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ABSTRACT: A family of 2,4-pyridyl-disubstituted bispidol
derivatives bearing methylene carboxylic acid ethyl esters (L;—
L,), methylene carboxylic acids (L, and Lg), or methylene-
thiophene (Lg) groups were synthesized. In water, all ligands
form rigid 1:1 complexes in the presence of Zn(II) in which
the bicycle adopts a chair—chair conformation (cis isomer), as
observed by 'H NMR and, in the case of ligand L;, by an X-ray
diffraction crystal structure. Interestingly, addition of Zn(II)

Cu(ll), H,0,
1<pH<14, r.t.

ions on ligand L, induces a metal-mediated selective hydrolysis of the ethyl esters. This selective hydrolysis was not observed
upon addition of other cations such as Na*, Mg*, and Ca®". Reduction of the central ketone was achieved to prevent ring opening
via retro Diels—Alder reactions and to afford highly stable and water-soluble ligands (L,, Ls, Lg). The complexation properties of
L, and Lg were studied in solution, with a particular interest for ligand L,. Fast complexation occurs in strongly acidic media (pH
= 1), with a high affinity toward Cu(II) (log K,y = 19.2(3), pCu = 17.0 at pH 7.4, pCu = —log[Cug.], [Cu] = 1 X 107° M, [L]
=1 X 107> M) and high selectivity versus Co(II), Ni(II), and Zn(II), as shown by the values of the binding constants obtained
from potentiometric and spectrophotometric titrations. Reversible redox potential with E;/, = —430 mV (vs normal hydrogen
electrode) was measured. The complex was found to be fairly inert from acid-assisted dissociation experiments in 5 M HCIO,

(t1, = 110 d at 25 °C).

B INTRODUCTION

Since the PET/CT revolution in 2000 by Thomas Beyer et al.,'
positron emission tomography (PET), combined with X-ray
computed tomography (CT) scanning, currently provides some
of the most accurate information on tumor distribution of many
common cancers, including lymphomas and epithelial malig-
nancies of the lung, esophagus, cervix, head, and neck. With the
development of monoclonal antibodies (mAbs), engineered
mAb fragments, and nontraditional antibody-like scaffolds
directed against tumor targets, nuclear medical imaging is
currently preparing for a new turning point in its history.” The
advantages of combining antibodies and PET have previously
been demonstrated: with minimal tissue attenuation and high-
resolution imaging capability, immuno-PET permits improved
characterization of antibody uptake in vivo and appears as a
very attractive tool for the improvement and monitoring of
therapy with antibody—drug conjugates.’

The major limitation that needs to be addressed comes from
the fact that immuno-conjugates may display slow biodis-
tribution kinetic, which is much longer than the radioactive
half-life of commonly used positron emitters such as ''C and
F (t;, = 20 and 110 min, respectively). Furthermore,
radiochemistry with nonmetallic isotopes often necessitates
demanding and complex synthesis with conditions that are not
always compatible with sensitive bioconjugates. In this context,

-4 ACS Publications  © 2015 American Chemical Society 4431

there is an important need to develop original radioisotopes
with longer halflife and simple radiochemistry.*

%Cu (t,,, = 12.7 h, *, 17.8%, 653 keV, f3~, 38.4%, 579 keV)
and “Cu (t,,, = 61.8 h, 57, 189 keV (20%), 154 keV (22%),
121 keV (57%)) have been identified as a promising
radionuclide pair for the future of PET imaging and targeted
radiotherapy for cancer.>® A large variety of ligands have been
developed to satisfy the specific requirements of the radio-
metals in terms of association constants, complexation kinetics,
and kinetic inertness toward in vivo transmetalation and
transchelation reactions.” ' A majority of polyaazamacrocyclic
ligands such as cyclen, cyclam, and their acetate and
methylphosphonate derivatives have been used.''~" DOTA
and TETA display strong binding affinity for Cu; however,
significant uptake was noted in the liver and kidney.'®'” In the
case of DOTA, this has been attributed to transchelation
reactions of *Cu to liver and blood groteins. However, *Cu-
TETA' and ®*Cu-TETA-octreotide'® showed efficient clear-
ance through the renal system by 24 h postinjection. Significant
liver retention is also observed for *Cu-NOTA."

Cross-bridged DOTA and TETA demonstrate a high
stability in rat serum,'®*° but their complexation requires
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conditions that are often incompatible with heat-sensitive
biomolecules.>* Other reinforced macrocyclic ligands™>~>* as
well as macrobicyclic structures such as sarcophagines™~>” also
demonstrated very good kinetic inertness. Several other ligands
based on pyridine®® and picolinate units® > have been
reported recently with high selectivity, fast complexation
kinetics, and for a tacn-based ligand (tacn = 1,3,7-
triazacyclononane),® a very high degree of kinetic inertness.

Previous studies on substituted bispidine (3,7-
diazabicyclo[3.3.1]nonane) ligands have demonstrated that
chair—chair conformers are highly preor%anized and form
stable complexes with transition metals**™” and particularly
Cu(I1).*** Bispidone analogues have been shown to form
stable Cu(II) complexes in water with stability constants up to
log K¢y, = 18.3 (KCI 0.1M) for ligand Ly, as determined by
1:1:1 ligand—ligand—metal competition titrations.*"** High
redox potentials were measured in acetonitrile solutions, and
quasi-reversible reactions were observed, pointing to a high
redox stability.*® Derivatives of L, with substituted pyridine
groups have also been synthesized and labeled with *Cu. In
particular, ligand Lg was found to be particularly stable in
radiolabeling challenge experiments, and biodistribution
analysis in rats revealed a rapid blood and normal tissue
clearance.*® We recently reported the synthesis of three new
2,4-pyridyl-substituted bispidone derivatives substituted by
methylenecarboxylic ethyl ester groups.*’ They feature a higly
rigid bicyclic structure, either a chair—chair or a boat—chair
conformation depending on the substituents in the N3 and N7
positions. In this study, methylene carboxylic acids and a
methylenthiophene bispidine derivatives were synthesized, and
their coordination properties with Zn(II) and Cu(Il) were
studied in solution and, in the case of Zn(II), in the solid state.
Acid—base properties of the ligands L, and Lg and the stability
constants of the Co(II), Ni(II), Cu(Il), and Zn(II) complexes
with ligand L, are reported. The Cu(II) complexes with ligands
L, and L were characterized using cyclic voltammetry (CV).
The kinetic stability of the Cu(II) complexes with L, and Lg in
acidic conditions (5 M HCIO,) was also studied.

B EXPERIMENTAL SECTION

General Methods. Solvents and starting materials were purchased
from Aldrich, Acros, and Alfa Aesar and used without further
purification. IR spectra were recorded on a PerkinElmer Spectrum
One Spectrophotometer as solid samples, and only the most
significant absorption bands are given in inverse centimeters.
Elemental and mass spectrometry (MS) analyses were performed by
the Service Commun d’Analyses of the University of Strasbourg. '*C
NMR spectra and two-dimensional (2D) COSY, NOESY, HSQC, and
HMBC experiments were recorded on Avance 300 and Avance 400
spectrometers operating at 300 and 400 MHz, respectively. Chemical
shifts are reported in ppm, with residual protonated solvent as internal
reference.** The pH values given are corrected for the deuterium
isotopic effects.*®

X-ray Crystallography. Crystals suitable for X-ray diffraction were
obtained for [Zn(L,)Cl]. The crystals were placed in oil, and a single
crystal was selected, mounted on a glass fiber, and placed in a low-
temperature N, stream. X-ray diffraction data collection was
performed on a Bruker APEX II DUO Kappa-CCD diffractometer
equipped with an Oxford Cryosystem liquid N, device, using Mo Ka
radiation (4 = 0.71073 A). The crystal-detector distance was 38 mm.
The cell parameters were determined (APEX2 software)*® from
reflections taken from three sets of 12 frames, each at 10 s exposure.
The structure was solved by direct methods using the program
SHELXS-97.*” The refinement and all further calculations were
performed using SHELXL-97.** The H atoms were included in
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calculated positions and treated as riding atoms using SHELXL default
parameters. The non-H atoms were refined anisotropically, using
weighted full-matrix least-squares on F*. A semiempirical absorption
correction was applied using SADABS in APEX2;* transmission
factors: Tpyn/Tmae = 0.6981/0.7695. The SQUEEZE instruction in
PLATON was applied.*® The residual electron density was assigned to
two molecules of water solvent.

