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Abstract

:

Herein, we report the synthesis and structural characterization of a complex with extended aromaticity based on a naphthalene-bridged Schiff base complex with two metal binding pockets. In a first step, the Zn(II) complex (ZnL), {6,6′-dimethoxy-2,2′-[naphthalene-2,3-diylbis(nitrilomethylidyne)]diphenolato}a-pyridylzinc(II) was isolated followed by refluxing with lanthanum(III) nitrate to produce the heterobimetallic complex {ZnL[La(NO3)3·H2O]}. Crystals suitable for X-ray diffraction were grown by vapor diffusion of THF into a pyridine solution of the complex. The monoclinic unit cell (P21/n) is commensurately modulated along the c-axis direction and contains four crystallographically independent molecules with pseudo-translational symmetry being broken by slightly differing orientations of included pyridine and THF solvate molecules. The zinc atom adopts a distorted square pyramidal geometry and sits slightly above the ligand plane, whereas the lanthanum atom adopts an all-face capped trigonal prismatic geometry and sits below the ligand plane. Structural characterization of this diamagnetic complex lays the groundwork for applying these synthetic techniques to the near-infrared emitting lanthanides for practical application.
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1. Introduction


The salen ligand (N,N′-bis(salicylidene)ethylenediamine) and associated metal-salen complexes have long been used in homogeneous catalysis [1], with a particular emphasis on their ability to perform enantioselective transformations [2,3,4]. The attention this ligand system has garnered is due, in part, to its facile synthesis through the condensation of an aldehyde and an amine. More recently, salen type ligands, produced by the condensation of a diamine with o-vanillin, have been used to form heterobimetallic complexes. In these systems, a first-row transition metal is bound traditionally in the Schiff base/phenolate (κ4-N2O2) pocket and a second metal occupies a peripheral (κ4-O2O2) binding site. These complexes have recently been made with divalent s-block metals in the second position [5], but far more examples exist in the literature for heterobimetallic 3d-4f complexes of this type. Choice of lanthanide ion determines applicability; the Gd3+ ion produces interesting magnetic materials [6], and Eu3+ produces functional luminescent materials [7]. The luminescent ions Yb3+ and Nd3+ have been well studied with this ligand system for near-infrared luminescence applications [8,9,10,11,12,13]. Near-infrared luminescence in the region of maximum tissue penetration has potential for fluorescence imaging applications in biology, but most lanthanide complexes of this type require high-energy UV excitation. Extension of the aromatic system of these ligands has the potential to shift this excitation further towards the visible region, which is more amenable to any future biological applications [14,15]. The naphthalene bridged salen ligand (1, Scheme 1) provides this opportunity; metal complexes of this ligand have been previously studied for their anti-cancer properties [16,17], and structural information is available for a related Co3+ complex [18]. Described herein is the synthesis and structural characterization of a heterobimetallic Zn2+/La3+ complex of this naphthalene bridged salen ligand.




2. Results and Discussion


2.1. Synthetic Details


The naphthalene-bridged Schiff base ligand (1) was produced by a modified procedure from the literature in 75% yield (Scheme 1) [17]. The 1H-NMR (400 MHz, DMSO-d6) displayed characteristic signals at δ = 9.05 ppm and δ = 12.94, for imino and phenolic protons, respectively. Reaction of the ligand with one equivalent of zinc(II) nitrate resulted in the formation of Zn2+ complex (2) in 67% isolated yield. Upon addition of zinc(II), the 1H-NMR resonance for the imino proton shifted to δ = 9.15 ppm and the phenolic resonance disappeared. Further refluxing the Zn2+ complex with a slight excess of lanthanum(III) nitrate resulted in a yellow solid that was identified as the heterobimetallic Zn2+/La3+ complex (3).




