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Abstract

:

The complexation behavior of two novel, chiral pinene–bipyridine-type ligands ((–)-HL1 and (–)-HL2) containing a carboxylic arm towards lanthanide Ln(III) (Ln = La, Eu, Lu) ions was investigated through spectroscopic methods. The association constants of the mononuclear complexes determined from the UV-Vis titrations indicated that the ligand (–)-HL1 possessing a shorter carboxylic arm formed more stable complexes compared with (–)-HL2, whose carboxylic arm had one more methylene unit. This is due to the formation of more stable seven-member metal chelate rings in the first case as compared with the eight-member metal chelate rings in the second. IR and fluorescence spectroscopy provided additional information about the structure of these complexes.
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1. Introduction


The use of coordination chemistry for the development of large, discrete, supramolecular architectures by self-assembly is well known. The strength of the interaction and the directionality induced by the coordination bonds can be more effective in self-assembly processes than just H-bonding or van der Waals forces [1]. Indeed, a plethora of discrete, supramolecular architectures based on coordination bonds (e.g., coordination cages [2,3,4,5], or helicates [6]) have been obtained.



Often, the complexity of the self-assembled species increases with the coordination number of the metal ions. Such a behavior can be expected for the lanthanide ions Ln(III) due to their large ionic radii and high coordination numbers. Moreover, their interesting features such as large Stokes shifts, emission [7], and magnetic properties [8] can lead to the formation of self-assembled architectures with interesting functionalities [9]. Such Ln(III) complexes have found many applications in lanthanide–actinide extraction processes [10,11], bioimaging [12], sensing [13], lighting and displays [14,15,16,17,18], or as single-molecular magnets [8,19]. However, the lability and the lack of directionality typical for the dative bonds formed by Ln(III) ions render the diastereoselective synthesis of enantiopure, self-assembled polynuclear structures quite challenging. To date, only a few ligands, such as the ones shown in Figure 1, have been reported to successfully control the structure and to induce the chirality of the resulting architectures. With the introduction of two stereogenic centers on ligand E1, the complexation of Eu(III) leads to the formation of a mixture of a helicate and a tetrahedral cage [20]. Similarly, a heptameric, homochiral Eu(III) wheel could be obtained both directly or stepwise, by using the chiral ligand, E2 [21].



Previously, our group succeeded to functionalize the (–)-5,6-pinene bipyridine ligand by a diastereoselective introduction of a carboxylic arm into the pinene moiety. The ligand obtained, (+)-HL0, was successfully used as a chiral building block for the self-assembly of enantiopure, trinuclear helicates with Eu(III) [22,23]. This complex also showed a solvent-dependent trinuclear-tetranuclear interconversion [24]. In the trinuclear compound [Ln3(L0)6(μ3-OH)(H2O)3]2+ there are two sets of ligands, each showing a different coordination mode. Three ligands are bidentate and connect two adjacent metal centers by coordinating solely via their carboxylate group. They form 5-membered chelate cycles. The other three are tetradentate and besides the carboxylate they are coordinating as well with their two nitrogens from the bipyridine unit leading to 6-membered chelate cycles (Figure 2a).



To understand the influence of the ligand design on the self-assembly process and the stability of the obtained architectures, we decided to modify the ligand (+)-HL0 by increasing the length of the carboxylic pendant arm. Thus, we synthesized the new ligands (–)-HL1 (one more CH2 unit) and (–)-HL2 (two more CH2 units) (Figure 2b). Here, we report the results of our study about the influence of the pendant arm length on the coordination behavior with various Ln(III) ions.




2. Materials and Methods


2.1. General


Reagent grade chemical, including the anhydrous solvents, were purchased from Sigma Aldrich and Acros Organics and used without further purification. Eu(ClO4)3∙nH2O and Lu(ClO4)3∙nH2O were synthesized as previously reported [25]. Caution! Perchlorate salts are potentially explosive. The amount of water in Ln(ClO4)3∙nH2O (n = 7.6 for Ln = La, n = 6.3 for Ln = Eu, n = 5.6 for Ln = Lu) was determined by Karl–Fischer titrations on a Mettler Toledo C10s coulometric Karl–Fischer titrator. Yields reported are for isolated, spectroscopically pure compounds. When inert conditions were required, the reactions were performed under the Ar atmosphere using glassware dried overnight at 120 °C. Analytical thin layer chromatography (TLC) was performed on SiO2 plates GF254 (0.25-mm layer thickness). Flash chromatography purifications were performed on a CombiFlash EZ Prep from Teledyne®. Optical rotations were measured on an Anton Paar Modular Circular Polarimeter MCP 100. The measurements were carried out in a quartz vessel (l = 100 mm) with the sodium D line of a sodium lamp (589 nm) using spectroscopic-grade solvents. IR spectra were recorded as solids between 4000–400 cm−1 on a Bruker ALPHA FTIR. UV-Vis spectra were recorded at 20 °C on an Evolution 220 spectrometer from Thermo Scientific equipped with a thermostat. Fluorescence spectra were recorded at 20 °C on a Fluoromax 4 spectrometer from HORIBA equipped with a thermostat. NMR spectra were recorded on a Bruker Advance DPX 300 spectrometer using TMS or the residual solvent proton as internal standard. HRMS spectra were recorded on FTMS 4.7T BioAPEX II and Waters SynaptG2-Si. ESI-MS spectra were recorded on a Thermo Trace DSQ II and Voyager GC-MS. Crystallographic data were collected on a STOE IPDS-II diffractometer.




