 100 pL of serum were treated with 200 pL of
ethanol to precipitate the proteins. Samples were centrifuged at
4000 rpm for 15 min, at 4 °C. Supernatant was collected and passed
through a Millex GV filter (0.22 pum) prior to RP-HPLC analysis.

4.9. Computational details

All the DFT calculations [11] were performed using the abrF 2006
program [27]. Geometries were optimized without any symmetry
constraints using the local functional Vosko, Wilk and Nusair
(VWN) [28] in combination with non-local permute (Becke88)
[29] and correlation (Perdew86) functional [30]. Relativistic effects
were accounted by the scalar correlation ZORA [31] approach. The
basis sets consisted of Slater orbitals (STO) with triple ¢ to describe
the valence orbitals of H (1s); C, O, N (2s, 2p); S (3s,3p); Tc
(4s,4p,4d,5s) and Re (4f,5s,5p,5d,6s). These were augmented with
a set of two polarization functions: H (2p,3d); C, O, N, S (3d,4f);
Re (5p,5f); and Tc (5p,4f). The core electrons were frozen for the
atoms C, O, N (1s), S (J[1-2]s), Re ([1-4]s, [2-4]p,[3-4]d) and Tc
([1-3]s, [2-3]p, 3d). The solvent effects were included using the
COSMO model implemented in the apr program [17].

The geometry optimizations were done on the available X-ray
structures without any simplification. They were used as the basis
to create modes for the other complexes. The geometries were
optimized again with the solvent, starting from the gas phase
geometries.

The nature of the binding interactions was investigated with the
energy decomposition analysis (EDA) of ADF [32], originally devel-
oped by Morokuma [33] and later modified by Ziegler and Rauk
[34]. The interaction energy AE’ can be divided into three main
components

AEI = AEPauli + AEelec + AEorb (2)

AEec gives the electrostatic interaction energy between the ligands
and the fac-[M(CO);]* fragments, which is calculated using the



958 C. Moura et al./Journal of Organometallic Chemistry 694 (2009) 950-958

frozen electron density distribution of the respective ligand and fac-
[M(CO)3]* in the geometry and electronic reference state of final
complexes. AEp,y; refers to repulsive interactions associated with
the fact that two electrons with the same spin cannot occupy the
same region in space. The orbital interaction term, AE,y,, reflects
the covalent interactions between fragments. Further details of
the energy partitioning analysis can be found in the literature [32].
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