Synthesis of the Ligands. Piperidinone precursors dimethyl-1-
methyl-4-oxo0-2,6-di(pyridin-2-yl) piperidine-3,5-dicarboxylate (P,)**
and dimethyl-1-carbethoxymethyl-4-0x0-2,6-di(pyridin-2-yl)-
piperidine-3,5-dicarboxylate (P,) and ligands L, L,, and L; were
synthesized according to previously reported procedures.*

Bispidol 2,. To a solution of L, (1.62 g, 3.17 mmol) in methanol
(200 mL), sodium borohydride (1.20 g, 31.7 mmol) was added at 0
°C. After 30 min, the mixture was placed at room temperature for 6 d.
Then, a solution of saturated NH,Cl (10 mL) was added and, after 5
min, the solvent was removed under reduced pressure. The crude
product was suspended in CH,CI, by ultrasonic treatment, and salts
were eliminated by filtration. The filtrate was evaporated and
solubilized in a solution of CH;CN/0.1% trifluoroacetic acid (TFA).
After evaporation, the mixture was purified by flash chromatography
column on silica (dichloromethane (DCM)/MeOH, gradient 95/5 to
80/20) to obtain a pure white powder (402 mg, 23%). "H NMR (300
MHz, CDCly): § 8.70 (multiplet, 2H, Hy+Hy), 7.86 (multiplet, 2H,
H,+H,), 7.90 (d, ] = 7.8 Hz, 1H, H,/H,), 7.71 (d, ] = 7.8 Hz, 1H, H,/
H,), 7.37 (multiplet, 2H, H.+H_), 6.97 (s broad, 1H, CHOH), 5.69
(s, 1H, H,/H,), 5.32 (s, 1H, H,/H,), 4.55 (s, 1H, CHOH), 3.63 (s,
3H, OCH;), 3.62 (s, 3H, OCH3), 3.56 (s, 2H, CH,CO,Me), 3.40 (AB
system, 5, = 3.61, 65 = 3.18, Juz = 11.8 Hz, 2H, CH,OH), 3.14 (AB
system, 8, = 3.37, 865 = 2.90, J,5 = 11.8 Hz, 2H, Hy/Hy), 2.78 (AB
system, 5, = 2.94, 5 = 2.61, Jup = 11.8 Hz, 2H, Hy/Hy), 2.36 (s, 3H,
CH;). *C NMR (75 MHz, CDCl;): & 168.0 (CO,Me), 167.4
(CO,Me), 149.6 (C,,), 148.8 (C,,), 147.4 (C4/Cy), 1469 (Cy/Cy),
1354 (C,/Cy), 135.3 (C,/Cy), 125.5 (C,/C,), 123.6 (C,/C,), 122.0
(C+C.), 69.1 (Cy), 64.8 (C,/Cy), 63.9 (C,/C,), 60.9 (CH,OH), 53.8
(CH,CO,Me), 50.8 (C4/Cg), 50.2 (OCH,), 50.1 (C,), 50.0 (C¢/Cy),
49.9 (OCH;), 41.0 (CH;), 40.7 (Cs). Electrospray ionization (ESI)/
MS* (CH,CL): m/z = 47122 ([M + H] *, 100%). Anal. Calcd for
CyyH3006N, NaCL.CH,OH: C, 53.52, H, 6.11, N, 9.99. Found: C,
53.88, H, 5.88, N, 10.05%.

Ligand L, Bispidine 2, (40.0 mg, 0.09 mmol) was solubilized in
H,0 (3 mL), and NaOH (10.8 mg, 0.27 mmol) was added. The
mixture was stirred at room temperature during 5 d, and the solvent
was evaporated to dryness under vacuum. The solid was dissolved in a
minimum of H,O and precipitated by addition of tetrahydrofuran
(THF, 4 mL). The resulting precipitate was collected by centrifugation
and dried under vacuum. 1 M HCI was added, and the mixture was
purified by filtration on a C18 reverse-phase column with methanol to
obtain L,;2HCI-4NaCl-4H,0 (168 mg, 24%). '"H NMR (300 MHz,
D,0): 5 8.69 (multiplet, 2H, Hy+H, ), 7.81 (m, 1H, Hy/Hy/), 7.78 (m,
1H, Hy/Hy), 7.34 (multiplet, 4H, H+H_+H,+H,), 4.35 (s, 1H, H,),
4.03 (s broad, 2H, H,+H,), 3.22 (AB system, 6, = 3.57, 85 = 2.87, Jas
=10.9 Hz, 2H, CH,CO,H), 2.76 (AB system, &, = 2.84, 5 = 2.68, Jx
= 7.9 Hz, 2H, CH,0OH), 2.23 (AB system, 5, = 2.65, 8 = 1.80, Jap =
11.2 Hz, 2H, Hy/Hg), 2.36 (AB system, 5, ~ 2.84, 5 = 1.88, Jxp =
12.3 Hz, 2H, Hy/Hy), 1.76 (s, 3H, CH;). *C NMR (75 MHz, D,0): §
180.0 (CH,CO,H), 1789 (CO,H), 159.0 (C,,), 158.5 (C,,), 150.0
(C4/Cy), 149.6 (C4/Cy), 137.2 (Cy/Cy), 137.0 (Cy/Cy), 125.7 (C./
C.), 1249 (C./C,), 123.1 (C,/C,), 123.0 (C,/C,), 72.3 (C,), 68.2
(C,+C,), 64.7 (CH,0H), 64.2 (CH,CO,H), 56.4 (C4/Cy), 55.5 (Cg/
Cq), 51.3 (C,), 42.8 (CH,), 42.1 (C;). IR (cm™, ATR) v 3257 (broad,
Vo_y alcohol), 3037, 2699 (broad, vo_y carboxylic acid), 1723 (s,
Vco acid), 1536, 1464 (m, ve—c aromatic). ESI/MS* (H,0): m/z =
44320 ([M + H] *, 100%). Anal. Caled for Cp,H,0N,-2HCl-4NaCl-
4H,0: C, 32.17, H, 442, N, 6.82. Found: C, 32.18, H, 4.07, N, 6.81%.
The purity was confirmed by potentiometry and "H NMR titration
with a reference of known concentration;** in that case p-
dimethylaminopyridine was used.

Bispidone 15 In a solution of methanol (14 mL), glycine (538.0
mg, 7.17 mmol) and NaHCO; (604.0 mg, 7.17 mmol) were mixed
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under magnetic stirring during 2 h at 45 °C. Formaldehyde (1.46 mL,
19.6 mmol) and piperidinone P; (2.5 g, 6.52 mmol) in methanol (20
mL) were added at room temperature, and the mixture was stirred
under reflux during S h. Solvents were removed under reduced
pressure, and the obtained solid was crystallized in ethanol (26 mL). A
precipitate was obtained upon slow evaporation at room temperature.
Pure compound 15 was obtained as a white powder after filtration
(1.63 g, 52%). '"H NMR (300 MHz, CDCL;): & 8.91 (multiplet, 2H,
Hy), 7.65 (dd, J, = 7.8 Hz, ], = 7.4 Hz, 2H, H,), 7.22 (d, ] = 7.4 Hz,
2H, H,), 7.20 (dd, J; = 8.2 Hz, ], = 7.8 Hz, 2H, H.), 4.66 (s, 2H, H,),
3.72 (s, 6H, OCHj,), 3.02 (s, 2H, CH,CO,H), 3.13 (AB system, &, =
3.53, 85 = 2.73, Jap = 12.3 Hz, 4H, Hy), 2.14 (br s, 1H, CO,H), 1.97
(s, 3H, CH;). *C NMR (100 MHz, CDCL,): 6 203.1 (C=0), 174.5
(CO,H), 168.1 (CO,Me), 156.4 (C,,), 1514 (C,), 137.4 (C,), 124.5
(C,/C.), 124.1 (C,/C.), 73.0 (C,), 63.5 (CH,CO,H), 592 (Cy), 52.9
(OCH,), 43.5 (CH,), 36.9 (C,). IR (cm™', ATR) v 3369 (broad, vo_
acid), 1752 (m, vc—o ester), 1732 (s, vc—o acid), 1591 (s, vc—c
aromatic). ESI/MS" (CH,CL): m/z = 483.19 ([M + H] *, 100%).
Anal. Caled for C,H,,0,N,Na.2.5H,0: C, 52.46, H, 5.50, N, 10.20.
Found: C, 52.38, H, 5.58, N, 10.37%.

Bispidol 25. Bispidone 15 (2.50 g, 5.20 mmol) was dissolved in
anhydrous methanol (100 mL) and was cooled at —77 °C in an
acetone/dry ice bath. Sodium borohydride (0.30 g, 7.80 mmol) was
slowly added. After 6 h at —77 °C, a solution of saturated NH,Cl (20
mL) was added, and the mixture was stirred during 10 min. After
evaporation of the solvent, the mixture was suspended in dichloro-
methane and filtered, and TFA (150 uL) was added to the filtrate.
Solvents were removed under reduced pressure affording 25 (2.50 g,
94%). 'H NMR (400 MHz, CD;0D): 6 8.80 (d, ] = 1.8 Hz, 2H, H),
7.94 (dd, J, = 7.8 Hz, ], = 1.9 Hz, 2H, H.), 7.77 (d, ] = 7.8 Hz, 2H,
H,), 7.51 (dd, ] = 7.6 Hz, 2H, Hy), 5.57 (s, 2H, H,), 443 (s, 1H, Hy),
3.72 (s, 6H, OCHj,), 3.67 (s, 2H, CH,CO,H), 3.29 (AB system, &, =
3.51, 8 = 3.06, Ja5 = 12.3 Hz, 4H, Hy), 2.32 (s, 3H, CH;). 3C NMR
(100 MHz, CD,0D): § 173.5 (CH,CO,H), 170.6 (CO,Me), 153.0
(Cpy), 1510 (Cy), 139.0 (C,), 1286 (Cy/C), 1261 (C,/C,), 73.5
(C9§ 67.1 (C,), 569 (Cg), 541 (CH,CO,H), 53.7 (Cs), 53.3
(OCHS,), 43.8 (CH,). ESI/MS* (MeOH): m/z = 48520 ([M + H] *,
100%).