2.2. General Procedure for (–)-PL


Under inert atmosphere, freshly distilled diisopropylamine (DIA) (5.25 mL, 37.1 mmol) was dissolved in 210 mL of anhydrous THF. The solution was cooled to −20 °C. BuLi (38 mmol 17.5 mL, 2.2 M in hexane) was added. The reaction mixture was heated at 0 °C and left stirring for 10 minutes. Afterwards the mixture was cooled to −40 °C and a solution of (–)-5,6-pinene bipyridine (7 g, 28 mmol) in anhydrous THF (105 mL) was added dropwise for 30 minutes. The solution instantly turned dark blue. The reaction mixture was then stirred for 2 h at −40 °C. After this time, ally bromide (1.5 equiv., 5.08 g, 3.6 mL, 42 mmol) (for (–)-PL1) or 4-bromo-1-butene (1.5 equiv., 5.67 g, 4.3 mL, 42 mmol) (for (–)-PL2) was added and the mixture was stirred at −40 °C for 1 h and then allowed to reach RT. Gradually, the mixture turned dark green and afterwards light brown. The mixture was stirred for 16 h. Afterwards, the remaining base was quenched with 2.1 mL H2O and the solvent was removed under rotary evaporation. The compound was purified by column chromatography on silica 60, eluent: hexane/EtOAc = 4/1.



(–)-PL1: Rf = 0.6. Yield: 76%. 1H NMR (300 MHz, CDCl3) δ 8.64 (ddd, J = 4.8, 1.8, 0.9 Hz, 1H, H1), 8.44 (dt, J = 8.0, 1.1 Hz, 1H, H4), 8.08 (dd, J = 7.8, 0.7 Hz, 1H, H7), 7.80 (ddd, J = 8.0, 7.5, 1.8 Hz, 1H, H3), 7.31 (d, J = 7.8 Hz, 1H, H8), 7.29–7.22 (m, 1H, H2), 5.97 (ddt, J = 16.7, 10.2, 6.5 Hz, 1H, H20), 5.12 (ddt, J = 17.1, 2.2, 1.5 Hz, 1H, H21a), 5.01 (ddt, J = 10.2, 2.3, 1.2 Hz, 1H, H21b), 3.09 (dt, J = 10.0, 3.3 Hz, 1H, H11), 2.80 (t, J = 5.7 Hz, 1H, H14), 2.62–2.53 (m, 1H, H13a), 2.52–2.42 (m, 1H, H12), 2.37–2.27 (m, 2H, H12, H19), 1.72–1.53 (m, 2H, H18), 1.44 (s, 3H, H17), 1.34 (d, J = 9.8 Hz, 1H, H13b), 0.65 (s, 3H, H16). 13C NMR (75 MHz, CDCl3) δ 159.60, 156.89, 153.19, 148.97, 142.12, 139.13, 136.77, 133.54, 123.03, 120.83, 117.75, 114.45, 46.92, 43.74, 43.46, 41.20, 32.07, 31.82, 28.54, 26.45, 20.94. HRMS (ESI) calcd. for C20H23N2+ [M + H]+ 291.1861, found 291.1904.      [ a ]   D  20     (0.250 g/L in CH2Cl2): −115°.



(–)-PL2: Rf = 0.6. Yield: 83%. 1H NMR (300 MHz, CDCl3) δ 8.64 (ddd, J = 4.8, 1.8, 0.9 Hz, 1H, H1), 8.44 (dt, J = 8.0, 1.1 Hz, 1H, H4), 8.08 (dd, J = 7.8, 0.8 Hz, 1H, H7), 7.88–7.70 (m, 1H, H3), 7.31 (d, J = 7.8 Hz, 1H, H8), 7.28–7.22 (m, 1H, H2), 5.97 (ddt, J = 16.8, 10.2, 6.5 Hz, 1H, H20), 5.17–5.08 (m, 1H, H21a), 5.01 (ddt, J = 10.2, 2.3, 1.2 Hz, 1H, H21b), 3.09 (dt, J = 10.0, 3.3 Hz, 1H, H11), 2.80 (t, J = 5.7 Hz, 1H, H14), 2.64–2.52 (m, 1H, H13a), 2.52–2.39 (m, 1H, H12), 2.39–2.26 (m, 3H, H19), 1.69–1.52 (m, 2H, H18), 1.44 (s, 3H, H17), 1.34 (d, J = 9.8 Hz, 1H, H13b), 0.65 (s, 3H, H16). 13C NMR (75 MHz, CDCl3) δ 159.61, 156.89, 153.19, 148.97, 142.12, 139.13, 136.77, 133.54, 123.03, 120.83, 117.75, 114.45, 46.92, 43.74, 43.46, 41.20, 32.07, 31.82, 28.54, 26.45, 20.94. HRMS (ESI) calcd. for C21H25N2+ [M + H]+ 305.20122, found 305.20091.      [ a ]   D  20     (0.100 g/L in CH2Cl2): −130°.