2.2. X-ray Structure of Zn2+/La2+ Complex (3)


Crystals suitable for X-ray crystallography were grown by vapor diffusion of THF into a pyridine solution of 3 (Figure 1). Each complex contains one Zn(II) ion in the κ4-N2O2 pocket, sitting 0.52 Å above the plane of the ligand, with an axially bound pyridine molecule, thereby adopting a distorted square pyramidal geometry. The bound La(III) ion sits on the opposite side of the ligand plane (0.86 Å below) in the κ4-O2O2 pocket; open coordination sites are occupied by one aqua ligand and three nitrates for charge balance. The interatomic distance between the two metals is 3.626 Å [19].



Selected bond distances are found in Table 1, reported here for each crystallographically independent molecule in the unit cell (A–D) and as the average of the four. The Zn–N (imine) bonds are equal and slightly longer than those previously reported using an analogous phenylene bridged ligand (2.05/2.06 vs. 2.03 Å) [13], presumably due to the increased electron donation from the naphthalene bridge reported here. The Zn–O (phenolate) bonds are shorter; the relative bond distances for this binding pocket are consistent with literature values.



The unit cell was found to be monoclinic in the P21/n space group, and contains four molecules lined up along the c-axis (Figure 2). The molecules are close to being perfectly translated and related by a pseudo two-fold screw axis incompatible with unit cell shape. Exact translation and rotational symmetry is broken by modulations or disorder of solvate pyridine and THF molecules that are H-bonded to the aqua ligand (See Supporting Information). Layers of metal complex are formed along the a- and b-axes with pyridyl zinc moieties pointing toward the void space between layers; the remaining void space is filled with aforementioned solvent molecules.





3. Materials and Methods


3.1. General Considerations


Unless otherwise noted, all chemicals and reagents were purchased from Sigma Aldrich (St. Louis, MO, USA). 1H- and 13C-NMR spectra were recorded on an Avance 400 MHz spectrometer (Bruker, Billerica, MA, USA) and high-resolution ESI mass spectrometry was performed on a 6545 Q-TOF LCMS (Agilent, Santa Clara, CA, USA).




3.2. Synthetic Details


6,6′-Dimethoxy-2,2′-[naphthalene-2,3-diylbis(nitrilomethylidyne)]diphenol (1, L)—To a solution of 2,3-diaminonaphthalene (0.50 g, 3.2 mmol) in absolute ethanol (17 mL), was added o-vanillin (1.0 g, 6.6 mmol). The resulting solution was refluxed at 78 °C for 24 h. The reaction mixture was allowed to cool, at which time a bright orange precipitate formed. The product was collected by vacuum filtration and washed with cold ethanol (150 mL) and hexanes (150 mL) and used without further purification (1.0 g, 75%). 1H-NMR (400 MHz, DMSO-d6) δ (ppm): 3.82 (s, 6H), 6.94 (m, 2H), 7.15 (dd, Jortho = 8 Hz, Jmeta = 1 Hz, 2H), 7.31 (dd, Jortho = 8 Hz, Jmeta = 1 Hz, 2H), 7.53 (dd, Jortho = 6 Hz, Jmeta = 3 Hz, 2H), 7.92 (s, 2H), 7.97 (dd, Jortho = 6 Hz, Jmeta = 3 Hz, 2H), 9.05 (s, 2H), 12.94 (br s, 2H). 13C-NMR (125 MHz, CDCl3) δ (ppm): 56.4, 115.5, 117.6, 118.7, 119.5, 124.2, 126.5, 127.8, 132.9, 143.0, 148.8, 152.0, 164.4. HR-LCMS (ESI) Calculated for C26H23N2O4, [M + H]+ 427.1652; found 427.1654. Calculated for C26H22N2NaO4 [M + Na]+ 449.1472; found 449.1472.



Zn2+ complex (2, ZnL)–Ligand (1) (0.23 g, 0.53 mmol) was dissolved in absolute ethanol (20 mL) and zinc(II) nitrate hexahydrate (0.18 g, 0.60 mmol) was added. The resulting solution was refluxed at 78 °C for 24 h, at which time it was allowed to cool. A bright yellow precipitate was collected by vacuum filtration, and washed with cold ethanol (100 mL) and hexanes (25 mL) and used without further purification (0.17 g, 67%). 1H-NMR (400 MHz, DMSO-d6) 3.78 (s, 6H), 6.47 (m, 2H), 6.88 (d, J = 7 Hz, 2H), 7.07 (d, J = 7 Hz, 2H), 7.51 (dd, Jortho = 6 Hz, Jmeta = 3 Hz, 2H) 7.94 (dd, Jortho = 6 Hz, Jmeta = 3 Hz, 2H), 8.33 (s, 2H) 9.15 (s, 2H).



