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ABSTRACT 

  

With their rigid and preorganized skeleton, bispidine (3,7-diazabicyclo[3.3.1]nonane) chelators 

are very appealing for the preparation of metal complexes with high kinetic inertness. In the 

aim to develop new Tb(III)-based medical imaging probes, this study describes the synthesis 

and the physico-chemical properties of two novel terbium(III) complexes with octadentate 

bispidine-based ligands substituted with either pyridine-phosphonate (H6L1) or picolinate 

(H4L2) subunits. Thermodynamic stability constants of the corresponding Tb(III) complexes 

have been determined by potentiometric, UV-visible absorption spectrophotometric and 

spectrofluorimetric methods. Despite their apparent similarity, these two octadentate ligands 

differ in their most stable conformation: chair-chair conformation for H4L2 and boat-chair 

conformation for H6L1, as confirmed by 1H NMR studies and suggested from physico-chemical 

investigations. This conformation change induces different protonation schemes for the two 

ligands. The kinetic inertness of the Tb complexes has been studied in various media and 

assessed by transmetallation and transchelation experiments. In particular, Tb(L2) displayed a 

remarkable kinetic inertness with no measurable dissociation over two months in mouse serum 

at 10-5 M concentration. The complex was also very inert in the presence of 50-fold excess of 

Zn(II) in H2O at pH = 7.4 (7% of dissociation over two months). The complexes with ligand L1 

are significantly less inert, emphasizing the influence of the ligand conformation on the kinetic 

inertness of the Ln(III) complexes.  Finally, the luminescence properties of the isolated 

complexes have also been investigated. A bright green luminescence was observed, especially 

for Tb(L2) which displays a high quantum yield value of 50% in H2O (60% in D2O; λexc = 263 

nm). In addition, luminescence lifetimes of 1.9(2) ms and 1.7(2) ms have been measured for 

Tb(L1) and Tb(L2), respectively, hence confirming the formation of nona-coordinated 

complexes with one inner-sphere water molecule. These data on a bispidine scaffold pave the 

way for developing bright, inert luminescent probes for bioimaging and for radiolabeling 

applications with Tb(III) radioisotopes. 

 

Introduction 

With their unique magnetic1 and optical properties,2 as well as the availability of radioisotopes 

of high interest for nuclear medicine,3 trivalent lanthanides ions (Ln(III)) play a key role in the 

development of biomedical imaging and therapy.4 For four decades, the unique magnetic 

properties of Gd³⁺, attributed to its high electron spin and slow electronic relaxation, have made 
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it a cornerstone for the development of magnetic resonance imaging (MRI) contrast agents, the 

market leader being [Gd(DOTA)]⁻ (DOTA = (1,4,7,10-tetraazacyclododecane-1,4,7,10-

tetraacetic acid)).5,6,7 In addition, nearly all Ln(III), except for La(III) and Lu(III), exhibit 

characteristic line-like emission spectra spanning from ultraviolet (UV) to near-infrared (NIR) 

that have promoted the establishment of lanthanide complexes and their nanoparticles as bright 

luminescent tags or sensors for various imaging applications.8 More recently, the development 

of targeted radioimmunotherapy (RIT), associated with immuno Positron Emission 

Tomography (immuno-PET), has prompted experts to develop and use radiopharmaceuticals 

with long radioactive half-lives, compatible with the slow biodistribution pharmacokinetics of 

macromolecules such as antibodies.9,10,11 In this regard, some lanthanides, and particularly 

Tb(III), Ho(III), and Lu(III) have radioisotopes with suitable radiation energies and decay 

properties for the development of diagnostic and therapeutic radiopharmaceuticals.12,13 Among 

these, Tb(III) plays a crucial role and is often described as the “Swiss Army knife” for nuclear 

imaging and therapy.14,15,16,17 Indeed, 152Tb (β+) and 155Tb (γ) are excellent candidates for PET 

and SPECT, with half-lives of 17.5 hours and 5.3 days, respectively. Meanwhile, 149Tb and 161Tb 

are promising candidates for  and β- radiation therapy. Combined with specific targeting, the 

use of 161Tb or a cocktail of TbIII isotopes allows the creation of theranostic probes, enabling 

both therapy and imaging control in a single injection, thus offering promising prospects in the 

field of nuclear and personalized medicines. 

For all these applications, lanthanide ions must be coordinated as thermodynamically stable and 

kinetically inert complexes to prevent the release of free Ln(III) and its nonspecific deposition 

in tissues.18,19 Numerous chelators, often macrocyclic ligands with coordinating pendant arms, 

have been developed so far.20,21,22,23 DOTA and its derivatives have been successfully used for 

the complexation of Gd(III) as well as for radiolabelling with 90Y, 177Lu, and 161Tb.24,25,26 

However, its kinetics of complexation is slow and this ligand lacks a chromophoric antenna for 

the sensitization of Ln(III) luminescence. In the field of MRI, the kinetic inertness of Gd(III) 

complexes is also questioned, as free Gd(III) released has been shown to result in accumulation 

in muscles and brain.27 Repeated injections have been shown to cause a disease called 

Nephrogenic Systemic Fibrosis in patients suffering from renal impairment.7 For all these 

reasons, novel ligand designs are still needed to meet the simultaneous requirements of fast 

complexation kinetics under mild conditions for immuno-PET, efficient luminescent 

sensitization, and, very importantly, very strong kinetic inertness to avoid toxicity at high doses 

as well as to prevent nonspecific signals and irradiation in the case of nuclear imaging and 

therapy. 
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Pyclen (3,6,9,15-tetraazabicyclo[9.3.1]pentadeca-1(15),11,13-triene)-based ligands, 

substituted with picolinate antennae, have recently been shown to form very bright luminescent 

complexes with quantum yields up to 95%. These complexes exhibit fast complexation kinetics, 

enabling radiolabelling with both 161Tb and 177Tb at 50 MBq/nmol, with radiochemical yields 

(RCY) exceeding 90% ratio (50 MBq and 1:14 M:L ratio). Under the conditions of the study, 

the radiolabelled complexes displayed remarkable kinetic inertness, with more than 90% of the 

intact complex after 7 days in saline solutions and PBS.28 Bispidine (3,7-

diazabicyclo[3.3.1]nonane) is another azamacrobicyclic scaffold which can be substituted at 

various positions in order to form rigid complexes with usually a good kinetic inertness. In 

particular, remarkably inert Mn(II)29,30 and 64Cu(II) complexes have been reported.31,32,33 

A few examples of lanthanide complexes with bispidine-type ligands have already been 

reported. In particular, ligands bispa34 and L7 35 (Figure 1) have been proven to complex Ln(III), 

showing good luminescent properties of the Tb(III) complexes, as well as excellent 

radiolabelling capacities with 177Lu.36,37 Nevertheless, the presence of the methyl ester group 

significantly affects the solubility of the ligands and of their complexes, as well as their 

protonation and complexation schemes. In addition, they are prompted to hydrolysis in vivo. As 

part of our ongoing research on Ln(III), we herein describe a comparison between picolinate 

and pyridine-phosphonate substitution38 as this coordinating group has previously demonstrated 

to promote higher thermodynamic stability and kinetic inertness when incorporated into 

polyazamacrocycles such as tacn and pyclen.39 

This strategy was applied to the bispidine skeleton and the structural properties of the picolinate 

(L1) and pyridine-phosphonate (L2) ligands, their protonation properties as well as the stability 

constants and luminescent properties of the corresponding Tb(III) complexes were compared. 

Finally, the kinetic inertness of the corresponding complexes in various media was monitored 

and compared. For all these features, the relationships between the structure and properties are 

discussed. 
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Scheme 1. Chemical structures of the ligands H6L1, H4L2, the dimethyl reference compound H2L3 and 

reference compounds (H2bispa35, H4L4,30 H3L5,40 H4L6 40 and H2L7 36). 