Ligand Ls. Bispidine 24 (86 mg, 0.18 mmol) was dissolved in H,0/
THF (4 mL/4 mL), and sodium hydroxide (43 mg, 1.07 mmol) was
added. The mixture was stirred during 4 d. The solvent was removed
under reduced pressure. Ligand L was obtained after purification on
column chromatography (reverse phase, H,O/CH;CN 100% to 80/
20) as a sodium salt (50 mg, 40%). '"H NMR (400 MHz, D,0): § 8.61
(dd, J; = S.0 Hz, ], = 1.78 Hz, 2H, Hy), 7.72 (dd, ], = 7.7 Hz, ], = 1.9
Hz, 2H, H,), 7.39 (d, J = 7.7 Hz, 2H, H,), 7.31 (dd, ], = 74 Hz, ], =
5.1 Hz, 2H, H,), 4.52 (s, 2H, H,), 3.96 (s, 1H, H,), 2.88 (s, 2H,
CH,CO,H), 2.57 (AB system, 8, = 2.94, 85 = 2.11, J, = 12.2 Hz, 4H,
Hg), 1.77 (s, 3H, CH;). 3C NMR (100 MHz, D,0): § 179.0 (CO,H),
178.8 (CO,H), 159.6 (C,,), 149.3 (C,)), 136.9 (C,,), 1259 (C,,),
122.7 (C,,), 742 (Cy), 675 (C,), 65.0 (CHZCOZH) 569 (Cy), 518
(Cy), 42. 8 (CH3) ESI/MS (positive mode): m/z = 479.15 ([M + Na]
*, 100%), 480.16 ([M + Na] *, 23.8%). Anal. Calcd for for
Cy,H,,0,N,Na,2NaCl-4H,0: C, 37.14, H, 4.11, N, 7.88. Found: C,
37.61, H, 4.38, N, 7.52%.

Bispidone 14 Piperidinone P, (497.0 mg, 1.3 mmol) was dissolved
in warm methanol (6 mL), and formaldehyde (290 L, 3.9 mmol) was
added after the solution cooled at room temperature. After 10 min, 2-
aminomethylthiophene (147 uL, 1.43 mmol) was added to the
mixture, and the reaction was warmed at 55 °C during 2 h 30 min
under stirring. Slow evaporation gave a precipitate that was filtered and
washed with cold methanol affording 14 (290.0 mg, 43%). 'H NMR
(300 MHz, CD;0D): § 8.45 (d, ] = 4.9 Hz, 2H, Hy), 7.98 (d, ] = 7.9
Hz, 2H, H,), 7.59 (t, ] = 7.7 Hz, 2H, H,), 7.38 (d, ] = 5.3 Hz, 1H, H,),
7.16 (dd, J, = 7.5 Hz, ], = 4.7 Hz, 2H, H.), 6.97 (dd, ], = 5.1 Hz,]z—
32 Hz, 1H, Hy), 6.88 (d, = 3.2 Hz, 1H, H,), 4.72 (s, 2H, H,), 3.83 (s,
6H, OCH,), 3.57 (s, 2H, CH,thiophen), 2.82 (AB system, §, = 3.06,
8y = 2.57, Jag = 12.7 Hz, 4H, Hy), 2.01 (s, 3H, CH,). *C NMR (75
MHz, CD;0D): 6 203.7 (C=0), 168.7 (CO,Me), 158.7 (C,,), 149.1
(Ca), 139.5 (Cipiophen)s 136.5 (Cy), 128.4, (C,), 127.1 (Cy), 125 7 (Cy),
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1237 (1), 123.0 (C.), 738 (C,), 622 (C,), 588 (Cg), 55.6
(CH,thiophen), 52.7 (OCH,), 434 (CH,). IR (cm™, ATR) v 1734
(s, ve—o ester), 1716 (m, vc—o ketone), 1589, 1571 (w, ve—c
aromatic), 1280 (s, vc—p). ESI/MS* (MeOH): m/z = 521.18 ([M
+ HJ] *, 100%). Anal. Calcd for C,,;H,3OsN,S: C, 62.29, H, 5.42, N,
10.76. Found: C, 62.14, H, 5.53, N, 10.98%.

Bispidol 2. Bispidone 14 (960 mg, 1.84 mmol) was dissolved in
anhydrous methanol (80 mL) and was cooled to —77 °C in an
acetone/dry ice bath. Sodium borohydride (106 mg, 2.77 mmol) was
slowly added. After 3 h 30 min at =77 °C, a solution of saturated
NH,CI (20 mL) was added in the flask, and the mixture was stirred
during 30 min. After evaporation of the solvent, the mixture was
suspended in DCM and filtered, and TFA (150 uL) was added in the
filtrate. Solvents were removed under reduced pressure, and the
obtained solid was purified by column chromatography (SiO,; DCM/
MeOH 95/5-75/25). Slow evaporation at room temperature gave the
pure product as white crystals (410 mg, 43%). '"H NMR (400 MHg,
CD;0D): 6 = 8.50 (d, ] = 4.8 Hz, 2H, H,), 7.88 (d, ] = 7.8 Hz, 2H,
H,), 7.77 (t, ] = 7.8 Hz, 2H, H,), 7.39 (d, ] = 5.2 Hz, 1H, H,), 7.30
(dd, J;, = 7.5 Hz, J, = 4.8 Hz, 2H, H,), 7.04 (dd, J; = 53Hz,]2—36
Hz, 1H, Hy), 6.99 (d, ] = 3.3 Hz, 1H, H,), 5.90 (s, 2H, H,), 4.61 (s,
1H, H,), 3.96 (s, 2H, CH,thiophen), 3.68 (s, 6H, OCHj), 3.15 (AB
system, 5, = 3.37, 85 = 2.93, Ju5 = 12.3 Hz, 4H, Hy), 2.26 (s, 3H,
CH;). 3C NMR (100 MHz, CD;0D): § = 169.4 (CO,Me), 152.5
(Cpy)s 149.4 (Cy), 137.5 (Cy#+Cariophen)s 128.6 (C,), 1282 (C,), 127.0
(Cp), 126.5 (Cp), 1243 (C.), 73.0 (Cy), 659 (C,), 55.0
(CH,thiophen), 544 (Cy), 53.1 (C,), 524 (OCH,), 42.7 (CH,).
ESI/MS* (MeOH): m/z = 5232029 ([M + H] *, 100%).

Ligand Ls. Compound 24 (309 mg, 0.59 mmol) was dissolved in
THF (32 mL), and sodium hydroxide (71 mg, 1.78 mmol) in H,O (12
mL) was added. The solution was stirred at room temperature during
6 d. After evaporation, hydrochloric acid (5 mL) was added, and after
1 h, solvent was removed under reduced pressure. Product was
purified by filtration on a reverse-phase column (100% H,O then
80:20 H,0/MeOH) to yield Ls-0.3HCI as a white powder (210 mg,
74%). 'H NMR (400 MHz, CD,0D): & 8.62 (d, J = 3.8 Hz, 2H, H,),
7.92 (t, ] = 7.6 Hz, 2H, Hy), 7.72 (d, ] = 5.2 Hg, 1H, H,), 7.52-7.40
(multiplet, SH, H+H,+H,), 7.25 (multiplet, 1H, Hy), 4.94 (s, 2H, H,),
4.50 (s, 2H, CH,thiophen), 4.37 (s, 1H, Hy), 3.41 (AB system, 5, =
3.65, 8 = 3.16, ], = 12.6 Hz, 4H, Hy), 1.91 (s, 3H, CH;). *C NMR
(100 MHz, D,0, 50 °C): § 179.1 (CO,H), 161.7 (C,,), 148.3 (Cy),
137.3 (Cy/Cupiophen)s 137.3 (CytCniophen)s 1288 (C,), 127.7 (C,),
1263 (Cp), 1257 (Cp), 123.0 (Co), 75.0 (Cy), 68.7 (C,), 56.8
(CH,thiophen), 56.5 (CS), 51.7 (C,), 43.4 (CH;). IR (cm™, ATR) v
3240 (broad, vo_g alcool), 3056 (broad, vo_y acid), 1710 (m, vc—g
acid), 1590 (s, vc—c aromatic). ESI/MS™ (H,0): m/z = 493.16 ([M-
H]~, 100%). Anal. Caled for C,sH,(OsN,S.0.3HCI: C, 59.40, H, 5.24,
N, 11.08. Found: C, $9.14, H, 5.44, N, 10.81%.