Zn2+/La3+ complex (3, ZnL(La))—To a solution of (2) (0.06 g, 0.13 mmol) in absolute ethanol (5 mL) was added lanthanum(III) nitrate hexahydrate (0.09 g, 0.12 mmol). The resulting solution was refluxed at 78 °C for 24 h, after which time a bright yellow precipitate formed. The solid was collected by vacuum filtration, washed with cold ethanol (100 mL), and redissolved in pyridine for crystallization by vapor diffusion of THF. Over the course of two weeks, yellow block crystals were grown and collected by vacuum filtration (0.07 g, 48%).




3.3. X-ray Diffraction Studies


Single crystals of 3 were coated with a trace of mineral oil and quickly transferred to the goniometer head of a Bruker Quest diffractometer (Billerica, MA, USA) with a fixed chi angle, a sealed tube fine focus X-ray tube, single crystal curved graphite incident beam monochromator, a Photon100 CMOS area detector and an Oxford Cryosystems low temperature device (Oxford, UK). Examination and data collection were performed with Mo Kα radiation (λ = 0.71073 Å) at 150 K. Data were collected, reflections were indexed and processed, and the files scaled and corrected for absorption using APEX3 [20]. Crystals of 3 were found to be four-fold commensurately modulated along the c-axis direction, and to be slightly non-merohedrally twinned. The orientation matrices for the two components were identified using the program Cell_Now, with the two components being related by a 180-degree rotation around the real a-axis. Integration using SAINT proved problematic due to the excessive multiple overlapping of reflections, resulting in large numbers of rejected reflections. Attempts were made to adjust integration parameters to avoid excessive rejections (through adjustments to integration queue size, blending of profiles, integration box slicing and twin overlap parameters), which led to fewer, but still substantial numbers of, rejected reflections. With no complete data set obtainable through simultaneous integration of both twin domains, the data were instead integrated in SAINT as if not twinned, with only the major domain integrated, and converted into an hklf 5 type format hkl file after integration using the “Make HKLF5 File” routine as implemented in WinGX. The twin law matrix was used as obtained from SAINT, see above. The Overlap R1 and R2 values used were 0.45, i.e., reflections with a discriminator function less or equal to an overlap radius of 0.45 were counted as overlapped, all others as single. The discriminator function used was the “delta function on index non-integrality”. No reflections were omitted. The transformation matrix used was 1.000 0.000 0.000, 0.000 −1.000 0.000, −0.150 0.000 −1.000.



The space group was assigned and the structure was solved by direct methods using XPREP within the SHELXTL suite of programs [21,22] with the hklf 4 type file, and refined by full-matrix least-squares against F2 with all reflections using Shelxl2016 [23,24] with the graphical interface Shelxle [25], and using the hklf 5 type file, which resulted in a BASF value of 0.0336(4). No Rint value or number of independent reflections were obtainable for the hklf 5 type file using the WinGX routine [26]. The values from the HKLF 4 type refinement are given instead.



The structure is characterized by a commensurate modulation along the c-axis. Four molecules are lined up along this axis, with molecules A and C, and B and D being close to perfectly translated, and molecules A and B, and C and D being related by a pseudo two-fold screw axis incompatible with the unit cell shape. Exact translation and rotational symmetry is broken by modulations and/or disorder of solvate pyridine and THF molecules, and slight modulations of the coordinated nitrate anions. For entity B, both the coordinated, as well as the non-coordinated pyridine molecules were refined as disordered by a rotation around the molecule axis through nitrogen.



For entities A, B and C, the THF molecules H bonded to the metal-coordinated water molecules, while the interstitial THF molecules were refined as disordered over two orientations. For entity B, the two THF molecules were also disordered, with a water molecule H bonded to the more prevalent of the two THF moieties.