 

Experimental Section 

General procedures. Solvents and starting materials were purchased from Aldrich, Acros, 

Fluorochem, TCI chemicals and Alfa Aesar and were used without further purification, unless 

stated otherwise. Solvents for high-performance liquid chromatography (HPLC) were HPLC-

grade. All aqueous solutions were prepared with Milli-Q water (ρ < 18MΩ). TbCl3.6H2O 

(99.9%) was obtained from Sigma-Aldrich. Intermediate 3 (dimethyl (2R,4S,9r)-9-hydroxy-3-

methyl-2,4-di(pyridin-2-yl)-3,7-diazabicyclo[3.3.1]nonane-1,5-dicarboxylate) was obtained 

according to previously reported procedures.30 

1H, 13C and 31P NMR spectra and 2D COSY, NOESY and HSQC experiments were recorded 

on Bruker Avance 400 and Avance 500 spectrometers. 13C and 31P NMR spectra were measured 
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with 1H decoupling. All chemical shifts () values are given in part per million and are 

referenced to the solvent.41 When unspecified, coupling constants refer to H–H coupling. The 

given pH values are corrected for the deuterium isotopic effects (pD = apparent pH + 0.4).42 

Maldi-tof measurements were carried out on an Autoflex TM MALDI-TOF mass spectrometer 

(Bruker Daltonics GmbH, Bremen, Germany). This instrument was used at a maximum 

accelerating potential of 20 kV in positive mode and was operated in linear mode. The delay 

extraction was fixed at 560 ns and the frequency of the laser (nitrogen 337 nm) was set at 5 Hz. 

The acquisition mass range was set to 1500-10000 m/z with a matrix suppression deflection 

(cut off) set to 1500 m/z. The equipment was calibrated with ACTH_1-17 ([M+H]+ 2094.42), 

insulin ([M+H]+ 5732.52), ubiquitin I ([M+H]+ 8565.76) and myoglobin ([M+H]+ 16952.31). 

Each raw spectrum was opened with flexAnalysis 2.4 build 11 (Bruker Daltonics GmbH, 

Bremen, Germany) software and processed using the following parameters: signal-to-noise 

threshold of 1, Savitzky-Golay algorithm for smoothing, median algorithm for baseline 

substraction. 

High Performance Liquid Chromatography/UV absorption spectrophotometry analysis was 

performed on an Agilent 1100 system equipped with a Diode-Array Detector. Samples (10 µL) 

were injected into the column (Uptisphere® CS EvolutionTM C18AQ, 250 x 4.6 mm, 5 µm, 

Interchim) at room temperature. The pH value of the samples was adjusted to 7.4 prior their 

injection. A water/methanol gradient was used for mobile phase as follows: 100% of water from 

0 to 5 min post injection, linear increase to 70% MeOH at 10 min, linear increase to 100% 

MeOH at 15 min, followed by a linear decrease to 100% water at 20 min before the next run. 

The flowrate was 1 mL/min. λ = 254 nm was used for the detection. 

Elemental analyses and electrospray mass spectrometry analysis were carried out by the Service 

Commun d'Analyses of the University of Strasbourg. 

Synthesis of the ligands 

Compound 3 (C21H24N4O5, 412.45 g.mol-1). Compound 1 (0.6 g, 1.07 mmol, 1 equiv) was 

dissolved in anhydrous tetrahydrofuran (THF, 30 mL) and cooled at -78°C. Then, sodium 

borohydride (30 mg, 0.8 mmol, 0.75 equiv) was added by portion. After 2 h, the reaction was 

completed as indicated by 1H NMR measurement. Ammonium chloride (pH 5, 17 mL) was 

added under stirring. Then, water (50 mL) was added, the aqueous phase was extracted by 

dichloromethane (DCM, 3 x 30 mL), and the organic phase was dried over MgSO4. Finally, the 

solvent was removed under reduced pressure. The crude intermediate 2 was solubilized in 18 
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mL of DCM, and trifluoroacetic acid (4.1 mL) was added. The solution was stirred at 50°C 

overnight. Then, the reaction mixture was concentrated under vacuum, the residue was 

dissolved in methanol (MeOH) and the purple solution was stirred at 65°C for 1 h. 

Subsequently, the hot suspension was filtered and the filtrate was concentrated to dryness. Then, 

the crude residue was purified by flash column chromatography (SiO2, DCM/MeOH from 

100/0 to 85/15 in 30 min). The pure compound 3 was obtained as a white solid (234 mg, 53% 

over two steps). TLC (DCM/MeOH - 90/10) Rf = 0.39; 1H NMR (400 MHz, 25°C, CDCl3):  

3.49 (s, 2H, 2/4), 3.55 (d, JH6ax8ax = 13.2 Hz, 2H, 6ax/8ax), 3.61 (s, 6H, OCH3, 16), 4.03 (d, 

JH6eqH8eq = 13.2 Hz, 2H, 6eq/8eq), 4.64 (s, 1H, 9), 5.33 (s, 2H, 3/7), 7.18 (ddd, 3JHH = 6.7 Hz, 3JHH 

= 4.9 Hz, 4JHH = 1.2 Hz, 2H, b), 7.46 (d, 2JHH = 7.8 Hz, 2H, d), 7.71 (td, 3JHH = 7.7 Hz, 4JHH = 1.8 

Hz, 2H, c), 8.63 (m, 2H, a); 13C NMR (126 MHz, 25°C, DMSO-d6):  48.32 (8 and 6), 51.82 

(10), 57.89 (2 and 4), 73.78 (9), 122.73 (b), 124.45 (d), 136.48 (c), 148.32 (a), 159.09 (Cquat), 

171.33 (CO) ppm. 

Ligand H6L1 (C31H32N6O11P2, 726.58 g.mol-1). To a solution of compound 3 (0.189 g, 0.46 

mmol, 1 equiv) in anhydrous acetonitrile (CH3CN, 50 mL) were added diethyl (6-

(chloromethyl)pyridin-2-yl)phosphonate (0.266 g, 1.01 mmol, 2.2 equiv) and K2CO3 (0.140 g, 

1.01 mmol, 2.2 equiv) under inert atmosphere. After, the mixture was stirred at 40°C for 24 h, 

the solution was filtered, then the product was dried under vacuum. The crude intermediate 6 

was used without further purification. The solid was dissolved in 6M HCl (30 mL), and the 

mixture was heated at 60°C for 3 days. Subsequently, the solvent was evaporated, and the 

product was purified by FPLC (C18, using H2O/CH3CN from 100/0 to 0/100) to give 81 and 82. 

The mixture of intermediate 8 was dissolved in water (11 mL) and the pH adjusted to 13 with 

lithium hydroxide, then THF (7 mL) was added and the mixture was stirred for 16h at room 

temperature. The solvent was evaporated, and the product purified by FPLC (C18, H2O/CH3CN 

with 0.1% of TFA from 100/0 to 0/100) to give H6L1•2 TFA (0.134 g) as an off-white powder 

with 30% yield over two steps. TLC (MeOH/H2O 10/90); Rf = 0.26; 1H NMR (500 MHz, D2O, 

pD 12.1) δ = 2.20 (d, JH6axH8ax= 12.6 Hz, 2H, 6ax/8ax), 2.89 (d, JH6eqH8eq = 12.5 Hz, 2H, 6eq/8eq), 

3.49 (s, 2H, 11), 3.54 (s, 2H, 12), 3.96 (s, 1H, 9), 5.16 (s, 2H, 2/4), 7.12 (d, 3J = 7.1 Hz, 1H, g), 

7.18 – 7.23 (m, 2H, b/b’), 7.24 – 7.26 (m, 1H, j), 7.34 (d, 3J = 7.6 Hz, 2H, d/d’), 7.57 – 7.64 (m, 

2H, f and e), 7.64 – 7.70 (m, 2H, c/c’), 7.71 – 7.77 (m, 1H, h), 7.83 – 7.89 (m, 1H, i), 8.43 – 

8.53 (m, 2H, a/a’); 13C NMR (125 MHz, D2O, pD 12.1) δ = 51.8 (1/5), 56.5 (11), 56.9 (6/8), 

62.8 (2/4), 65.4 (c/c’), 74.1 (9), 122.7 (b/b’), 124.2 (g), 124.4 (e and f), 124.9 (j), 125.1 (h), 

126.5 (d), 136.9 (i), 137.0 (Cquat), 149.4 (a), 158.8 (Cquat), 158.9 (Cquat), 163.1 (Cquat), 178.9 
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(Cquat); MS+ (MALDI-TOF, matrix: α-cyano-4-hydroxycinnamic acid): m/z =727.348 [M + 

H]+; Elemental analysis: calculated for H6L1•2 TFA, % C 44.36, % H 4.01, % N 8.92. Found 

% C 44.04, % H 3.59, % N 8.80; retention time was 13.30 min on standard analytical HPLC 

method (Uptisphere® CS EvolutionTM C18AQ, H2O/CH3OH). 