Synthesis and Characterization of the Complexes. [ZnL;*Cl].
To a solution of ligand L; (306.0 mg, 0.60 mmol) in THF (20 mL)
was added ZnCl, (109 mg, 0.78 mmol) dissolved in H,O (3 mL). The
mixture was stirred for 24 h at room temperature and evaporated
under reduced pressure. The solid was dissolved in a minimum of H,O
(6 mL), and addition of a large volume of THF (75 mL) resulted in
the formation of a precipitate, which was collected by centrifugation
and dried under vacuum to give the complex [ZnL,*Cl]-2H,0 (300
mg, 82%). 'H NMR (300 MHz, D,0): 6 8.67 (d, ] = 5.0 Hz, 2H, Hy),
8.10 (t, ] = 7.9 Hz, 2H, H,), 7.70 (t, ] = 6.5 Hz, 2H, H,), 7.50 (d, ] =
7.9 Hz, 2H, H,), 5.18 (s, 2H, H,), 3.75 (s, 6H, OCH,), 3.12 (s, 2H,
CH,CO0"), 2.84 (AB system, 5, = 3.07, 5 = 2.60, Jap = 13.1 Hz, 4H,
Hy), 2.16 (s, 3H, CH;). 3C NMR (75 MHz, D,0): § 177.4 (COO™),
169.8 (COOMe), 152.9 (C,,), 149.1 (CH,,), 142.7 (CH,,), 1263
(CH,,), 125.4 (CH,,), 92.7 (C,), 68.1 (C,), 61.2 (CH,COO"), 55.9
(C)), 54.1 (Cy), 53.6 (OCH,), 44.0 (CH,). ESI/MS*(H,0): m/z =
563.11 ([M] *, 100%), 545.10 ([M-H,0] *, 100%), 547.10 ([M-H,0]
*, 58%), 549.10 ([M-H,0] *, 42%). Anal. Calcd for
ZnCyH,,0,N,C12H,0: C, 45.37, H, 476, N, 8.82. Found: C,
4536, H, 4.77, N, 8.81%.
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All of the following zinc complexes were prepared in situ in D,0 by
mixing appropriate amounts of ligand and metal as the zinc chloride
salt.

[ZnL,]. Ligand L, (10.4 mg, 0.024 mmol) and ZnCl, (4.8 mg, 0.028
mmol) were dissolved in D,O (0.7 mL). '"H NMR (300 MHz, D,0):
5 8.65 (m, 2H, Hy+Hy), 8.10 (m, 2H, Hy+H,/), 7.74 (d, ] = 7.9 Hz,
1H, H,/H,), 7.67 (m, 2H, H+H..), 7.60 (d, ] = 7.9 Hz, 1H, H,/H,/),
5.04 (s, 1H, H,/H,), 445 (s, 1H, H,/H,), 4.36 (s, 1H, H,), 3.45 (AB
system, 5, = 3.72, 85 3.17, J,5 = 11.4 Hz, 2H, CH,CO,H/Hy/Hy),
3.08 (AB system, 8, = 3.13, 35 = 3.03, s = 17.5 Hz, 2H, CH,CO,H/
Hg/Hg), 2.77 (AB system, 5, = 2.88, 8y = 2.66, ]z = 13 Hz, 2H,
CH,CO,H/Hg/Hy), 2.48 (s, 2H, CH,0H), 2.10 (s, 3H, CH;). *C
NMR (75 MHz, D,0): § 177.9 (CH,CO,"), 173.0 (CO,"), 154.3
(Cpy)s 1540 (C,,), 1489 (C4/Cy), 148.6 (Cy4/Cy), 141.0 (C,/Cy),
140.7 (C,/Cy), 126.8 (C,/C,), 126.4 (C,/C,), 125.9 (C+C.), 69.8
(Cy), 65.0 (C,/Cy), 64.0 (C,/C,), 62.7 (CH,CO,"), 61.1 (CH,OH),
57.3 (C4/Cq), 57.1 (C4/Cg), 51.9 (C,/Cs), 43.9 (C,/Cs), 42.9 (CH,).
High-resolution ESI/MS* (H,0) caled for C,,H,sO¢N,Zn: m/z =
505.1060 ([M] *, 100%). Found: 505.1050.

[Zn14Cl,]. ZnCl, (3.8 mg, 0.028 mmol) was added to a solution of
bispidone 14 (11.1 mg, 0.021 mmol) in THF (2.0 mL) and stirred
overnight at room temperature. The mixture is evaporated to dryness
and dissolved in D,0 (0.7 mL). "H NMR (300 MHz, D,0): § 8.84 (d,
J =52 Hz, 2H, Hy), 8.18 (t, ] = 7.8 Hz, 2H, H,), 7.80 (dd, J, = 7.7 Hz,
J» = 5.3 Hz, 2H, H,), 7.57 (d, ] = 7.8 Hz, 2H, H,), 7.45 (d, ] = 5.1 Hz,
1H, H,), 7.06 (dd, J; = 5.1 Hz, ], = 3.3 Hz, 1H, Hy), 6.98 (d, ] = 3.3
Hz, 1H, Hy), 5.20 (s, 2H, H,), 4.23 (s, 2H, CH,thiophen), 3.75 (s, 6H,
OCH,), 2.76 (AB system, 8, = 3.03, 5 = 2.49, J,5 = 13.4 Hz, 4H, Hy),
2.19 (s, 3H, CH,). *C NMR (75 MHz, D,0): § = 169.9 (CO,CHj,),
1534 (C,,), 1489 (Cy), 142.1 (C,), 132.0 (C.), 130.6 (Cypiophen)s
128.1 (C,), 127.5 (Cy), 1266 (C,), 126.0 (C,), 92.6 (C,), 68.3 (C,),
55.5 (CH,thiophen), 55.2 (C,), 53.7 (OCH,), 50.0 (Cy), 45.6 (CH,).
ESI/MS* (H,0): m/z = 637.09 [M+Cl] *.

[ZnLg]. Ligand Lg (15.0 mg, 0.03 mmol) and ZnCl, (7.0 mg, 0.04
mmol) were dissolved in D,O (0.7 mL). '"H NMR (300 MHz, D,0):
58.62(d,J=52Hz 2H, Hy),7.92 (t,J=7.8 Hz,2H, H,), 7.72 (d,] =
7.9 Hz, 2H, H,), 7.52 (t, J, = 74 Hz, ], = 5.1 Hz, 2H, H_), 745 (d, ] =
52 Hz, 1H, H,), 7.06 (t, ], = 52 Hz, ], = 34 Hz, 1H, Hy), 7.02 (4, ] =
3.3 Hz, 1H, H,), 5.06 (s, 2H, H,), 4.25 (s, 2H, CH,thiophen), 4.22 (s,
1H, Hy), 2.79 (AB system, &, = 2.89, 55 = 2.69, Jap = 132 Hz, 4H,
Hg), 2.15 (s, 3H, CH;). *C NMR (75 MHz, D,0): § 172.8 (CO,H),
1544 (C,,), 148.5 (Cy), 1414 (C,), 132.1 (C.), 130.8 (Cypiophen)s
128.1 (C,), 127.5 (Cy), 127.5 (C,), 126.1 (C,), 71.2 (Cy), 63.7 (C,),
55.7 (CH,thiophen), 53.1 (Cg), 50.9 (C,), 45.1 (CH;). ESI/MS*: m/z
= 593.05 [M+Cl] *.

Physicochemical Studies. Materials. Distilled water was purified
by passing through a mixed bed of ion-exchanger (Bioblock Scientific
R3—83002, M3—83006) and activated carbon (Bioblock Scientific
ORC-83005). All the stock solutions were prepared by weighing solid
products using an AG 245 Mettler Toledo analytical balance
(precision 0.01 mg). Metal cation solutions were prepared from
their perchlorate salts (Cu(ClO,),-6H,0, 98%, Fluka; Zn(ClO,),
6H,0, 98.9%, Alfa Aesar; Co(ClO,), 98%, Fluka; and Ni(ClO,),
6H,0, 98%, Aldrich), and their concentrations were determined by
colorimetric titrations with ethylenediaminetetraacetic acid (1 X 107
M, Merck, Titriplex III) according to standard procedures.* Sodium
hydroxide (NaOH) and perchloric acid (HCIO,) were used to adjust
pH during titrations. The ionic strength of all the solutions was fixed
to 0.1 M with potassium chloride (KCl, Fluka, 99.0%). All the
experiments described were repeated at least three times.

Caution! Perchlorate salts combined with organic ligands are
potentially explosive and should be handled in small quantities and with
the adequate precautions.>*

Potentiometry. The protonated species of L, and Lg and the
stability constants of L, complexes with Cu(II), Zn(II), Co(Il), and
Ni(1I) complexes were characterized and quantified by potentiometric
titrations in water. All the solutions used in the potentiometric
experiments were prepared from boiled and degassed water. Titrations
were performed using an automatic titrator system (DMS 716 Titrino,
Metrohm) with a combined glass electrode (Metrohm, 6.0234.100,

4434

Long Life) filled with NaCl 0.1 M. The electrode was calibrated as a
hydrogen concentration probe by titrating known amounts of
perchloric acid with CO,*~ free sodium hydroxide solutions. The
GLEE program®*>*® was used for the glass electrode calibration.