2.3. General Procedure for (–)-HL


Over (–)-PL (1.72 mmol) a mixture of acetone (17 mL), water (6 mL) and CH3COOH (8 mL) was added. The suspension was cooled to 0 °C and solid KMnO4 (5 equiv., 17.22 mmol, 2.721 g) was added in 5 portions over a period of 4 h at this temperature. The mixture was brought to RT and stirred for one more hour. After this time, a H2O2 35% solution was added dropwise until the complete dissolution of the precipitate. The obtained solution was extracted with CH2Cl2 (3 × 30 mL). The organic phase was washed with brine and dried over anhydrous MgSO4. The solvent was evaporated, and the crude product was purified by column chromatography on silica gel 60, eluent: CH2Cl2/MeOH = 5/0.1.



(–)-HL1: Obtained: 0.46 g light yellow oil. Yield: 43%. 1H NMR (300 MHz, CDCl3) δ 8.69 (ddd, J = 4.8, 1.8, 0.9 Hz, 1H, H1), 8.23–8.14 (m, 1H, H4), 8.06 (d, J = 7.8 Hz, 1H, H7), 7.82 (td, J = 7.8, 1.8 Hz, 1H, H3), 7.42 (dd, J = 7.9, 1.2 Hz, 1H, H8), 7.30 (ddt, J = 6.9, 4.9, 1.0 Hz, 1H, H2), 3.25 (dd, J = 9.0, 6.6 Hz, 1H, H11), 2.93 (ddd, J = 14.6, 10.0, 7.6 Hz, 1H, H19a), 2.84 (t, J = 5.7 Hz, 1H), H14, 2.75–2.66 (m, 1H, H19b), 2.66–2.56 (m, 1H, H13a), 2.25 (td, J = 6.0, 2.5 Hz, 2H, H18a, H12), 2.00 (ddd, J = 16.9, 13.9, 7.0 Hz, 1H, H18b), 1.44 (s, 3H, H17), 1.38 (d, J = 10.0 Hz, 1H, H13b), 0.64 (s, 3H, H16). 13C NMR (75 MHz, CDCl3) δ 176.89, 158.35, 155.60, 152.85, 149.31, 143.03, 137.27, 134.77, 123.50, 120.98, 119.15, 46.96, 45.47, 42.06, 41.71, 33.63, 29.25, 28.92, 26.20, 20.90. HRMS (ESI) calcd. for C19H21N2O2+ [M+H]+ 309.13975, found 309.15939.      [ a ]   D  20     (0.552 g/L in CH2Cl2): −109°.



(–)-HL2: Yield: 40%. 1H NMR (300 MHz, CDCl3) δ 8.69 (ddd, J = 4.8, 1.8, 0.9 Hz, 1H, H1), 8.23–8.14 (m, 1H, H4), 8.06 (d, J = 7.8 Hz, 1H, H7), 7.82 (td, J = 7.8, 1.8 Hz, 1H, H3), 7.42 (dd, J = 7.9, 1.2 Hz, 1H, H8), 7.30 (ddt, J = 6.9, 4.9, 1.0 Hz, 1H, H2), 3.25 (dd, J = 9.0, 6.6 Hz, 1H, H11), 2.93 (ddd, J = 14.6, 10.0, 7.6 Hz, 1H, H19a), 2.84 (t, J = 5.7 Hz, 1H, H14), 2.75–2.66 (m, 1H, H19b), 2.66–2.56 (m, 1H, H13a), 2.25 (td, J = 6.0, 2.5 Hz, 1H, H18a), 2.00 (ddd, J = 16.9, 13.9, 7.0 Hz, 1H, H18b), 1.44 (s, 3H, H17), 1.38 (d, J = 10.0 Hz, 1H, H13b), 0.64 (s, 3H, H16). 13C NMR (75 MHz, CDCl3) δ 177.01, 158.47, 155.72, 152.97, 149.43, 143.15, 137.40, 134.89, 123.62, 121.11, 119.27, 47.09, 45.60, 42.19, 41.84, 33.77, 29.39, 29.05, 26.34, 21.03. HRMS (ESI) calcd. for C20H23N2O2+ [M + H]+ 323.1760, found 323.1773.      [ a ]   D  20     (0.552 g/L in CH2Cl2): −140°.