Ligand H4L2 (C33H30N6O9, 654.64 g.mol-1). Compound 3 (334 mg, 0.81 mmol, 1 equiv.) was 

dissolved in anhydrous CH3CN (30 mL) with K2CO3 (268 mg, 1.94 mmol, 2.4 equiv.) under 

inert atmosphere. Then 2-(chloromethyl)picolinate (360 mg, 1.94 mmol, 2.4 equiv.) was added 

with a small amount of KI and the mixture was heated at 40°C for 24 h. Subsequently, K2CO3 

was filtered, and the solvent was removed under vacuum. The crude product was then used for 

the next step without purification and dissolved in 14 mL of H2O/THF (4/3). LiOH (146 mg, 

6.1 mmol, 10 equiv) was added and the solution was stirred for 16 h at room temperature. The 

crude residue was purified by FPLC (C18AQ, H2O/CH3CN from 100/0 to 0/100) to give H4L2 

(295 mg) as an off-white powder with 56% yield. TLC (MeOH/H2O 10/90); Rf = 0.28; 1H NMR 

(DMSO- d6, 400 MHz): δ = 3.27 (s, 2H, 11), 3.50 (d, JH6axH8ax = 11.4 Hz, 2H, 6ax/8ax), 4.00 (d, 

JH6eqH8eq = 11.9 Hz, 2H, 6eq/8eq), 4.16 (s, 1H, 9), 4.56 (s, 2H, 12), 5.08 (s, 2H, 2/4), 7.07 (d, 3J 

= 7.5 Hz, 1H, h), 7.12 (dd, 3J = 7.2 Hz, 3J = 5.2 Hz, 2H, b/b’), 7.41 (d, 3J = 7.6 Hz, 2H, d/d’), 

7.61 (t, 3J = 7.7 Hz, 2H, c/c’), 7.69 – 7.80 (m, 2H, i and j), 8.01 (d, 3J = 4.2 Hz, 2H, a/a’), 8.06 

(d, 3J = 7.3 Hz, 1H, e), 8.22 – 8.34 (m, 2H, f and g); 13C NMR (DMSO-d6, 125 MHz) δ = 48.9 

(Cquat), 56.0 (6/8), 57.2 (11), 60.9 (12), 64.3 (2/4), 72.8 (9), 122.4 (j), 122.8 (b/b’), 124.9 (g), 

126.8 (h), 127.4 (d/d’), 129.0 (e), 136.3 (c/c’), 136.9 (i), 138.8 (f), 146.9 (Cquat), 148.2 (a/a’), 

149.1 (Cquat), 151.2 (Cquat), 156.7 (Cquat), 157.2 (Cquat), 165.9 (Cquat), 166.0 (Cquat), 170.5 (Cquat); 

MS+ (MALDI-TOF, matrix: α-cyano-4-hydroxycinnamic acid): m/z = 655.77 [M + H]+; 

Elemental Analysis: Calculated for H4L2•1.5 H2O, %C 58.15, %H 4.88, %N 12.33. Found: %C 

57.91, %H 4.78, %N 12.53; retention time was 7.46 min on our standard analytical HPLC 

method (Uptisphere® CS EvolutionTM C18AQ, H2O/CH3OH). 

Ligand H2L3 (C21H24N4O5, 412.44 g.mol-1). K2CO3 (40 mg, 0.29 mmol, 2.4 equiv.) was added 

to a solution of compound 3 (50 mg, 0.12 mmol, 1 equiv.) in anhydrous CH3CN (6 mL) under 

inert atmosphere. Then, iodomethane (15 µL, 0.24 mmol, 2.0 equiv.) was added and the mixture 

was heated at 80 °C for 72 h. Subsequently, K2CO3 was filtered and the solvent was removed 

under vacuum. The crude product was then used for the next step without purification and 

dissolved in a mixture of 7.5 mL of H2O/THF (3/2). LiOH (14 mg, 0.58 mmol, 4.8 equiv.) was 

then added. The solution was stirred for 16 h at room temperature. The crude residue was 

purified by FPLC (C18AQ, 100/0 H2O/CH3CN to 100% CH3CN with 0.1% TFA) to give 
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compound H2L3•2 TFA•H2O (47 mg) as an off-white powder with 59% yield. TLC 

(MeOH/H2O 10/90); Rf = 0.14. 1H NMR (D2O, 400 MHz): δ = 1.66 (s, 3H, 14), 1.90 (d, JH6axH8ax 

= 12.2 Hz, 2H, 6ax/8ax) 2.10 (s, 3H, 15), 2.81 (d, JH6eqH8eq = 12.1 Hz, 2H, 6eq/8eq), 3.84 (s, 1H, 

9), 4.37 (s, 2H, 2/4), 7.22 (ddd, 2H, 3J = 7.6 Hz, 3J = 4.9 Hz, 4J = 1.2 Hz, b/b’), 7.30 (d, 2H, 3J 

= 7.8 Hz, d/d’), 7.64 (td, 2H, 3J = 7.7 Hz, 4J = 1.8 Hz, c/c’), 8.49 (dd, 2H, 3J = 4.6 Hz, 4J = 1.5 

Hz, a/a’). 13C NMR (D2O, 100 MHz): δ = 43.2 (14), 45.9 (15), 51.6 (Cquat), 58.4 (6/8), 67.7 

(2/4), 74.1 (9), 122.8 (b/b’), 126.0 (d/d’), 137.0 (c/c’), 149.2 (a/a’), 159.8 (Cquat), 179.0 (Cquat); 

MS+ (MALDI-TOF, matrix: α-cyano-4-hydroxycinnamic acid): m/z = 413.49 [M + H]+; 

Elemental Analysis: Calculated for H2L3 • 2 TFA • H2O, %C 45.60, %H 4.29, %N 8.51. Found: 

%C 45.63, %H 4.09, %N 8.39; retention time was 13.9 min on our standard analytical HPLC 

method (Uptisphere® CS EvolutionTM C18AQ, H2O/CH3OH). 

Synthesis of the Tb(III) Complexes 

General procedure: To an aqueous solution of the ligand, 1.1 equivalent of TbCl3.6H2O was 

added. Then, the pH was adjusted to 7.4 with a 1M LiOH solution. The solution was heated 

under stirring at 50°C for 30 min, and the formation of complex was followed by HPLC 

(H2O/MeOH). The solvent was then evaporated under vacuum, and the product was purified by 

FPLC (C18, using H2O/MeOH from 100/0 to 0/100) to give the pure final complex. 

[TbL1] (C31H30N6O11P2Tb, 882.47 gmol-1). H6L1•3.5 MeOH (20 mg, 0.0243 mmol, 1 equiv) 

and TbCl3.6H2O (7 mg, 0.027 mmol, 1.1 equiv) to give pure [TbL1] as an off-white powder 

(15 mg, 60%); Elemental analysis: calculated for [TbL1]•MeOH•7 H2O: % C 36.90, %H 4.64, 

%N 8.07. Found % C 37.18, %H 4.41, %N 7.71; Retention time (C18AQ, H2O/MeOH, general 

method) was 4.2 min (Figure S19). 

[TbL2] (C33H36Cl3Li3N6O13Tb, 1010.78 gmol-1). H4L2•1.5 H2O (21 mg, 0.031 mmol, 1 equiv) 

and TbCl3.6H2O (12.7 mg, 0.034 mmol, 1.1 equiv) to give pure [TbL2] as a powder (22.8 mg, 

73%); Elemental Analysis: Calculated for [TbL2]•3 LiCl•4 H2O, %C, 39.21, %H, 3.59, %N, 

8.31. Found: %C, 39.54, %H, 3.74, %N, 8.38; Retention time (C18AQ, H2O/MeOH, general 

method) was 4.1 min (Figure S20).   

NMR studies 



10 
 

11 mg of H6L1•2 TFA was dissolved in 600 µL of D2O ([L1] = 19.2 mM) and the pD was 

adjusted by addition of 5 µL of 40% NaOD solution in D2O. Changes upon deprotonation from 

pD 2 to 12 were monitored by recording the 1H (400 MHz) and 31P (162 MHz) spectra.  