In a typical experiment, an aliquot of 10 mL of L (1 X 107> M) or
M/L (M = Zn(II), Co(II), or Ni(I), [M]/[L] ~ 1) was introduced
into a thermostated jacketed cell (25.0(2) °C, Metrohm) and kept
under argon during the titrations. The solutions were acidified with a
known volume of HCIO,, and the titrations were then performed by
addition of known volumes of sodium hydroxide solution over the pH
range of 2—12. The potentiometric data of L and its metal complexes
were refined with the Hyperquad 2008 program,57 which uses
nonlinear least-squares methods, taking into account the formation
of metal hydroxide species. The titration of each system was repeated
at least in triplicate, and the sets of data for each system were treated
independently, then merged together and treated simultaneously to
give the final stability constants. The distribution curves as a function
of pH of the protonated species of L, and L4 and of L, and Lg metal
complexes were calculated using the Hyss2009 program.®®

Spectrophotometry. The protonation constants of L, and Lg and
the stability constants of M/L (M = Cu(Il), Zn(II), Co(IL), and Ni(1I)
for Ly and M = Cu(II) for Ls, [M]/[L] = 1, [L] & 1 X 10™* M) were
also determined by UV—visible spectrophotometric titration versus pH
by recording simultaneously pH and UV-—visible spectra. Since
complexation started in very acidic medium, the titrations were
performed in two different ways. Between pH = 0 and pH = 2, batch
solutions were prepared. Each sample was prepared separately by
mixing a known amount of L stock solution, a known amount of
standardized HCIO, to adjust the pH (pH = —log[H*]), and a known
amount of Cu(Il) stock solution in the case of the study of the
complexes ([Cu(II)]/[L) = 1). Between pH 2 and 12.5, direct
titrations were performed. Typically, an aliquot of 10 mL of L solution
was introduced into a thermostated jacketed cell (25.0(2) °C) with 1
equiv of metal (M) in the case of M/L titrations. A known volume of
perchloric acid solution was added to adjust the pH to 2, and the
titrations were performed by addition of known volumes of potassium
hydroxide solution. The free hydrogen ion concentrations were
measured with a Mettler Toledo U402—S7/120 (pH 0—14) combined
glass electrode. Potential differences were given by a Tacussel
LPH430T millivoltmeter. Standardization of the millivoltmeter and
verification of the linearity of the electrode were performed with three
commercial buffer solutions (pH 4.01, 7.01, and 10.01; 25 °C).

For all the spectrophotometric titrations, UV—visible absorption
spectra versus pH were recorded in 1 cm quartz Suprasil cells using a
Varian (Cary 3) spectrophotometer equipped with a thermoregulated
cell compartment (25.0(2) °C). The software SPECFIT Global
Analysis System V3.0 32 bit for Windows was used to determine the
coordination model and calculate the stability constants (log ) of the
formed species.*

Acid Decomplexation Studies. Acid-decomplexation studies were
performed under pseudo-first-order conditions on a 5.48 X 10™° mM
solution of Cu(I)L, complex and on a 4.97 X 107> mM solution of
Cu(II)Lg complex in § M HCIO, at 25 °C. Changes in the absorption
spectra with time were monitored using a PerkinElmer Lambda 950
spectrophotometer. The decomplexation reaction was monitored by
following the ratio A3 yn/As73 nm OVer time during four months.

Cyclic Voltammetry. CV was performed on the CuL, and CulLg
complexes at room temperature with a Radiometer Analytical
MDE150/PST50 interfaced to a personal computer. The CV
experiments were performed using a glassy carbon working electrode
(0.071 cm?, BASi). The electrode surface was polished routinely with
0.05 pm alumina—water slurry on a felt surface immediately before
use. The counter electrode was a Pt coil, and the reference electrode
was a Ag/AgCl electrode. The CuL complex was measured in Ar-
degassed water with ionic strength fixed at 0.1 M with KCl, at five
different values of pH (pH = 2.38, 4.30, 7.34, 9.36, 11.49) and different
scan rates (50—300 mV/s).
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Scheme 1. Synthesis of Bispidine Ligands L,, L;, and Ly,
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B RESULTS AND DISCUSSION

Synthesis and Structural Characterization of the
Ligands. Two-step synthesis of bispidones L,—L; (bispidone
= 9-0x0-3,7-diazabicyclo[3.3.1]nonane) was achieved according
to the procedures we previously reported.*’ Bispidones 15 and
14 (Scheme 1) were obtained via double Mannich reactions
from the piperidinone P,, formaldehyde, and the corresponding
amine, that is, glycine (1, and 15) and 2-(aminomethyl)-
thiophen (1¢) (see Supporting Information, Figures S1—S2 for
the '"H NMR spectra of 15 and 1g). Reduction of the as-
obtained bispidone into the corresponding bispidol (24, 25, and
2¢) was achieved with NaBH,. Reduction of the ketone was
necessary to stabilize the bispidine skeleton and prevent ring
opening via retro-Mannich mechanism in acidic condition, as
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well as decarboxylation of the f-keto acid. Selective reduction
of the central ketone of bispidones 15 and 14 was achieved upon
addition of 1.5 equiv of NaBH, in cold methanol (—70 °C). As
a comparison, the reduction reaction was performed in the
presence of an excess of NaBH, (10 equiv) and at higher
temperature (0 °C to room temperature) with ligand L,, and in
that case, partial reduction of the methyl ester substituent was
also observed. Bispidine 2, was isolated, in which one methyl
ester group was reduced with a concomitant trans-esterification
of the ethyl acetate substituent into a methyl ester. Finally,
saponification of the methyl ester groups was performed to
obtain water-soluble ligands (L,, Lg, and Lg, Scheme 1).

The conformation of the bicyclic ring, as well as the
configuration of the pyridyl substituents of the final ligands and

DOI: 10.1021/acs.inorgchem.5b00207
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Figure 1. (a) "H NMR spectrum the isolated complex [ZnL,*]Cl (300 MHz, D,0, 25 °C). (b) 'H NMR spectrum of L, (300 MHz, CDCl,, 25 °C).

Scheme 2. Synthesis of [ZnL,*Cl]?

ZnCl,

—_—
THF/H,O, r.t.

the intermediates was determined by NMR studies. 2D-COSY
(*H-'H and 'H-"C) experiments combined with 'H—'H
NOESY experiment allowed the accurate assignment of all
signals (see Supporting Information, Figures S3—S$ for the 'H
NMR spectra of Ly, L, and Lg). Bispidine L;, L,, L, and L,
and the corresponding intermediates, were isolated in a chair—
chair conformation, with the pyridyl substituents in the
equatorial position, leading to highly preorganized compounds
with cis-symmetrical configuration, well-adapted for the
coordination of metal ions. After reduction, the hydroxyl
group is pointing toward N3, as confirmed by the presence of
nuclear Overhauser effects between the proton atom in position
9 (see Chart 1 for atom numbering) and the proton atoms of
the second cycle (Hg/Hg) in 'H—'H NOESY experiments
(Supporting Information, Figure S6). In conclusion, this
method allows achieving selective reduction with controlled
stereochemistry in a reproducible manner. As a comparison,
Figure 2. ORTEP diagram of the complex [ZnL,*]Cl with thermal previous reports describe the selective reduction of the central
ellipsoids at 30% probability. ketone in the presence of a large excess of NaBH, (7 equiv) in
a mixture of dioxane and water, but depending on the
substituent in R,, either the same epimer was isolated (R, =
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Table 1. Crystallographic Data for the Structures of L, and
[ZnL,*]Cl

L” [ZnL,*]CI

formula Cy6H30N,O, C,,H,,CIN,O5Zn
molecular weight (g mol™") 510.54 600.32
temperature (K) 173(2) 173(2)
crystal size (mm) 0.30x 0.25 X 0.20 0.35 X 0.30 X 0.25
crystal system monoclinic monoclinic
space group P2,/c P2,/c
unit-cell dim (A, deg) a = 14.8091(4) a = 9.0749(2)

b = 11.8613(4)
c = 14.8551(4)

b = 16.9463(4)
¢ =17.5698(4)

B =100.775(2) B = 1063810
volume (A%); Z 2563.37(13); 4 2592.31(10); 4
density (caled, grem™) 1.323 1.538
abs. coeff (mm™) 0.097 1.106
F(000) 1080 1240
0, 27.46 31.98
reflections collected 25582 35134
independent reflections 5860 9008
I > 26(I) reflections 4496 7992
parameters 338 348
R1, wR2 (I > 20(1)) 0.0566, 0.1418 0.0631, 0.1443

R1, wR2 (all data)
“From ref 43.