2.4. General Procedure for the Synthesis of [LnL2](ClO4)


A solution of (–)-HL (0.08 mmol, 1 equiv.) in MeOH (0.35 mL) was treated with N,N-diisopropylethylamine (DIPEA, 14 μL, 0.08 mmol, 1 equiv.) and stirred for 5 min at RT. A saturated solution of Ln(ClO4)3∙nH2O (0.04 mmol, 0.5 equiv.) in MeOH (0.2 mL) was added in one portion, and 2 mL i-Pr2O were added to the reaction mixture and a white precipitate formed instantly. This was filtered, washed with a cold mixture of MeOH/i-Pr2O (1:1), and dried under a high vacuum.



[La{(–)-L1}2](ClO4)



IR (cm−1): 3112w (νO–H), 2930w (νC–H), 1556s (νas COO−), 1428s (νs COO−), 1057s (νCl–O), 621s (νCl–O).



(+)-ESI-MS: m/z (%) 309 (100) [(–)-HL1+H]+, 639.9 (23) [2(–)-HL1+Na]+, 752.8 (7) [La{(–)-L1}2]+.



HRMS: calcd. for C38H38N4O4La+ [La{(–)-L1}2]+ 753.1745, found 753.1742.



[Eu{(–)-L1}2](ClO4)



IR (cm−1): 3107w (νO–H), 2913w (νC–H), 1556s (νas COO−), 1428s (νs COO−), 1045s (νCl–O), 621s (νCl–O).



(+)-ESI-MS: m/z (%) 309 (100) [(–)-HL1+H]+, 766.8 (60) [Eu{(–)-L1}2]+.



HRMS: calcd. for C38H38N4O4Eu+ [Eu{(–)-L1}2]+ 765.1841, found 765.1180.



[Lu{(–)-L1}2](ClO4)



IR (cm−1): 3111w (νO–H), 2918w (νC–H), 1557s (νas COO−), 1428s (νs COO−), 1093s (νCl–O), 621s (νCl–O).



(+)-ESI-MS m/z (%) 309 (100) [(–)-HL1+H]+, 638.8 (45) [2(–)-HL1+Na]+, 788.8 (20) [Lu{(–)-L1}2]+.



HRMS: calcd. for C38H38N4O4Lu+ [Lu{(–)-L1}2]+ 789.2301, found 789.2283.



[La{(–)-L2}2](ClO4)



IR (cm−1): 2930w (νC–H), 1575s (νas COO−), 1430s (νs COO−), 1090s (νCl–O), 621s (νCl–O).



(+)-ESI-MS: m/z (%): 323.2 (100) [(–)-HL2+H]+, 781.1 (5) [La{(–)-L2}2]+.



HRMS: calcd. for C40H42N4O4La+ [La{(–)-L2}2]+ 781.2270, found 781.2242.



[Eu{(–)-L2}2](ClO4)



IR (cm−1): 3112w (νO–H) 2930w (νC–H), 1555s (νas COO−), 1426s (νs COO−), 1096s (νCl–O), 621s (νCl–O).



(+)-ESI-MS m/z (%) 323 (100) [(–)-HL2+H]+, 794.9 (70) [Eu{(–)-L2}2]+.



HRMS: calcd. for C40H42N4O4Eu+ [Eu{(–)-L2}2]+ 793.2193, found 793.2206.



[Lu{(–)-L2}2](ClO4)



IR (cm−1): 3112w (νO–H) 2930w (νC–H), 1579s (νas COO−), 1429s (νs COO−), 1096s (νCl–O), 621s (νCl–O).



(+)-ESI-MS: m/z (%) 323 (10) [(–)-L2+H]+, 816.9 (100) [Lu{(–)-L2}2]+.



HRMS: calcd. for C40H42N4O4Lu+ [Lu{(–)-L2}2]+ 817.2593, found 817.2614.




2.5. UV-Vis Titrations


Stock solutions of ~0.2 mM [(–)-L][(DIPEA)H] were prepared in anhydrous MeCN (100 mL) by dissolution of [(–)-L][(DIPEA)H] (0.02 mmol: 8.68 mg [(–)-L1][(DIPEA)H] and 9.03 mg [(–)-L2][(DIPEA)H]), which were previously prepared by reaction between (–)-HL and DIPEA in DCM. These solutions were afterwards diluted with anhydrous MeCN to reach a final concentration of ~0.2 mM. The exact concentration of [(–)-L][(DIPEA)H] was determined by UV-Vis spectrophotometry. Stock solutions of Ln(ClO4)3∙nH2O were prepared in anhydrous MeCN by quantitative dissolution of the salts at a concentration of ~10 mM, followed by dilution until a concentration of ~1 mM. The exact concentration of Ln(III) was determined afterwards by ICP-OES, then 2 mL of ~0.2 mM [(–)-L][(DIPEA)H] solutions were titrated with microvolumes of Ln(III) solutions into UV-Vis cells with a path length of 1 cm, at 20 °C. Each titration was carried out in triplicate and the fitting was done on each titration. The results were averaged to give the final association constants.