Physicochemical and Spectrophotometric Studies 

All aqueous solutions were prepared with water ChromasolvTM Plus for HPLC from 

Honeywell. All the stock solutions were prepared by weighing solid products using an 

ML304T100 Mettler Toledo analytical balance (precision 0.01 mg). Tb(III) solutions were 

prepared from their chloride salt (TbCl3·6H2O, 99.9%, Sigma-Aldrich), and their concentrations 

were determined by colorimetric titrations with EDTA (10–2 M, Merck, Titriplex III) according 

to standard procedures using xylenol orange as indicator.43 

Potentiometric Titrations 

The potentiometric titrations of the free ligands H6L1 (1.07 mM), H4L2 (1.06 mM) and H2L3 

(1.64 mM) and of the Tb(III) complex of L2 ([Tb(III)]tot/[ligand]tot = 1) were performed using a 

Metrohm794 Basic Titrino automatic titrator system equipped with a combined glass electrode 

(Metrohm 6.0234.500, Long Life) filled with 0.1 M NaCl (Carlo-Erba-SDS Phar. Eur. 99–

100.5%) in water and connected to a microcomputer (Tiamo light 1.2 program). The 

Tb(III)/ligand solutions were equilibrated for 20 min at 25°C prior to any measurement. The 

combined glass electrode was calibrated as a hydrogen concentration probe according to a 

procedure described elsewhere.44 The potentiometric data of H6L1, H4L2 and H2L3 (H2L3 was 

used as a model; only the log KH of the free ligand were determined) and their corresponding 

Tb(III) complexes (about 300 points collected over the pH range 2.5–11.5) were refined with 

the Hyperquad 2000 program.45,46 At least three potentiometric titrations were treated as single 

sets, for each system. The quality of the fits was judged by the values of the sample standard 

deviation, S, and the goodness of fit, χ2 (Pearson’s test). At σE = 0.1 mV (0.023 σpH) and σV = 5 

µL, the values of S in different sets of titrations were between 0.6 and 1.6 and χ2 was below 99. 

The scatter of residuals vs pH was reasonably random, without any significant systematic 

trends, thus indicating a good fit of the experimental data (see supporting information). The 

stability and successive protonation constants were calculated from the cumulative constants 

determined with the program. The uncertainties in the log K values correspond to the added 

standard deviations in the cumulative constants. 

Spectrophotometric Titrations vs pH of the Free Ligands 
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A 42.95 mL aliquot of solutions containing H6L1 (50.0 µM), H4L2 (35.5 µM) and H2L3 (112.0 

µM) were introduced in a jacketed cell (Metrohm) maintained at 25.0(2) °C (Lauda E200). The 

free hydrogen ion concentration was measured with a combined glass electrode (Metrohm 

6.0234.500, Long Life) and a Metrohm 794 Basic Titrino automatic titrator system. The initial 

pH was adjusted to ∼2.5–3.8 with standardized HCl (0.1 mM), and the titrations of the ligands 

(2.5 < pH < 11.5) were then carried out by addition of known volumes of standardized NaOH 

solutions (0.1 mM) using the automatic titrator system. After each addition and stabilization 

of the potential drift, an absorption spectrum was recorded using a Varian CARY 50 

spectrophotometer fitted with Hellma optical fibres (Hellma, 041.002-UV) and an immersion 

probe made of quartz Suprasil (Hellma, 661.500-QX). The Varian CARY 50 spectrophotometer 

was interfaced (Cetrib) with the Basic Titrino 794 automatic titrator system allowing automatic 

absorption versus pH titrations.  

Absorption and Emission Titrations of H6L1 and H4L2 by Tb(III) at pH 5.5 

Stock solutions of H6L1 (1.07 mM) and H4L2 (1.06 mM) were prepared in acidic aqueous 

solutions. Several samples (2 mL) containing Tb(III):ligand ratios ranging from 0 to 5 were 

prepared with an aqueous solution buffered at pH 5.5 (20 mM MES buffer, 2-(N-

morpholino)ethanesulfonic acid). The final concentrations of H6L1 and H4L2 were 52.5 µM and 

106 µM, respectively while the concentration of the stock Tb(III) solution used to prepare these 

samples was 9.71 mM. The samples were kept overnight at 25 °C for equilibration. For each 

sample, a UV–vis absorption and an emission spectra (λexc = 268 nm) were recorded in 1 cm 

quartz Suprasil Hellma cell. Absorption spectra were recorded on a UV–vis–NIR Cary 5000 

(Varian) spectrophotometer maintained at 25.0(2) °C. Emission spectra were recorded on 

Perkin Elmer LS50B.  

Analysis and Processing of the Spectroscopic Data 

The spectrophotometric data were analysed with Specfit46,47,48 program which adjusts the 

absorptivities (or the intensity signals) and the stability constants of the species formed at 

equilibrium. Specfit uses factor analysis to reduce the absorbance (or emission intensity) matrix 

and to extract the eigenvalues prior to the multiwavelength fit of the reduced data set according 

to the Marquardt algorithm.49 Specfit allowed the determination of the coordination model and 

of the stability constants of the formed Tb(III) species. 

Photophysical Properties of the isolated TbL1 and TbL2 complexes in water at pH = 7 
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UV-visible absorption spectra were recorded on a Specord spectrometer from Jena Analytics. 

Steady state emission spectra were recorded on an Edinburgh Instrument FLP920 spectrometer 

working with a continuous 450 W Xe Lamp and a red sensitive R928 photomultiplier from 

Hamamatsu in Pelletier housing. All spectra were corrected for the instrumental functions. For 

emission spectra, a 330 nm cut-off filter was used to eliminate second order artefacts. 

Phosphorescence lifetimes were measured on the same instrument working in the Multi-

Channel Spectroscopy (MCS) mode, using a Xenon flash lamp as the excitation source. 

Luminescence quantum yields of the Tb(III) complexes were measured according to 

conventional procedures,50 with optically diluted solutions (absorbance < 0.05) using a 

bipyridine Tb(III) complex in water (Φ = 0.31) as reference.51 The errors are estimated to be 

10% on the lifetimes and 20% on the luminescence quantum yields. The hydration numbers of 

the complexes (q) were calculated from the luminescence lifetimes measured in H2O and D2O 

using the equation from reference.52 

Kinetic inertness 

The kinetic inertness of the isolated [TbL1]Cl3 and [TbL2]Cl complexes was evaluated under 

different conditions. The complexes were tested: (a) in water at pH = 7.4; (b) in water at pH = 

2; (c) in water with a 50-fold excess of Zn(II) at pH = 7.4; (d) in water with a 50-fold excess of 

Zn(II) at pH = 2; (e) in phosphate-buffered saline (PBS) at pH 7.4; and (f) diluted in mouse 

serum. For each of these conditions, 2 mL stock solutions of the Tb(III) complexes at 30 µM 

were prepared and incubated in a thermostat with agitation at 37°C for the total duration of the 

experiment, which lasted up to 2 months. The pH of each sample was monitored at the end of 

the period to ensure that it remained stable throughout the experiment. 

At each time point (1h, 24 h, 48 h, 7 days, 14 days, 33 days, 51 days), 200 µL of each solution 

(conditions (a)-(e)) were dispensed into the wells of a 96-well microplate (Greiner Bio-One). 

The plate was equilibrated at room temperature for 5 mins and shaken for 1 min, and the 

emission spectra (λexc = 267 nm) were recorded using a TECAN Spark multimode microplate 

reader. The reader used a Xe flash lamp, an excitation bandwidth of 10 nm, a emission 

bandwidth of 5 nm, a delay time of 50 μs, and an integration time of 2 ms. 

Crystallography 

Data were collected on a APEX II Brucker AXS diffractometer with Mo–Kα radiation (λ = 

0.71073 Å). Structure was solved by direct methods (SIR92)53 and refined (SHELXL-2014/7)54 

by full-matrix least-squares methods as implemented in the WinGX software package.55 An 
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empirical absorption (multi-scan) correction was applied. Hydrogen atoms were introduced at 

calculated positions (riding model) included in structure factor calculation but not refined with 

exception for the hydrogen atom on the secondary amino group (N2) whose coordinates have 

been freely refined (AFIX 2). Refinement parameters are summarized in table S1. 

Crystallographic data have been deposited to the Cambridge Crystallographic Data Center 

(CCDC 2209639). 