0.0832, 0.1555 0.0693, 0.1462

Table 2. Selected Bond Lengths and Angles in L,,
[ZnL,*]Cl, and [ZnL,(H,0)](BF,),

[ZnLo(szO)]
L“ [ZnL,*]Cl (BE,),
bond lengths and distances (A)
Zn—N7 2349(3) 2.248(6)
Zn-N3 2181(3) 2.220(6)
Zn—N1 2.135(3) 2.124(6)
Zn—N2 2.159(3) 2.140(6)
Zn—Y 2.026(2) (Y = 0) 2.089(6) (Y = N)
Zn—X 2373(1) (X=C) C)  2200(5) (X = O)
>i (Zn—NiY) 10.82 10.85
N3---N7 2.89 292 2.94
Pyrl-Pyr2 719 675 414
angles (deg)
N3-Zn—-N7 91.7 82.1
N7—Zn-Y 788 (Y = 0) 95.7 (Y = N)
Y—-Zn—-N1 102.9 152.4
Pyrl--Pyr2 1598 15319 1524

“From ref 43. "From ref 63.
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Figure 3. Potentiometric titration of L, and L. [L,], = 1.00 X 1073
M (2.12 < pH < 11.49) and [Lg, = 9.64 X 107* M (2.38 < pH <
11.69); solvent: H,0; I = 0.1 M (KCl); T = 25.0(2) °C.
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Figure 4. Spectrophotometric titration of L, vs pH. (a) Batch titration,
[Ly)eoe = 9-81 X 107 M, —0.1 < p[H] < 1.7. (b) Direct titration, [L,]
=1.01 X 107* M, 2.05 < p[H] < 12.82 (H,0; I = 0.1 M (KCl); T =
25.0(2) °C).

methyl,”" benzyl®') or the other epimer with H, pointing
toward N; (R, = methyl(pyridine),*® ethyne, ethanethiol®).
As stated in our previous report,”” a boat—chair con-
formation was observed in methanol for the bispidine L, and
L;, associated with trans configuration of the pyridine rings.
The important stabilization of the trans isomer in these systems
was explained by the presence of different weak hydrogen-
bonding interactions between the ethyl acetate substituent on
N, and the pyridyl rings at C, and C, or C(sp*)—H groups.
Coordination Properties of the Zn(ll) Complexes.
Structural Characterization by 'H NMR. The coordination
properties of ligands L;—L¢ were studied by '"H NMR, using
Zn(1II) as a diamagnetic metal ion. In all cases, addition of 1.1
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equiv of zinc chloride in a solution of ligand in CD;OD is
associated with marked changes associated with coordination.
As expected from the boat—chair conformation of ligands L,
and L, which is unadapted to metal complexation, a complex
mixture of species was observed by '"H NMR. However, the 'H
NMR spectra of L;, L, L, and Lg in the presence of
stoichiometric amount of Zn(II) show only one set of signals,
associated with significant changes in the protons chemical
shifts, pointing to the formation of a rigid 1:1 complex in
solution (Figure 1 and Supporting Information, Figures S3—
SS). In all cases, the coordination of the nitrogen atoms of the
pyridine substituents induces a significant shielding of the
protons H,, being displaced into the magnetic anisotropy cone
of the O atoms of the methyl esters. Moreover the coordination
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Table 3. Successive Protonation Constants of L, and Relevant Selected Ligands®

log K,"! Ly
H
log K, Neer >12
log K" 10.6(6)
log K3: COOH 4.5(1)
log K4 2.0(2)
H
log Ks Pyridines | 0-82(D)
log K¢ <0.82

\N/\‘(o Z |
Lo | LA

>12 / /
11.8(2) 10.547 /
3.6(1) / /
2.3(3) 1.937 /
0.62(7) / 0.9
<0.62 / /

“H,0, I = 0.1 M (KCI), T = 25.0 °C. The numbers in parentheses correspond to the standard deviations expressed as the last significant digit.

a)

16000 - L4Hs
LsHy
= 12000 A
£
v
2 8000 -
w LH
LyH,
4000 A
0 - .
230 250 270 290

Wavelength (nm}

b)

100 LaH
80 L,H, %Y

60

% of species

20 4

Figure 5. (a) Electronic spectra and (b) distribution diagram of the protonated species of L, ([Ly)ie = 1.0 X 107* M, H,0, I = 0.1 M KCL, T =

25.0(2) °C).
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Figure 6. Spectrophotometric titration of CuL, vs pH. [L,],, = 9.81 X
105 M, [Cu(ID)]yo/[Lylie = 1, —0.1 < pH < 2.0, H,0, I = 0.1 M
(NaClO,),T = 25.0(2) °C). (inset) Spectral variations at 261 nm as a
function of calculated pH.

of the nitrogen atom Nj induces a strong deshielding of the
protons H, and H,. Finally, a significant increase of the
coupling constant (1 Hz) of the AB spin system of protons Hy/
Hg is observed and accounts for the stiffening of the skeleton in
the Zn(II) complexes.

In the case of L;, selective hydrolysis of the ethyl ester
function was clearly observed upon addition of Zn(Il) in
CD;0D, which was accompanied by the disappearance of the
ethyl ester quadruplet at 6 = 4.16 ppm and the appearance of a
new signal at 6 = 3.72 ppm, accounting for the CH, protons of
ethanol (Supporting Information, Figure S7). Monitoring this
reaction with time allowed us to identify a mechanism in three
steps: (i) first, coordination with Zn(Il), (ii) trans-esterification

4438

Table 4. Overall Stability Constants (log f§) of the ML,
Complexes

stability constant® Cu Zn Ni Co
log Ay, 192(3)% 144502  122(3)%  11.1(2)"°
log Ay 167(2)%  15.02(3)°
log ﬂMLpH 3.4(4) be

“M = Cu(Il), Zn(IL), Co(1l), Ni(Il), H,0; I = 0.IM; T = 25.0°C,
Pavin = [MLH]/([M][L][H]); charges were omitted for clarity; log
I<Cu(OH) = —6.29; 10g KCu(OH)Z = —13.1; log KZn(OH) = —7.89 ; IOg
Koo, = —14.92; log Kys(om) = —8.1; log Kyi(om), = —16.87 (from ref
83); log Kcoomy = —6.35 (from ref 84). bSpectrophotometry.
“Potentiometry. Stability constants of hydroxo species were consid-
ered.

of the ethyl ester with CD,OD, and (iii) hydrolysis of the
obtained methyl ester. This selective hydrolysis was not
observed upon addition of other cations such as Na', Mg*”,
and Ca®". Such catalytic effect of the zinc ion is not surprising
since most zinc enzymes act as hydrolases and often catalyze
the hydrolysis of ester bonds.”” To avoid any secondary species
due to incomplete trans-esterification or hydrolysis, the
synthesis of the Zn(Il) complex was performed in a mixture
of THF and H,0 (Scheme 2). The corresponding 'H NMR
spectrum is presented in Figure 1. Full assignment of the
signals was achieved by 'H—'"H COSY and NOESY experi-
ments (Supporting Information, Figure $8). Overhauser effects
were observed between the CHj; protons and the protons H,/
H,, confirming their axial position. Through-space dipolar
coupling was also observed between the pyridyl protons H, and
the axial proton H,/H, as well as the OCH; protons,
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Figure 7. Cyclic voltammograms of CuL, at different pH (V = 200
mV/s). [CuL,] = 9.07 x 107* M, H,0, I = 0.1 M (NaClO,), T =
25.0(2)°C.
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Figure 8. Evolution of the absorption spectra of CuL, in S M HCIO,,
over four months at 25 °C at 0 (blue), 6 (red), 31 (green), S9
(turquoise), and 84 days (orange) and of a solution of free Cu(II) and
L4 in the same conditions (purple) ([CuL,] = 5.48 X 107° M). (inset)
Evolution of the absorbance upon time (experimental data point and

fit).

confirming the reorientation of the pyridyl substituents in the
syn conformation upon complexation. Interestingly, hydration
of the central ketone is favored upon complexation, as observed
by *C NMR with a chemical shift at 93 ppm corresponding to
a gem—diol (L,*) instead of 203 ppm for the ketone in the
spectrum of the ligand. This was further confirmed by the
crystal structure of the complex in the solid state (Figure 2).
Solid-State Structure of the Complex [ZnL,*]Cl. X-ray
quality crystals of the Zn(II) complex formed with ligand L,
were obtained by slow evaporation of a solution of isolated
[ZnL,*]Cl-2H,0 complex in methanol at room temperature.
The ORTEP diagram of [ZnL,*]Cl is shown in Figure 2, and
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the corresponding crystallographic data are presented in Tables
1 and 2.

The Zn(II) ion is hexacoordinated by ligand 15 and one
chloride counterion (Figure 2). As for other transition-metal
complexes with pentadentate bispidone 1igands63_65 the
coordination sphere can be described as an octahedral
geometry with tetragonal distortion. As expected, the geometry
of the rigid diazabicyclononane skeleton is only faintly modified
upon coordination of Zn(II), and in particular the N1—N2
distance remains almost unchanged (Table 2). The major
structural changes upon coordination arise from the rotation of
the pyridine substituents at C2 and C4 and the hydrolysis of
the ethyl ester, providing a strongly coordinating carboxylate
donor. Moreover, hydration of the central ketone is observed,
confirming previous NMR data. The values of Zn—N3 and
Zn—N7 are very similar to the values found for complex
[ZnL,](BE,), where the acetate substituent is replaced by a
methylpyridyl substituent.”> However, little changes are
observed in the Zn—N1 and Zn—N2 distances, with the Zn(II)
center slightly shifted toward N7, probably due to a stronger
coordination of the carboxylate donor in comparison to the
pyridyl moiety.