All disordered entities were restrained to have a geometry similar to that of at least one other not-disordered entity of the same kind (SAME commands in Shexl). Uij components of ADPs of disordered atoms were restrained to be similar for atoms closer to each other than 1.7 Å. THF O atoms O15 a and O15e were constrained to have identical positions and thermal parameters. H atoms attached to carbon atoms were positioned geometrically, and constrained to ride on their parent atoms, with carbon hydrogen bond distances of 0.95 Å for and aromatic C-H, 0.99 and 0.98 Å for aliphatic CH2 and CH3 moieties, respectively. Methyl H atoms were allowed to rotate, but not to tip to best fit the experimental electron density. Water H atoms were restrained to have O–H distances of 0.84(2) Å. For the partially occupied water molecule H atom positions were restrained based on H-bonding considerations. Uiso(H) values were set to a multiple of Ueq(C/O) with 1.5 for OH and CH3, and 1.2 for C–H and CH2 units, respectively. Subject to these conditions, the occupancy rates refined to values between 0.719(14) and 0.281(14). See atom tables in the cif for all values.



Crystal data for C31H27LaN6O14Zn∙C5H5N∙2(C4H8O)∙0.166(H2O) (M = 910.0 g/mol): monoclinic, space group P21/n (no. 14), a = 29.9571(19), b = 13.9500(9), c = 45.702(3), α = 90°, β = 92.726(2)°, γ = 90°, V = 19077(2) Å3, Z = 16, T = 150 K, µ(MoKα) = 1.46 mm−1; Dcalc = 1.585 g/cm3, 338268 reflections measured (2.945° ≤ θ ≤ 28.283°), 73,124 unique (Rint = 0.0611, Rsigma = 0.0424), which were used in all calculations. The final R1 was 0.0826 (I > 2σ(I)) and wR2 was 0.2050 (all data).



Complete crystallographic data, in CIF format, have been deposited with the Cambridge Crystallographic Data Centre. CCDC 1577726 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
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Scheme 1. Synthesis of heterobimetallic Zn2+/La3+ Schiff base complex. 
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Figure 1. ORTEP diagrams of Zn2+/La3+ complex (3) showing (a) perspective view; (b) top view, along c-axis; and (c) side view, along b-axis. 50% probability ellipsoids, H-atoms omitted. Shown is one of four nearly identical crystallographically independent molecules. 
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Figure 2. Crystal packing of (3) shown along (a) the a-axis; (b) the b-axis; and (c) the c-axis. 50% probability ellipsoids, H-atoms and solvate molecules omitted. 
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Table 1. Selected metal-ligand bond distances in Å.
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	Bond
	A
	B
	C
	D
	Average 1





	Zn–N1
	2.067 (6)
	2.061 (6)
	2.052 (6)
	2.058 (6)
	2.060



	Zn–N2
	2.039 (7)
	2.049 (6)
	2.050 (6)
	2.048 (6)
	2.050



	Zn–N3 (pyridyl)
	2.052 (8)
	2.050 (19)
	2.056 (8)
	2.047 (7)
	2.044



	Zn–O1
	1.998(5)
	1.998 (5)
	1.992 (5)
	2.005 (5)
	1.998



	Zn–O2
	2.008 (5)
	2.004 (5)
	1.993 (5)
	1.984 (5)
	1.997



	La–O1
	2.484 (5)
	2.466 (5)
	2.508 (5)
	2.513 (5)
	2.493



	La–O2
	2.507 (5)
	2.518 (5)
	2.487 (5)
	2.488 (5)
	2.500



	La–O3
	2.885 (6)
	2.996 (6)
	2.895 (6)
	3.04 (1)
	2.953



	La–O4
	2.866 (6)
	2.875 (5)
	2.794 (5)
	2.856 (6)
	2.848



	La–O14 (aqua)
	2.504 (7)
	2.525 (6)
	2.504 (7)
	2.499 (6)
	2.508







1 Average bond distance across four independent molecules in unit cell.
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