2.6. 1H NMR Titrations


Stock solutions of [(–)-L][(DIPEA)H] of 0.167 M concentration were prepared by dissolution in MeOD; 1 M solutions of La(ClO4)3∙7.6H2O were prepared by dissolution of the salt in MeOD; 1 mL of [(–)-L][(DIPEA)H] solutions were titrated with microliters of La(III) solutions into an NMR tube.




2.7. X-Ray Structure Determinations


Single crystals of (–)-PL1, (–)-HL2 were selected and mounted on loop with oil on a STOE IPDS II diffractometer. Crystals were kept at 250(2) K during data collection. A single crystal of (–)-HL1 was selected and mounted on loop with oil on a STOE STADIVARI diffractometer. Crystals were kept at 200(2) K during data collection. Using Olex2 [25], structures were solved with the SHELXT [26] structure solution program using intrinsic phasing and refined with the SHELXL [27] refinement package using least squares minimization.



Crystal data for:



(–)-HL1 C19H20N2O2 (M = 308.37 g/mol): orthorhombic, space group P212121 (no. 19), a = 6.50130(10) Å, b = 10.1527(3) Å, c = 24.2770(5) Å, V = 1602.42(6) Å3, Z = 4, T = 200(2) K, μ(Cu Kα) = 0.668 mm−1, Dcalc = 1.278 g/cm3, 16497 reflections measured (14.102° ≤ 2Θ ≤ 137.64°), 2908 unique (Rint = 0.0181, Rsigma = 0.0125) which were used in all calculations. The final R1 was 0.0317 (I > 2σ(I)) and wR2 was 0.0805 (all data).



(–)-HL2: C40H44N4O4 (M = 644.79 g/mol): monoclinic, space group P21 (no. 4), a = 11.3097(8) Å, b = 6.2574(5) Å, c = 24.2538(19) Å, β = 95.828(6)°, V = 1707.6(2) Å3, Z = 2, T = 250(2) K, μ(MoKα) = 0.082 mm−1, Dcalc = 1.254 g/cm3, 5874 reflections measured (3.376° ≤ 2Θ ≤ 50.516°), 5874 unique (Rint = MERG, Rsigma = 0.0900) which were used in all calculations. The final R1 was 0.0896 (I > 2σ(I)) and wR2 was 0.2532 (all data). Twinned data refinement scales 0.732(6):0.268(6).



(–)-PL1: C20H22N2 (M = 290.39 g/mol): orthorhombic, space group P212121 (no. 19), a = 7.2613(5) Å, b = 9.0056(6) Å, c = 25.277(2) Å, V = 1652.9(2) Å3, Z = 4, T = 250(2) K, μ(MoKα) = 0.068 mm−1, Dcalc = 1.167 g/cm3, 21498 reflections measured (3.222° ≤ 2Θ ≤ 50.25°), 2947 unique (Rint = 0.1080, Rsigma = 0.0646) which were used in all calculations. The final R1 was 0.0400 (I > 2σ(I)) and wR2 was 0.0850 (all data).





3. Results and Discussion


3.1. Synthesis


The ligands (–)-HL1 and (–)-HL2 were obtained by introducing a pendant arm end-functionalized with a carboxylic acid moiety to (–)-5,6-pinene bipyridine [28]. The first step involved the diastereoselective deprotonation of the pinene unit by the bulky base LDA at −40 °C, followed by nucleophilic attack on brominated allylic derivatives, leading to the formation of (–)-PL1 and (–)-PL2 in 76%, respectively, 83% yield (Scheme 1). In the second step, these allylic derivatives were oxidized in the presence of KMnO4, leading to the ligands (–)-HL1 and (–)-HL2, in 43%, respectively 40% yields. The formation of (–)-PL1, (–)-PL2, (–)-HL1, and (–)-HL2 was confirmed in solution by 1H NMR, 13C NMR, and HRMS.



The structures of (–)-PL1, (–)-HL1, and (–)-HL2 were also confirmed in the solid state by single crystal X-ray diffraction.



The structure of (–)-PL1 (Figure 3) confirms the diastereoselective attachment of the pendant arm with the C13 atom in the S configuration, in agreement with previously reported similar reactions on the pinene unit [29]. The compound crystalizes in the P212121 (no. 19) chiral space group, with one molecule in the asymmetric unit.