Physicochemical Studies. Protonation Constants of the
Ligands L, and Lg. Ligands L, and Lg (Chart 1) possess six
protonation sites: two tertiary amines, two pyridine nitrogen
atoms, and two carboxylic acid functions. Protonation
constants, as defined by eqs 1 and 2, were determined by a
combination of potentiometric (Figure 3) and UV-—vis
absorption spectrophotometric titrations versus pH (Figure 4
and Supporting Information, Figure S9).

LH, , + H < LH, (1)
H [LHn]
" T e, E 2)

Because of the known strong stability of the metal complexes
of bispidine derivatives, % ligands L,, Lg, and their Cu(II)
complexes were studied in strongly acidic conditions. Between
pH = 0 and pH = 2, the batch titration technique was used
(Figure 4a), and the pH of the solutions was fixed by adding
known volumes of standardized HCIO, (see Experimental
Section for details). Note that the ionic strength was not fixed
in the batch titrations and that no decomposition of the ligands
was observed, even in strongly acidic conditions. Direct
titrations on L, and Ly were also performed in the pH range
of 2—12 (Figure 4b). The spectrophotometric titrations versus
pH of L, showed one band, centered at 260 nm, attributed to
the sm—7n* transition of the pyridine rings, which underwent
hypochromic variation and showed shoulders appear upon
increase of the pH.%® The hypochromic variation in very acidic
conditions is typical of the deprotonation of pyridinium
nitrogens.””%® The shoulders appearing in basic conditions
suggest the existence of hydrogen bonding with at least one
pyridine nitrogen lone pair.*” Ligand Lg shows the same band
plus an additional large band centered around 240 nm due to
the presence of the thiophene moiety (Figure $9).”°

The statistical analysis of the potentiometric and spectro-
photometric data versus pH was achieved with Hyper-
quad2008”"*” and Specfit32,>> respectively, and led to the
determination of four protonation constants of ligand L, and L
in the pH range from O to 12 (Table 3). The first two
protonation constants (K" and K,™), with log K higher than
10, were assigned to the tertiary amines of the bispidine
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Table 5. Calculated pM® (M = Cu(II), Zn(II), Ni(II)) Values, Half Life (t,,,), and Reduction Potential (E,.4) for L, and Other

Relevant Ligands from Literature

pCu PZn pCo
L, 17.0 122 10.6
Lg 159
HZ2*" 15.8 10.6 6.0
L,? 189 8.9 6.9
cyclam®! 20.8
NOTA9 184
TETAS 15.1
NOI1PA2PY>? 17.75 13.28
L> 12.11 5.06
Ls40
L, %0 155 11.1 9.2
CB-TE2A%*°
CB-TE2P'*%®
HCB-TE1PA*® 16.6
H,DEDPA* 185
PYCUP2BN**

pNi tiz

10.0 71 d (5§ M HCIO, 25 °C)
46 d (5 M HClO,, 25 °C)

69
3.8 min (5 M HCJ, 90 °C)
<3 min (5§ M HC], 30 °C)
3.5d (5 M HCJ, 30 °C)
204 min (3 M HC, 90 °C)
30.8 d (12 M HC, 90 °C)

10.1

154 h (5 M HCI, 90 °C)
3.8 h (5 M HCJ, 90 °C)
96 d (M, HCIO,, 25 °C)
<S min (6 M HC, 90 °C)
20.3 h (5 M HCJ, 90 °C)

“pM = —log[M(I)g.], [M] = 1 x 10 M, [L] =1 X 107° M.

E,.q (mV)/NHE

—560
—225

—323 (E°)
—480 (irr)

=518

radiolabeling conditions

25 °C, 30—60 min, pH 5.5-6.5
25 °C, 60 min, pH 5-7
r.t., 30 min, pH 6-7

—447, =591 (irr)

=880 (Ey)5)

~760
—-620
—920 (irr)

r.t, 1 min, pH 5.5

95 °C, 60 min, pH 6—7
r.t, 30 min, pH 8.1

25 °C, 5—10 min, pHS.S
70 °C, 15 min, pH 7.4

Chart 2. Structure of Other Ligands Discussed in This Work
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was attributed to the N, nitrogen of the
bispidine backbone by comparison with dimethylglycine (Table
3), while the other tertiary amine (N;) was too basic to be
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deprotonated in our pH range.
protonation constants (K;", K,) were attributed to the two
carboxylic acid oxygens. In the case of L,, by comparison with

The third and fourth

DOI: 10.1021/acs.inorgchem.5b00207
Inorg. Chem. 2015, 54, 4431-4444


http://dx.doi.org/10.1021/acs.inorgchem.5b00207

Inorganic Chemistry

dimethylglycine, we suggest that K, is attributed to the
methylcarboxylic acid on N7, and thus K, is attributed to the
carboxylic acid on Cl. The two most acidic protonation
constants belong to the pyridine nitrogens. Only one could be
determined from our spectrophotometric batch titrations, and
its value (log K;") is in agreement with the protonation of the
pyridine group of N,N’-dimethyl(pyridine-2-yl)methylamine
(Table 3).”°

From these values, the electronic spectra of the protonated
species of L, (Figure S) and Ls (Supporting Information,
Figure S10) and their distribution diagram were calculated.””
The distribution curves showed that only the neutral
zwitterionic diprotonated species L,H, and L¢H, are present
under physiological conditions (pH 7.4). These data also
confirm the attribution of the first two protonations to the
tertiary amines. Indeed, the shape and absorption coeflicient of
the calculated UV-absorption spectra of L,H™ and L,H, (L,H™,
£560 = 8730 M~t-cm™ and LH,, £,4p = 8210 M™*:cm™) is very
similar to the protonated form of N,N’-dimethyl(pyridine-2-
yl)methylamine (&,5 &~ 3700 M"-cm™") taking into account
the presence of two pyridines in L,.

Determination of the Stability Constants of the Cu(ll)
Complexes. Upon spectrophotometric titration of a solution
of L, and Cu(1I) ([Cu(I)]/[L,] = 0.92) between pH = 2 and
12, both the ligand bands (Supporting Information, Figure
S11) and the Cu(Il) d—d bands (Supporting Information,
Figure S13) showed no spectral variations. Both the shape of
the ligand bands (significantly different from the free ligand
spectra) and the position of the d—d band (660 nm) suggest
that the Cu(Il) complex is already formed at pH = 2 and
exhibits a square pyramidal geometry.”® This was also
confirmed by the titration of ligand L, upon addition of a
Cu(Il) solution at pH = 2 (Supporting Information, Figure
S12). The thermodynamic stability constant (log fcus =
19.2(3)) was determined from the variations of the UV—visible
absorption spectra of a Cu(Il)/L, 1:1 solution between pH
(—log[H']) —0.1 and 1.7, using batch technique (Figure 6).
Significant changes were seen in the absorption spectrum of L,
as a function of pH, where the hypo- and hypsochromic shift of
the main band at 260 nm to§ether with the appearance of a
small charge transfer band 67980 jndicated the complete
formation of the complex at pH = 1.3.

Unlike L,, the complexation of Cu(Il) by ligand Lg is
characterized by a slow complexation kinetic at room
temperature, and marked changes in the UV—visible absorption
spectra can be observed over a period from 1 to 2 h.
Complexation was monitored by UV—visible spectrophotom-
etry using the batch technique in the pH range from —0.3 to 1.9
(Supporting Information, Figure S14). These titrations also
showed that a unique Cu(II) complex is formed from very low
pH (pH > 0.8), in agreement with a strong binding constant
(log Bcurs = 194(1)). The maximum absorption of the d—d
transitions was centered at 630 nm in that case, suggesting
similar square pyramidal coordination geometry to CuL,
(Supporting Information, Figure S15). Moreover, significant
variations at 240 nm, corresponding to the 7—z* transition of
the thiophene, suggested its implication in the Cu(Il)
coordination sphere (Figure S14).