Results and discussion 

 Synthesis of the ligands 

The ligands H6L1, H4L2 and H2L3 were obtained from the bispidol intermediate 3 (Scheme 2) 

whose synthesis has been slightly optimized for this study.30,56,57 Indeed, it was observed that 

the addition of a highly concentrated TFA/DCM solution for deprotection led to partial 

degradation of the compound. Compound 3 was then engaged into nucleophilic substitution 

reactions with diethyl (6-(chloromethyl)pyridin-2-yl)phosphonate 4, on the one hand, and 2-

(chloromethyl)picolinate 5, on the other hand, to afford compounds 6 and 7, respectively. These 

intermediates were not isolated because their column chromatography resulted in significant 

yield decreases. Deprotection of the methyl ester function of the picolinate derivative 7 was 

straightforward in presence of LiOH yielding the final ligand H4L2 in 74% over two steps from 

bispidol 3 after flash column chromatography on reverse phase C18 column. Deprotection of 

the phosphonic ester functions of compound 6 was achieved by heating in 6M HCl over 3 days 

at 55°C. These conditions were nevertheless not sufficient to fully hydrolyze the methyl ester 

functions and, consequently, a mixture of intermediates 81 and 82 was obtained, as indicated by 

1H NMR and MALDI-MS analyses of the crude mixture. Finally, complete saponification under 

basic conditions with LiOH was performed to yield pure H6L1 ligand after flash column 

chromatography on reverse phase C18 column. The model ligand H2L3 was obtained in 59 % 

yield according to a similar synthetic route (Scheme 2). 
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Scheme 2. Synthesis of ligands H6L1, H4L2 and H2L3 and atom numbering for the NMR studies. 

Such methodology is very encouraging for other substitutions of intermediate 3 paving the way 

for new paths from bispidone 1. In addition, single crystals of the bispidone 1 were obtained by 

slow evaporation of a methanolic solution. The corresponding molecular structure (Figure 1) 

shows a chair-chair conformation of the bicyclic bispidine together with a cis configuration of 

the pyridyl rings, in agreement with literature data.58 The chair-chair conformation is stabilized 

by a hydrogen bond involving the hydrogen atom of the secondary amine with the tertiary 

nitrogen N7 of the bispidine (dH…N7 = 2.2983(20) Å). The nitrogen N4 of one of the two pyridyl 

rings and the oxygen O6 of the methoxy group in para position of the benzyl ring are pointing 

toward the bispidine proton (dH…N7 = 2.4388(23) Å and dH…O6 = 2.7558 (21) Å suggesting a 

highly preorganized cavity suitable for metal complexation. Furthermore, the nitrogen of the 

second pyridyl is not pointing toward the complexation site as it is engaged in a intramolecular 
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N…C=O tetrel bond59 with the π-hole of the neighboring carbonyl group (dN3…C18 = 2.8488(23) 

Å). Crystallographic data are summarized in Table S1. 

a) 

 

 

 

 

b)

 

Figure 1. X-ray structure of bispidone 1 showing the bispidone scaffold (a) and the H-bond (b). 

H-atoms have been partially omitted for clarity. 

The structures of the final ligands L1 and L2 have been confirmed by 1D and 2D 1H NMR 

studies. In the case of ligand L2, the 1H NMR spectrum recorded in D2O and d6-DMSO (Figure 

S10) is characteristic of a compound with a CS symmetry and a typical Nuclear Overhauser 

Effect (NOE) is observed between H9 and H6ax/H8axprotons, which is characteristic of a chair-

chair conformation with H9 pointing towards C6 and C8 (Figure 2). In the case of ligand L1, 

1H, 13C and 31P NMR spectra are quite intricate and strongly influenced by the presence of 

various protonated species (see below for NMR as a function of pD). However, the 31P NMR 

spectrum recorded in excess of TFA clearly shows two unique singlets, confirming a single 

species in solution. At given pD values (pD = 6.5; pD = 12.1 for instance) a predominant species 

with 16 distinguishable protons is clearly seen (Figure S27), hence confirming CS symmetry. 

The 1H NMR spectra of ligands L1 and L2 are similar in many aspects. First, a NOE correlation 

is observed between H9 and H6ax/H8ax of ligand L1, indicating the same orientation of the OH 

group towards C6 and C8 and therefore a chair-like conformation of the piperidine ring (Figure 

2). Furthermore, for both ligands, correlations are also seen between the protons H2 or H4 of 

the other piperidine ring and the methylene protons of the substituent at N3 (H11) as well as 

with the Hd protons of the pyridyl substituents at C2 and C4. Nevertheless, it should be noted 

that the spectra of the two ligands diverge in the two following aspects. Firstly, a weak W 

shaped 4J coupling is seen between the protons H2/H4 and the protons H6ax/H8ax for the 

picolinate derivative L2 while no such coupling is observed for L1. This W coupling is typical 

of bispidol in chair-chair conformation.32 Secondly, an additional NOE can be seen between the 
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protons H2/H4 and the Hg protons of the pyridine-phosphonate substituent at N3. Such coupling 

would be enhanced if the C2/C4 piperidine ring is in a boat conformation, which would also 

explain the lack of W coupling with H6ax/H8ax or H6eq/H8eq. In the following, we will thus 

assume that ligand L1 is in the boat-chair conformation (Figure 2). 

 

Figure 2. Schematic representation of the stereochemistry of ligands H6L1 (left) and H4L2 

(right) showing W coupling in 1H-1H NMR COSY (W) and NOE interactions in 1H-1H NMR 

ROESY experiments (). 

 Protonation Properties of the Ligands 

The fully deprotonated species (L1)6- and (L2)4- display in total 12 and 10 protonation sites, 

respectively: two bispidine tertiary amino functions and four N-pyridines respectively for (L1)6- 

and (L2)4-, two phosphonate PO3
2- units and two carboxylate units for (L1)6- and four carboxylate 

units for (L2)4-. Hence, determining this intricate protonation scheme of both ligands and the 

corresponding protonation constants log KH is a prerequisite for the study of the thermodynamic 

stability of the targeted Tb(III) complexes. In this study, the protonation constants of ligands 

H6L1, H4L2 and H2L3 have been determined in two independent and different ways, as follows. 

Firstly, pure potentiometric titrations have been recorded, from which 5, 4 and 3 protonation 

constants have been accurately determined for H6L1, H4L2 and for the model ligand H2L3, 

respectively (Table 1, data in black and Figures S24-S26). A titration combining UV-visible 

absorption spectrophotometry and potentiometry was then used to confirm some of the log KH 

values (Table 1, data in blue) and to characterize the protonated species by means of their 

electronic spectrum.  
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Using potentiometric titrations, five of the twelve existing protonation constants could be 

determined for L1, while only four (over ten) and three (over six) log KH could be calculated 

for L2 and L3, respectively. For all three ligands, the most acidic protons (log KH5 = 3.21(1), log 

KH4 = 2.81(6) and log KH3 = 2.8(1), for L1, L2 and L3, respectively) were attributed to one of the 

two carboxylate units of the bispidine scaffold. For the model ligand L3, the protonation 

constant of the second carboxylate unit of the bispidine scaffold could be also determined (log 

KH2 = 3.42(9)). This comparison with the model ligand H2L3 thus suggests that the values of the 

protonation of the second bispidine carboxylate unit are most likely below 2 for L1 and L2 and 

are not accessible under our experimental conditions. This is also in agreement with the acido-

basic properties reported for ligands L4 and L5 (Table 1). For L1, the log KH4 (5.02(9)) and log 

KH3 (7.14(7)) values were assigned to the second protonation of –PO3
2- units while the two last 

most basic log KH values (log KH2 = 9.18(1) and log KH1 = 10.62(7)) were attributed to the two 

tertiary amines of the macrobicyclic bispidine. For L2, a very different protonation scheme of 

the tertiary amines of the bispidine skeleton is observed. Indeed, only one protonation constant 

(log KH1 = 10.63(3)) could be determined, as a result of the chair-chair conformation of the 

bispidine and the stabilization of the ammonium proton inside the cavity by strong pseudo-

hydrogen bonds with N3, N7 and the pyridyl rings.31 The highest value measured for L2 is 

consistent with the other values previously reported for bispidol ligands such as L4 (log KH1 = 

9.54(4))32 and L5 (log KH1 = 11.15(1))30 which both adopt a chair-chair conformation32,30,60,33 as 

well as with the log KH1 = 12.06(6) value measured for the model ligand L3. On the contrary, 

two basic protonation constants (log KH1 = 10.62(7) and log KH2 = 9.18(1)) were determined for 

the two tertiary amines N7 and N3, respectively. Such protonation scheme has already been 

reported in rare examples and is most likely associated with a boat-chair or chair-boat 

conformation more suitable to minimize the electrostatic repulsions between the two positively 

charged ammoniums.61,30 One very recent example is ligand L6 for which comparable 

protonation constants have been measured and the boat-chair conformation was confirmed by 