The compound (–)-HL1 (Figure 4, left) crystallizes in the P212121 (no. 19) space group, with one molecule in the asymmetric unit. Intermolecular H-bonds involving the H of the carboxylic group of one molecule and the pyridine nitrogen N1 of the neighbouring one (O2–H2∙∙∙N1) are present. The strength of this interaction, as indicated by the O2-H2-N1 angle (168°) and the H2∙∙∙N1 distance (1.87 Å), seems rather moderate [30]. The two pyridine rings form an angle of 15° between each other. Unlike the structures presented before, the compound (–)-HL2 possesses two molecules in the asymmetric unit. Similarly to (–)-HL1, each molecule is interacting with a neighboring one through moderate-strength H- bonding, as indicated by the H2A∙∙∙N1 and H4A∙∙∙N3 distances (1.90(2), respectively 1.91(2) Å) and the O2-H2A-N1 and O4-H4A-N3 angles (160(2)°) [30]. The angles between the two planes described by the two pyridine rings are 9.3° for the first molecule (depicted) and 10.6° for the second molecule of the asymmetric unit. As in the case of (–)-PL1 and (–)-HL1, the structure of (–)-HL2 does not show any π-π or C−H∙∙∙ π interactions.




3.2. Complexation Studies


(–)-HL1 and (–)-HL2 were employed as ligands for the synthesis of Ln(III) complexes by using the diamagnetic cations La(III) and Lu(III), and the intermediate-sized, but paramagnetic ion, Eu(III).



Previous studies with the ligand (+)-HL0, showed the formation of chiral supramolecular complexes in 1:2 or 1:3 metal-to-ligand ratios (M:L)[31]. Therefore, these two ratios were also used in the present study. The complexation reactions were carried out in the presence of 2 equiv. of a non-coordinating base, the N,N-diisopropylethylamine (DIPEA), by mixing concentrated methanolic solutions of deprotonated ligand with methanolic solutions of Ln(ClO4)3∙nH2O salts. The La(III), Eu(III), Lu(III) complexes were isolated by precipitation with diisopropyl ether. The complexes were analyzed by ESI-MS spectrometry, IR, and 1H NMR spectroscopy.



The ESI-MS and IR spectra of the complexes formed with 1:2 and 1:3 M:L ratios, respectively, showed no significant difference, suggesting the formation of similar species in these conditions. In the ESI-MS spectra (see Supplementary Materials) recorded in MeOH, only the peak corresponding to [Ln{(–)-L1}2]+ or [Ln{(–)-L2}2]+ was found. No multinuclear species were detected as was the case of the complexes obtained with (+)-HL0 [22,23,32].



Further, the IR spectra of the amorphous powders were almost superimposable, suggesting isostructurality. Moreover, all showed strong bands at 1086 and 621 cm−1, which stemmed from the stretching vibrations of the uncoordinated perchlorate ion [33]. Another specific feature of the spectra was the presence of a band centered at around 3112 cm−1, which was indicative of O–H stretching. In addition, the two strong bands at 1580 and 1430 cm−1 stemmed from the two vibrational modes of the carboxylate moiety. According to the literature data [34,35,36,37], the coordination mode of the carboxylate unit can be determined from the difference Δν = νas–νs of the carboxylate ion. In all the complexes isolated with both ligands, the difference Δν was 150 cm−1. This difference suggests a bidentate–cyclic coordination.



The 1H NMR spectra of the compounds [LaL2](ClO4) (L = (–)-L1−, (–)-L2−) in MeOD, CD2Cl2, and CDCl3 showed broad signals at RT and also at higher (323 K) or lower temperature (233 and 183 K), indicating fluxionality or possible isomerization (Supplementary Materials, Figures S13–S16).



The Eu(III) complexes were also characterized by emission spectroscopy in CH2Cl2 (λex = 270 nm, Figure 5). The typical narrow transition bands characteristic for Eu(III) complexes dominate both spectra and an efficient antenna effect from the ligands is observed. The presence of an antenna effect further suggests an efficient energy transfer from the ligands towards the metal center, thus indicating a coordination from at least one N atom from the bipyridine moieties. Moreover, the fine structure of the emission bands of both complexes can provide further information regarding the Eu(III) environment ion and its symmetry [15]. While the 5D0 → 7F1 transition is independent of the ligand field, the 5D0 → 7F2 transition is not, and is particularly influenced by the symmetry around the Eu(III) cation. A decreased symmetry around the metal ion center led to the increase of the 5D0 → 7F2 band intensity and thus the 7F2/7F1 intensity ratio could be used to evaluate the coordination environment. Indeed, according to the literature [37], a ratio below 1 was observed for a centrosymmetric environment, while for asymmetric systems, the ratio is typically comprised between 8 and 12. In our case, the ratios are 3.0 for [Eu{(–)-L1}2]ClO4 and 4.8 for [Eu{(–)-L2}2]ClO4, indicating in both cases an asymmetric coordination environment around the Eu(III) ion.