Selectivity of L, for Cu(ll) Versus Cof(ll), Ni(ll), and
Zn(ll). To avoid the release of the radioisotope in vivo due to
transmetalation, ®*Cu chelates should present an important
selectivity for Cu(Il) over other metals. We focused our
attention on the study of the complexation of Zn(II) since it is
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the most abundant bioavailable cation, and solid states and 'H
NMR studies pointed to a good affinity of our ligands for
Zn(IT). Ni(Il) was also studied since it is the main species
obtained during the production of *Cu from enriched *Ni
targets by cyclotron, the ratio of metal Ni to *Cu being in the
order of millions.*® Co(Il) is also observed, coming either
from a side nuclear reaction (*'Co) or from impurities of the
enriched *Ni targets (**Co, ®Cu, ®'Cu, and ®Cu).**

Spectrophotometric titrations of L, with stoichiometric
amounts of Zn(Il), Co(Il), and Ni(Il) versus pH showed
spectral variations between pH 2 and 12, suggesting a weaker
stability of the ML complexes and the possible presence of
other species (Supporting Information, Figures $16—S18). The
Zn(I), Co(1I), and Ni(II) complexes were therefore also
studied and characterized by potentiometric titrations versus
pH (Supporting Information, Figure S19). For Zn(II),
potentiometric titrations pointed to the formation of a single
1:1 (M/L,) complex, in line with solid-state and 'H NMR
studies and with the data obtained for Cu(II). However, the
formation of an ML,H species was observed with Co(II) and
Ni(II). At basic pH, an additional ML,(OH) species was
observed with Ni(II). The average values of the stability
constants for all the studied cations are summarized in Table 4.
Because of very small variations in the spectrophotometric
titration of the Zn(II) complex, only the potentiometric
titrations were exploited to determine its stability constant.
Also, because of the low amount of CoL,H formed (Supporting
Information, Figure S21) and the weak spectral variations
associated, this stability constant could only be determined by
potentiometric technique.

These results clearly showed a strong stability of the Cu(II)
complex and a good selectivity of L, for Cu(II) compared to
Zn(II) < Ni(Il) < Co(Il), in line with the Irving—Williams
series,”” with at least five orders of magnitude of difference in
the log Ky value. Moreover, only the Cul, species was
identified and is very stable from pH 2 to 12. The error on the
stability constant of the CuL, is due to the absence of control
of ionic strength in the batch titration between pH 0 and 1.
Errors on the other constants are due to the absence or
weakness of charge-transfer bands for Ni(II) and Co(Il) that
forced us to fit the spectrophotometric data on the ligand bands
where the presence of both the protonated species and metal
complexes renders the fit more complicated and increases the
standard error. The electronic spectra of the complexes
(Supporting Information, Figure S20) and the species
distribution profiles (Supporting Information, Figure S21)
were calculated from the thermodynamic stability constants.
The distribution curves show that for all the metal ions, the ML
complex is the major species at physiological pH (pH = 7.4).
Moreover, the strong stability of CuL, makes it the major
species over the whole pH range (pH 2—12), suggesting that
this complex would not dissociate due to any change of pH in
the human body.*® Because of its slow complexation kinetics
with Cu(II), coordination with Zn(II), Ni(II), and Co(II) was
not studied.

Electrochemical Behavior of the Complex Cul,. In vivo
dissociation of Cu(I) complexes often occurs through the
reduction to Cu(I) and subsequent demetalation. As a
consequence, complexes should possess a reduction potential
below the threshold for in vivo reduction, estimated to —0.4 V
(vs NHE). We thus performed CV studies at different pH on
the Cul, complex (Figure 7 and Supporting Information,
Figure S22).
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Between pH 4 and 9, quasi-reversible processes were
observed both in reduction and oxidation. A single redox
couple was identified in this pH range, corresponding to
Cu(ll)/Cu(l) (E,q = —0.56 V vs NHE). This is clearly
indicating the absence of demetalation and suggests that our
complex is able to stabilize both Cu(1I) and Cu(I) in this pH
range. Such behavior is all the more remarkable considering it is
at the origin of the reputation of cross-bridged systems, such as
CB-TE2A (E,/, = —0.88 V vs NHE), as very strong ligands for
copper. Similar behaviors were also observed for other
bispidone derivatives*” and for NO1PA2PY (E,4 = —0.518 V
vs NHE)*? and CB-TE1PA (E,/, = —0.86 V vs SEC).* Quasi-
reversibility was also verified by varying the scan speed at fixed
pH and linearization of i,. = f(v"'?) (Supporting Information,
Figure $23). The E, ;4 value of —0.56 V versus NHE is placing
ligand L, well below the estimated —0.40 V (NHE) threshold
for typical bioreductants (Supporting Information, Figure $24)°
and below Cu(Il) complexes with bispidones L (E,.q = —0.323
V vs NHE) and HZ2 (E,.q = —0.225 V vs NHE).** More stable
bispidine ligands have been reported more recently; however,
redox potentials were measured in acetonitrile solutions and
therefore cannot be compared with our system.*® With such a
low redox potential, our complex should thus not be subject to
reduction, demetalation, or dismutation under physiological
conditions. More complex phenomena were nevertheless
observed in strongly acid or basic media (Supporting
Information, Figure S22). At pH = 2.38, a second oxido—
reduction wave appears, which is assigned to the Cu(I)/Cu(0)
redox couple due to demetalation and release of Cu(I) in
solution. Similar results were observed for CuLg (E,,, = —0.48
V vs NHE, quasi-reversible system, Supporting Information,
Figure S25).

Kinetic Inertness of Cul, in Acidic Media. Strong
candidates for radiopharmaceutical applications exhibit strong
stability at physiological pH and, in reductive medium, good
selectivity but most importantly, high kinetic inertness toward
dissociation.”® The kinetic inertness of a complex is commonly
evaluated by following its acid-assisted dissociation in strongly
acidic conditions under pseudo-first-order conditions. Provid-
ing all other criteria were satisfied, the obtained half-life was
shown to be a good gauge of the in vivo stability of *Cu-
labeled chelates.®” The decomplexation of the CuL, complex in
5 M HCIO, aqueous solutions at 25 °C were studied under
pseudo-first-order conditions and followed by UV-—visible
absorption spectrophotometry over four months (Figure 8).
The halflife value (t;,, = 110 d) indicates a high degree of
inertness of the complex. The Cu(Il) complex with ligand Ly
was also studied in the same conditions and also presents high
kinetic inertness (t;, = 140 d at 25 °C, Supporting
Information, Figure $26), which can be attributed to the rigid
bispidine skeleton. These results are particularly encouraging,
and radiolabeling with Cu should be performed to evaluate
the stability in biological conditions.

The t,/5, E.q as well as the pM values at physiological pH
(pM = ~log[M(ID)g.c], [M] = 1 x 10 M, [L] = 1 X 107° M,
pH = 7.4)** are important parameters to establish a reliable
comparison of the complexation properties of different ligands.
A selection is presented in Table S.

Ligand L, displays a stronger affinity constant for Cu(II)
than the methyl (HZ2, Chart 2) and the thiophen (Lg)
analogues but a weaker one than that of the pyridyl-substituted
bispidones L, (Chart 1). This is probably due to the higher
affinity of the borderline cation Cu(II) for N than for O atoms.
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L, shows a higher pCu than TETA, which has long been
considered as a good chelator for Cu(II).* Higher pCu values
have been reported for cyclam, TETA, and H,DEDPA, but
their use is limited by their weak kinetic inertness, which in the
case of cyclam and TETA is responsible for transchelation
reactions of **Cu(II) to liver and blood proteins.” From these
data, we can foresee that ligands L, and L4 are strong
candidates to be used for the complexation of *Cu and “’Cu
for radiolabeling applications.

B CONCLUSION

The last two decades have been marked by a growing interest in
copper radionuclides. This interest is motivated by the need to
develop new theranostic agents, in particular, for cancer. The
matched pair **Cu/¢’Cu is very attractive for immuno-PET and
radiotherapy since **Cu half-life seems particularly appropriate
for targeting antibody, fragments, and other macromolecules
with slow pharmacokinetics. A network of cyclotron facilities
for the production of %*Cu is being developed, and reliable and
cost-effective production routes for “’Cu are under study. A
large number of macrocyclic chelates and podants have been
and are still studied with the aim to satisfy the very strict
requirements for such applications. The new bispidine ligands
L, presented in this work appear as a very attractive candidate
for the design of Cu radiopharmaceuticals. This water-soluble
ligand, as well as its derivatives, can be readily obtained in four
steps from inexpensive starting materials such as dimethyl 3-
oxoglutarate, formaldehyde, methylamine, and glycine. As seen
from the X-ray structures of L, and the corresponding Zn(II)
complex [ZnL,Cl], the chair—chair conformation of the
bicyclic rings, together with the cis-symmetrical configuration
of the pyridyl substituents, provide a highly preorganized
coordination sphere, well-adapted for the coordination of
transition metals. This has been confirmed by ‘H NMR studies
as well as by a detailed physicochemical analysis of ligand L,
and its complexation properties with Zn(II), Ni(I), Co(II),
and, more interestingly, Cu(II). Fast complexation occurs in
strongly acidic media (pH = 1), with a strong affinity toward
Cu(Il) (log Keys = 19.2(3), pCu = 17, pH 7.4) and high
selectivity versus Co(1I), Ni(II), and Zn(II). Moreover, the
complex was found to be remarkably inert regarding reduction
(with a reversible redox potential of E,.q4 = —0.56 V vs NHE)
and acid-assisted dissociation (t;,, = 110 d, S M HClO,, 25§
°C). From these results, ligand L, is expected to lead to a good
chelator for radiolabeling studies with **Cu. Several function-
alization strategies are under investigation to obtain bifunc-
tional analogues for molecular targeting.
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