2D NMR experiments.40 When L1, L2 and Bispa ligands are compared, it is very interesting to 

notice that subtle alterations (carboxylate versus ester for Bispa and L2 or pyridine-phosphonate 

for L1 versus picolinate for L2) have a marked impact on the ligand conformations and 

consequently on the protonation patterns. Last, whatever the ligand considered, the other log 

KH values that could not be determined under our experimental conditions were assumed to be 

<2 and are likely related to N-pyridines, and the first protonation of a HPO3
2- function or the 

remaining carboxylate units. 
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Table 1. Ligand protonation constants (I = 0.1 M NaCl, 298 K) depending on the conformation 

of the bispidine ring. Values in parenthesis correspond to 1 ( = standard deviation). Data 

from potentiometric titration are in black; data from UV-visible absorption versus pH titration 

are in blue. 

 boat-chair  chair-chair  
 

L1a L6 40 L2b L3 H2bispa2 56 L4 32 L5 30 

log KH1 10.62(7) 9.91 
10.2(2) 

10.54(7) 

12.06(6) 

- 

7.45 

- 

9.54 

- 

11.15 

- 

log KH2 
9.18(1) 

9.30(2) 

9.05 

- 

6.4(1) 

6.53(7) 

3.42(9) 

3.5(1) 

5.62 

- 

5.11 

- 

7.35 

- 

log KH3 7.14(7) 5.66 
3.4(1) 

3.3(1) 

2.8(1) 

- 

3.31 

- 

2.99 

- 

3.78 

- 

log KH4 
5.02(9) 

4.82(3) 

3.73 

- 

2.81(6) 

- 

- 

 
< 2 < 2 3.02 

log KH5 3.21(1) 2.74 < 2 - < 2 < 2 < 2 

log KH6 < 2 1.40 < 2 - < 2 < 2 < 2 

Σlog KHi 35.19 32.49 22.83 18.28 16.38 17.64 25.26 
a For L1, log KH6 to log KH12 (protonation of the N-pyridine units and second protonation of the 

phosphonate moieties) could not be determined and were estimated to be below 2. a For L2, log KH6 to 

log KH10 (protonation of the N-pyridine units and protonation of the second carboxylate of the bispidine 

scaffold) could not be determined and were estimated to be below 2. 

In the case of L1, the determination of the protonated species has also been evaluated by 

monitoring the variations of the 1H and 31P NMR chemical shifts as a function of pD (Figure 4 

for 31P NMR spectra, Figure S27 for 1H NMR spectra). 
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Figure 3. a) 31P NMR spectra (202 MHz, D2O) of ligand L1 and its protonated forms as a 

function of pD ([L1] = 19.2 mM). b) Variations of the chemical shift of the phosphorus atoms 

of ligand L1 as a function of pD. Coalescence of the blue (31P at N3) and red (31P at N7) signals 

is represented in purple. 

First of all, the 31P NMR spectrum in strongly acidic medium (Figure 1a – D2O + TFA) shows 

a single set of two peaks at P = 4.12 ppm and P = -2.11 ppm with equivalent integration, which 

have been unambiguously assigned to the pyridine-phosphonates at N3 and N7, respectively. 

At pD = 12.1, these two peaks coalesce into a single broad peak centred around P = 6.45 pm 

(Figure 3a). From pD = 12.1 to 8.2, this main peak splits progressively and one of the new 

signals undergoes a significant chemical shift during the acidification of the environment 
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(Figure 3b). This downfield shift is likely related to the protonation of the N7-tertiary amine. It 

was assumed that, at acidic pH values, the formation of a hydrogen bond between the 

ammonium and the pyridine-phosphonate substituent places the 31P phosphonate group at N7 

in the pyridine shielding cones. A rough estimate of the log KH value ( 9.8) could be obtained 

from the variation of P that is in good agreement with the protonation constants measured by 

potentiometry (log KH1 = 9.18(1)). It is important to note that the protonation at N3 has a 

negligible influence on the 31P chemical shift, as the pyridine phosphonate substituent is 

oriented outward from the cavity, as a result from the boat-chair conformation of the bispidine. 

Minor changes on the  (31P) of the substituent at N7 can be also seen between pD = 5 and 

pD = 7, from which a value of log KH  5.6 could be estimated for the protonation of a -PO3
2- 

unit (to be compared to log KH4 = 5.02(9), Table 1). On a similar manner, significant variations 

in the chemical shift of the 31P of the substituent at N3 are observed below pD 6.5, which are 

ascribed to the protonation of the -PO3
2- group of the pyridine phosphonate at N3. Finally, 

changes are also seen in very acidic conditions due to the protonation of the pyridyl and of the 

–PO3H- groups (log KH < 2). Formation of minor species ( 10%) can also be observed between 

pD = 2 and 12, which tend to disappear under strongly acidic (TFA) or basic conditions, and 

which could be ascribed to supramolecular arrangements of protonated forms.62  
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Figure 4. a) UV-Vis absorption spectra vs pH titration of ligand L1 ([NaClaq] = 0.1 M, T = 25°C, 

cligand = 5.0  10-5 M, [NaOHaq] = 0.107 mM); b) of ligand L2 ([NaClaq] = 0.1 M, T = 25°C, 

cligand = 3.55   10-5 M, [NaOHaq] = 0.107 mM); c) of ligand L3 ([NaClaq] = 0.1 M; T = 25°C, 

cligand = 1.12  10-4 M, [NaOHaq] = 0.107 mM). 

 

For a more detailed assignment of the protonation sites and steps, we then performed UV-

visible absorption versus pH titrations of ligands L1, L2 and L3. Changes of the -* transitions 

centred at about 260-270 nm in the UV-visible absorption spectra were examined as a function 

of the pH of the solution (Figures 4a and S29 for L1, Figures 4b and S31 for L2 and Figures 4e 

and S33 for L3). These transitions are unambiguously related to the pyridine units which 
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represent the main chromophores of these bispidine-type ligands and any alteration in these 

chromophores or in their direct environment are likely to alter their absorption properties. The 

variations of characteristic absorbance at ca. 260 nm as a function of pH and their correlation 

with the distribution diagrams of the protonated species of ligands L3, L2 and L1 are presented 

in Figures 4-6. For L3, a large hypochromic shift was observed from pH 3 to pH 5.5 (Figure 5). 

The calculated protonation constant (log KH2 = 3.5(1)) agrees very well with the value assigned 

to the carboxylate unit by potentiometric means (log KH2 = 3.42(9)). This clearly indicates that 

this carboxylic unit interacts with the two pyridyl units due to the chair-chair conformation. In 

the case of L2, a weak hypochromic shift is first observed under acidic conditions (3 < pH < 5, 

Figure 6), followed by a much larger hypochromic shift along with the formation of a shoulder 

at about 285 nm under weakly acidic to neutral conditions (pH 6 to 8). These observations are 

consistent with successive deprotonation of each of the picolinate units as evidenced by good 

agreement of the data measured by spectrophotometric versus pH titrations (log KH3 = 3.3(1) 

and log KH2 = 6.53(7)) and potentiometric titrations (log KH3 = 3.4(1) and log KH2 = 6.4(1)). 

Similarly to L3, absorption variations (hyperchromic shift of the main absorption band) are 

observed above pH = 9, which is consistent with the deprotonation of the quaternary ammonium 

with a log KH1 = 10.54(7), in agreement with the thermodynamic data extracted from pH-metric 

measurement (Table 1). As for L1, a hypochromic shift is seen between pH 7 and pH 9 which 

can also be ascribed to the deprotonation of one of the two quaternary ammonium sites (log KH2 

= 9.30(2)). The deprotonation of the quaternary ammonium group in the boat conformation has 

minimal effect on the pyridyl chromophores and, consequently, does not significantly affect the 

absorption spectra. Therefore, the corresponding pKa value of the quaternary ammonium group 

could not be determined by absorption spectrophotometric titration. It is therefore surmised that 

the observed protonation constant (log KH2 = 9.30(2)) refers to the tertiary amine at N7, which 

is in chair conformation and can thus interact with the pyridyl chromophores at C2 and C4. This 

assumption is in perfect agreement with the assignment obtained by 31P NMR pD-titration. 