3.3. Determination of Association Constants by UV-Vis Titrations


Further, the association constants of the Ln(III) complexes (Ln = La, Eu, Lu) with the ligands (–)-L1– and (–)-L2– were determined by UV-Vis titrations in MeCN. For this, solutions of the deprotonated ligands (~0.02 mM) were titrated with increments of the corresponding Ln(III) solutions in MeCN (~1 mM). Due to the weak coordinating nature of the perchlorate ion, as confirmed by IR, perchlorate lanthanide salts were employed for the titrations (Ln(ClO4)3∙nH2O). Previous studies [38] have shown that the trans–cis isomerization (Figure 6) of the ligands can be followed through UV-Vis.



When the ligand is in its free, uncoordinated form, the maximum of absorption is situated at 290 nm. The addition of coordinating metal ions induces a bathochromic shift to 315 nm, which is characteristic for the cis conformation of the bipyridine unit. The evolution of the UV-Vis spectra of the two ligands can be observed in Figure 7.



A global analysis of the spectra was further performed using the open-source titration Fitter [39] software. For the model, only mononuclear species were considered, as shown below:[image: Chemistry 04 00002 i001]



The association constants obtained after the numerical fit of the curves are presented in Table 1. The values for the association constants obtained for both (–)-L1– and (–)-L2– were comparable along the series, following for each stoichiometry the expected trend (La3+ < Eu3+ < Lu3+) that reflects the continuous contraction of the ionic radius of lanthanides with increasing atomic number, the concomitant increase in charge density, and thus, the stronger electrostatic metal-ligand interaction. In addition, for both ligands and for any of the three cations, there was a slight decrease in binding constants moving from the species [LnL]2+ towards [LnL3] (i.e., K1 > K2 > K3), in agreement with the steady decrease of (i) the electrical positive charge of the metal species reacting with L−, (ii) the number free coordination sites around the lanthanide cation, as expressed by the statistical factors [37], and (iii) the possible steric hindrance from the pinene units. The association constants found for ligand (–)-L1− are much stronger compared with those obtained with the ligand (–)-L2−. This reflects the major influence of the size of the chelate ring on the stability of the complexes. In the complexes with (+)-L0−, the chelate cycles containing the N from the pinene bipyridine moiety and an O from the carboxylic unit have 6 atoms, while for the (–)-L1− and (–)-L2−, 7- and 8-membered rings are formed, respectively. Thus, an increase of the length of the pendant arm disfavours complexation. Other tridentate bipyridine ligands containing the carboxylate ion and forming 5-atom chelate rings, such as those reported by Ziessel and coworkers [40], show cumulative association constants of 5.8(1), 10.6(1), and 14.6, respectively, lower than those obtained with (–)-L1−, but similar to the ones obtained for (–)-L2−. They also observed higher differences in association constants along the lanthanide series, which is not the case with (–)-L1− and (–)-L2−. A thorough comparison is however difficult because the solvent used in both studies are different (water vs. acetonitrile). However, a big chelate cycle is not the only culprit for diminishing the association constants. In the case of an octadentate, bis-phosphonated bipyridine ligand, very high association constants of around 19 were determined for the La(III), Eu(III), and Lu(III) mononuclear complexes, with no trend in association constant along the lanthanide series [41]. The ability of this ligand to enclose the lanthanide ion and shield it from the influence of water molecules is probably the source of the high association constants.



The influence of the size of the chelate ring was further evidenced by the concentration profiles of the formed species (Figure 8). They showed striking differences for the two ligands. In the case of (–)-L2−, even in the presence of 2.5 equiv. of La(III) ions, free ligands as well as much lower concentrations of [La{(–)-L2}2]+ and [La{(–)-L2}3] species were observed.




3.4. H NMR Titrations


1H NMR titrations were also carried out on the deprotonated ligands (c~150 mM). Due to jellification in MeCN, the solvent employed was MeOD. La(ClO4)3∙nH2O was used as a model for the entire series, due to its similar behavior compared to the other Ln(III) ions observed in the UV-Vis titrations, as well as its diamagnetism.



Previous studies [38] have shown that that the trans-cis isomerization of the 5,6-pinene bipyridine can be monitored by 1H NMR. Indeed, the addition of 1 equiv. of acid will isomerize the trans-bpy to its cis form, as the proton is shared between the two N atoms. The addition of 2 equiv. of acid will revert it back to the trans form, with both N atoms being protonated. In our case, the aim of these titrations was to identify the isomerization and the coordination modes of the ligands.