Under more acidic conditions, slight absorption changes can be observed in agreement with the 

deprotonation (log KH4 = 4.82(3)) of only one of the two phosphonate groups. The specific 

conformation of L1, as revealed by NMR techniques, distinctly impacts the spectrophotometric 

signatures of each protonated species. This makes it a valuable probe for evaluating the 

conformation in solution. L1 most likely adopts a boat-chair conformation as the result of the 

phosphonate substitutions and to prevent the electrostatic repulsions not only between the two 

positively charged ammoniums, but mainly between the phosphonate units with double 
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negative charge. For L2 bearing mono-charged picolinate units, these electrostatic repulsions 

are by far much weaker and enable the formation of a chair-chair like conformation. 
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Figure 5. Variation of the absorbance of L3 at 262 nm as a function of pH and distribution 

diagram of the protonated species of L3 (NaCl I = 0.1 M, [L3] = 1.64 mM). Experimental points 

 and fit −. The distribution diagrams of the protonated species have been calculated according 

to the log KH values determined by potentiometric titrations. 
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Figure 6. Variation of the absorbance of L2 at 260 nm as a function of pH and distribution 

diagram of the protonated species of L2 (NaCl I = 0.1 M, [L2] = 1.06 mM). Experimental points 
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 and fit −. The distribution diagrams of the protonated species have been calculated according 

to the log KH values determined by potentiometric titrations. 
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Figure 7. Variation of the absorbance of L1 at 274 nm as a function of pH and distribution 

diagram of the protonated species of L1 (NaCl I = 0.1 M, [L1] = 1.07 mM). Experimental points 

 and fit −. The distribution diagrams of the protonated species have been calculated according 

to the log KH values determined by potentiometric titrations. 

Thermodynamic Stability Studies of the Tb(III) Complexes 

The thermodynamic stability of the Tb(III) complexes was evaluated by direct potentiometric 

titrations of solutions of 1:1 stoichiometric mixtures of Tb(III) and ligands. Whatever the ligand 

considered, only monometallic Tb(III) chelates were evidenced by using 1:1 Tb:L 

stoichiometric conditions (Table 1, see Figures S34-S35 for titration curves). Very interestingly 

and in line with the acido-basic properties, the nature of the conformation has a deep impact on 

the Tb(III) speciation behavior. For L2 displaying a chair-chair conformation, highly 

preorganized for metal complexation, only two protonated Tb(III) species were identified and 

quantified, namely a [TbL2]- (log KTbL2 = 9.7(1)) and a hydroxo species [Tb(OH)L2]2- (log 

KTb(OH)L2 = -10.9(1)). These constants are in good agreement with the data reported for the Bispa 

complexes (Table 2). The observed distribution of species clearly demonstrates that all donor 

atoms are involved in the Tb(III) coordination (CN = 8, 2 tertiary amines, 2 N-pyridines, 2 

bidentate picolinates) and are not protonated within the pH range of 2.5 to 11.5. The 

coordination sphere of the Tb(III) cation is most likely completed by a water molecule as 
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suggested by the presence of a hydroxo species at high pH values (> 11.4). Hydroxo complex 

formation in this pH-range was also observed with the picolinate-based ligand CHXOCTAPA.63 

The importance of pre-organization and adequate conformation is highlighted by the 

thermodynamic data gathered with the L1 ligand, which reveals, in addition to the presence of 

a [TbL1]3- complex (log KTbL1 = 9.7(1)), the formation of several protonated species ([TbHL1]2- 

with log KTbHL1 = 9.87(6), [TbH2L1]- with log KTbH2L1 = 6.66(3) and [TbH3L1] with log KTbH3L1 = 

3.75(1)) suggesting the absence or a weak participation in the coordination processes of some 

donors which are then prone to protonation reactions. These protonation sites are most likely 

related to a phosphonate group and a carboxylate unit. In addition, no hydroxo species were 

evidenced with L1. 

Table 2. Stability constants of TbL complexes with L1 and L2 and pTb values (I = 0.1 M NaCl; 

298 K). Values in parenthesis correspond to 1 ( = standard deviation). Data from pure 

potentiometric titration are in black; data from batch titrations by spectrofluorimetry are in 

green; data from batch titrations by UV-vis absorption spectrophotometry are in blue. 

 L1 (Ln = Tb) L2 (Ln = Tb) Bispa (Ln = La) Bispa (Ln = Lu)b 

log KLnL 9.52(6) 9.7(1) 11.42 8.51 

log Kcond (pH =5.5) 
5.4(1) 

5.3(2) 

4.8(5) 

5.1(5) 
- - 

log KLnHL 9.87(6) - 4.07 4.09 

log KLnH2L 6.66(3) - - 3.75 

log KLnH3L 3.75(1) - - - 

log KLn(OH)L - -10.9(1) -10.92 - 

pLna 7.74 7.83 12.0 9.1 

a pTb calculated for [Tb(III)]tot =10-6 M and [L]tot =10-5 M at pH 7.4. b log K values recalculated from 

ref 56. 

These thermodynamic values have been then compared with conditional thermodynamic 

stability constants recorded at pH 5.5, obtained from batch titrations of ligand solutions at fixed 

pH by adding aliquots of TbCl3. The pH value of 5.5 was chosen in order to destabilize the 

Tb(III) complexes sufficiently and to allow an accurate evaluation of the corresponding stability 

constants. These samples were simultaneously monitored by UV-visible absorption 

spectrophotometry and spectrofluorimetry. Conditional stability constants were obtained from 

the statistical processing (non-linear regression program46,47,48) of the UV-visible absorption and 

emission data. The corresponding conditional values are log Kapp = 5.3(2) (absorption) and log 

Kapp = 5.4(1) (emission) for TbL1 and log Kapp = 5.1(5) (absorption) and log Kapp = 4.8(5) 
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(emission) for TbL2 (Figure 8 for L1 and Figure S36 for L2). These values are in reasonably 

good agreement with the conditional stability constants calculated from the thermodynamic 

stability constants (Table 1) under the same conditions of pH (log Kcond = 4.60 with L1 and log 

Kcond = 4.09 with L2). 
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Figure 8. UV-visible absorption spectra (left) and luminescence spectra (right) of a 50 µM 

solution of L1 titrated by increasing amounts of TbCl3 in water (buffer pH 5.5, λex = 268 nm). 

Insets: Evolution of the absorbance at 290 nm and of the emission at 590 nm as a function of 

the equivalents of TbCl3 added and corresponding fit. 

The species distribution diagrams as a function of pH (for 1 mM of Tb(L), L = L1 or L2), 

determined by using the stability and protonation constants from Table 2, are given in Figure 

9. In the case of L1, it was verified that this distribution aligns well with the increase in Tb(III) 

emission intensity recorded for stoichiometric Tb:L1 solutions as a function of pH (Figure S37). 

2 3 4 5 6 7 8 9 10 11 12
0

20

40

60

80

100

Tb

TbH3L
1

TbH2L
1

TbHL
1

%
 f

o
rm

a
ti

o
n

 r
e

la
ti

v
e

 t
o

 T
b

pH

TbL
1

  

Figure 9. Species distribution diagrams calculated for Tb(III):L1 (left) and Tb(III):L2 (right) 

([Tb(III)] = [L] = 1 mM; L = L1 or L2). 
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As shown by the species distribution diagrams, relatively strong thermodynamic stabilities were 

obtained for TbL1 and TbL2 allowing the formation of Tb(III) complexes over a wide pH range 

(pH >3-4) for mM ligand and Tb(III) concentrations. These thermodynamic stability constants 

are suitable for radiolabeling applications. For instance, calculations indicate that less than 10% 

of free Tb(III) ions would be present at nanomolar concentrations and in presence of a 1000-

fold excess of ligand. In addition, the thermodynamic stability constants (log KTbL = 9.52(6) and 

9.7(1) for [TbL1]- and [TbL2]3-, respectively) and pTb values (pTb = 7.7 and 7.8 for TbL1 and 

TbL2, respectively) are close to the values previously reported with bispidine-type Bispa 

ligands (Table 2)56 but they remain far below cyclen-based derivatives64,65 or other 

polyazamacrocyclic lanthanide complexes.64,66-69,28,21 As a comparison, [Gd(DOTA)(H2O)]- 

displays a thermodynamic stability constant as high as log KGdL = 24.7 and pGd = 18.9,65 but 

with the disadvantage of a much slower complexation kinetics. This point is however crucial 

for an application to biomedical imaging, especially while involving radiolabeling and heat-

sensitive biomolecules. 