As can be seen in Figures S3 and S4, with increasing increments of La(III), both the aliphatic and aromatic peaks were shifted, but to a different extent. As both (–)-L1− and (–)-L2− have a pendant arm which contains the hard base COO−, a good binding group for hard metal ions such as Ln(III), the shifts in the aliphatic regions indicate that this moiety is also involved in complexation. The chemical shifts for the aromatic signal a (Figure 6, Figures S3 and S4) were similar in both cases, indicating the same coordination behavior for both ligands. Firstly, the signal was shielded, reaching a maximum upfield shift Δδ at 0.3 equiv. La(III), while after this point the trend changed and the peak underwent a downfield shift, which, according to the previous studies [38], is indicative of the isomerization. As expected, the aromatic protons (b,c) from the pyridine ring annealed to pinene show negligible shifts. Based on these findings and corroborating with the previously obtained UV-Vis data, we proposed the following binding behavior: First, the ligand binds via the COO− group, while the bipyridine unit is still in its trans form, inducing an upfield shift in the unbound trans bipyridine. Afterwards, the bipyridine is starting to bind to La(III), isomerizing from trans to cis, as shown by the downfield of the aromatic protons starting from 0.5 equiv. La(III). The complete isomerization trans to cis is observed at a Ln:L ratio of 1:1.





4. Conclusions


The complexation behavior of two novel chiral ligands, (–)-L1− and (–)-L2−, with Ln(III) ions was studied by UV-Vis, emission, and NMR spectroscopy in solution. The formation of three species in equilibrium, namely [LnL]2+, [LnL2]+, and [LnL3], was demonstrated. By direct synthesis, species of the type [LnL2](ClO4) were isolated, as shown by ESI-MS spectrometry and confirmed in the solid state by FT-IR. This behavior is completely different from what it was observed with the parent ligand (+)-L0−, which forms discrete, trinuclear species in these conditions. The main explanation is given by the dimensions of the chelate rings, which possess decreasing stabilities in the order: 6 atoms (for (+)-L0−) > 7 atoms (for (–)-L1−) > 8 atoms (for (–)-L2−). Indeed, the association constants confirm that increasing the chelate cycle to 7 atoms (L1−) or to 8 atoms (L2−) leads to less stable complexes. This study clearly demonstrates how relatively small structural modifications of the ligand can fundamentally change the output of the self-assembly processes.
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Figure 1. Examples of chiral ligands used for the diastereoselective self-assembly of polynuclear lanthanide complexes. 
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Figure 2. (a) Structure of the trinuclear complex formed by (+)-HL0 with Eu(III) ions as determined by single-crystal X-ray diffraction [23]. (b) The structure of the three analogue ligands. 
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Scheme 1. Synthetic procedure for the synthesis of ligands (–)-HL1 and (–)-HL2. 
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Figure 3. Molecular structure of (–)-PL1 determined by single-crystal X-ray diffraction with ellipsoids at 50% probability. The H atoms were omitted for clarity. 
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Figure 4. Molecular structure of (–)-HL1 (left) and one of the molecules in the asymmetric unit of (–)-HL2 (right), determined by single-crystal X-ray diffraction with ellipsoids at 50% probability. The H atoms were omitted for clarity. 
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Figure 5. Normalized emission spectra of [Eu{(–)-L}2]ClO4 in CH2Cl2 (0.02 mM, λex = 270 nm). 
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Figure 6. Isomerization of the bipyridine unit upon complexation. 
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Figure 7. UV-Vis spectra of (–)-L1– in MeCN upon additions of La(III) (left), Eu(III) (middle), and Lu(III) (right) from 0 to 5 equivalents (top) and UV-Vis spectra of (–)-L2– in MeCN upon additions of La(III) (left), Eu(III) (middle), and Lu(III) (right) from 0 to 7 equivalents (bottom). 
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Figure 8. Concentration profiles of the species formed during the titrations of (–)-L1− (left) and (–)-L2− (right) with La(ClO4)3 in MeCN ([L−]Tot = 0.02 mM). 
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Table 1. Association constants in MeCN of the complexes formed with (–)-L1− and (–)-L2−.
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L

	
Ln

	
log K1

	
log K2

	
log K3

	
log β1

	
log β2

	
log β3






	
(–)-L1−

	
La

	
7.9

	
6.3

	
5.6

	
7.9 ± 0.2

	
14.2 ± 0.4

	
19.8 ± 0.4




	
Eu

	
8.0

	
6.4

	
5.1

	
8.0 ± 0.2

	
14.4 ± 0.1

	
19.5 ± 0.2




	
Lu

	
8.7

	
6.4

	
5.0

	
8.7 ± 0.1

	
15.1 ± 0.1

	
20.1 ± 0.3




	
(–)-L2−

	
La

	
5.1

	
4.6

	
5.3

	
5.1 ± 0.2

	
9.7 ± 0.2

	
15.0 ± 0.4




	
Eu

	
5.1

	
4.7

	
5.4

	
5.1 ± 0.1

	
9.8 ± 0.1

	
15.2 ± 0.1




	
Lu

	
4.9

	
4.9

	
5.7

	
4.9 ± 0.2

	
9.8 ± 0.3

	
15.5 ± 0.1
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