 Luminescence properties and kinetic inertness 

As stated in the introduction, the kinetic inertness of a metal complex, together with a good 

thermodynamic stability, is a critical parameter to control when aiming at a biomedical 

application, especially in the field of medical diagnostics and radiotherapy. To investigate the 

kinetic inertness of the TbL1 and TbL2 complexes, we exploited the intense emission of the 4f-

4f transitions of lanthanides ions, specifically the 5D4 → 7FJ (J = 6-3) transitions of Tb(III). For 

that purpose, the spectroscopic properties of the isolated Tb(III) complexes were thoroughly 

characterized in water and D2O at pH 7. The corresponding absorption and emission spectra are 

presented in Figure 10 and additional parameters are presented in Table 3.  
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Figure 10. Normalized excitation (dotted lines, λem= 545 nm), UV-visible absorption (thick 

straight lines) and normalized emission spectra (λexc= 263 nm) of a D2O solution of TbL1 (red) 

and TbL2 (blue) at pD = 7.0. 

Table 3. Main photophysical parameters of the TbL1 and TbL2 complexes recorded in water 

and D2O at pH = 7.0. 

 λexc εH2O (M-1 cm-1) ϕH2O
[a] ϕD2O

[a] τH2O (ms) τD2O (ms) q[b] 

TbL1 263 13 562 0.15(3) 0.29(6) 1.9(2) 3.3(3) 0.8(2) 

TbL2 263 13 916 0.5(1) 0.6(1) 1.7(2) 2.9(3) 0.9(2) 

Tb(bispa)[c] 260 - - - 0.95 1.17 0.7(2) 

TbL7[d] 261 16 000 0.68 - 1.95 2.21 0.0(2) 

[a] ϕ measured relative to [TbL(H2O)].51 [c] Calculated according to reference 52. [c] From reference 34 

(pH was not specified). [d] From reference 35. 

As expected from previous reports on bispa complexes and its analogue TbL7,34,35 both ligands 

efficiently sensitize Tb(III) luminescence upon excitation in the π-π* transition of the ligand at 

263 nm. For L1 or L2, mono-exponential luminescence decays indicate the presence of a unique 

coordination environment for Tb(III). The determination of the hydration number using the 

equation defined by Beeby and co-workers21 confirms the formation of mono-hydrated 

complexes (q ~ 1), which is in excellent agreement with the physico-chemical approach. In 

addition, despite the presence of one inner-sphere water molecule, the quantum yield (H2O = 

0.5(1)) and lifetime (H2O = 1.7(2) ms) of TbL2 are rather high, in line with data reported for 

other ligands displaying picolinate antennae effect.68,70,71 On the other hand, the quantum yield 

measured for TbL1 (H2O = 0.15(3)) is rather modest despite slightly longer luminescence 

lifetimes in aqueous solutions (D2O = 3.3(3) ms and H2O = 1.9(2) ms), which might be due to a 

less efficient sensitization of the 5D4 excited state of Tb(III) by the pyridyl phosphonate 

antenna.72,38 The hypothesis of back energy-transfer can be excluded on the basis of the long 

luminescence lifetimes measured. 

Sensitized Tb(III) emission was used to monitor the kinetic inertness of the TbL1 and TbL2 

complexes in various media over a period of two months (Figures 10-11 and Figures S38-S39). 

In order to mimic transmetalation reactions that may occur in biological media, we followed 

the transmetalation reaction in the presence of 50 equivalents of Zn(II).73 At pH = 7.4, TbL2 

did not show any significant changes in emission intensity over the 2 months of monitoring, 

regardless of the presence or absence of Zn(II). Good stability was also observed in mouse 

serum, showing only 12% of decomplexation over 1.6 months. For comparison, the 177Lu 
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radiolabeled complex with the ligand bispa36 led to 31% decomplexation over 7 days. The 

proton-assisted decomplexation of TbL2 was also assessed under acidic conditions (pH = 2), 

showing much faster decomplexation with a half-life t1/2 of 15 days in the absence of Zn(II) 

(Figure 12) and t1/2 of 16 days in the presence of a 50-fold excess of Zn(II) (Figure 12). 

 

Figure 11. Evolution of the emission intensity of 30 µM solutions of isolated TbL1 and TbL2 

over a period of 49 days under various experimental conditions. [a] H2O at pH = 7.4, [b] H2O 

at pH =2.0, [c] 50-fold excess of Zn(II) in H2O at pH = 7.4, [d] 50-fold excess of Zn(II) in H2O 

at pH = 2.0, [e] PBS at pH = 7.4 (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM 

KH2PO4), and [f] in mouse serum. All solutions were kept at 37°C. 
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Figure 12. Evolution of the emission intensity of 10 µM solution of isolated TbL1 (blue) and 

TbL2 (red) as a function of time under various experimental conditions and determination of 

the t1/2 (H2O at pH =2.0, dotted lines and 50-fold excess of Zn(II) in H2O at pH = 2.0, full lines). 

All solutions were kept at 37°C. 

The TbL2 complex was also very stable in neutral water, showing only 13% variation of its 

luminescence intensity over 1.6 months. However, TbL1 was significantly less inert under 

strongly acidic conditions than TbL2, exhibiting a substantial decrease in luminescence 

intensity over time. From these variations, half-lives of t1/2 = 4 h were measured at pH = 2, 

regardless of the presence of Zn(II). It should be noticed that previous studies on Gd(III) 

complexes with phosphonate derivatives of DTPA and DOTA have also shown that the higher 

basicity of the phosphate-bearing ligands tends to favor proton-assisted dissociation. As a figure 

of comparison, a value of t1/2 = 2.5 s was measured for a phosphonate analogue of [Gd(DTPA)]2- 

(50 µM, 25°C, pH = 4)74 and a t1/2 = 7.9 h (pH = 2, 25°C)75 was determined for a 

monophosphonate analogue of [Gd(DOTA)]-, whereas values of the reference complexes 

amount to 277.8 h and 96 h, for [Gd(DTPA)]2- and [Gd(DOTA)]-, respectively, in similar 

conditions. The competition with phosphate ions was also monitored at pH = 7.4, using 

phosphate buffer (PBS, 10 mM Na2HPO4, 1.8 mM KH2PO4) and, under these conditions, fast 

decomplexation was also observed with a t1/2 of 4h only. The phosphonate complex was also 

significantly less stable in mouse serum, showing dissociation with a t1/2 of 7.8 days, which 

highlights the strong impact of the ligand substitution on the kinetic inertness of the complex. 

Overall, these stability tests reveal that TbL1 is significantly less inert than TbL2, which is 

stable in all media for up to 1.6 months, except at pH = 2, where it remains stable for up to 16 

days. Nevertheless, this value remains highly promising for potential in vivo applications, 

especially when compared to the previously measured t1/2 = 4 days (pH = 2, 25°C) for 

[Gd(DOTA)]-.75 These results are highly significant to validate such bispidine ligands as a 

potential alternative strategy to prevent lanthanide leaching, nonspecific Tb(III) deposition in 

tissues and the subsequent development of nephrogenic systemic fibrosis.76 

Conclusion 

We synthesized two bispidine-based octadentate ligands featuring pyridine phosphonate (L1) 

and picolinate (L2) pendant arms. We demonstrated that the substitution significantly impacted 

the conformation of the diazabicyclononane skeleton. These conformational variations induced 
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distinct physicochemical properties, affecting protonation, complexation with Tb(III) ions, as 

well as the luminescence properties of the resulting complexes. Finally, the kinetic inertness of 

the two Tb(III) complexes was also evaluated in various model media. Given the rapid 

complexation kinetics, the good thermodynamic stability, the sizeable luminescent quantum 

yield (50% in water) and more importantly, its strong kinetic inertness (only 12% 

decomplexation over 1.6 months of µM solution in mouse serum), TbL1 appears to be 

promising for the further development of lanthanide-based bioimaging probes. Derivatization 

for future application as a luminescent marker, as well as in nuclear medicine or imaging, by 

taking advantage of the many Tb radioactive isotopes, holds significant promise. 
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Small structural modifications in octadentate bispidine-based ligands lead to significant changes in the 
conformation of the diazabicyclononane skeleton, impacting protonation, Tb(III) complexation and 
complex stability. These findings provide valuable insights for designing more efficient luminescent 
Tb(III) complexes. 
 

 


