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Abstract:



The newly designed butterfly-shaped hetero-tetranuclear CuII-NaI coordination compound, [Cu3(HL)2Na]∙Pic (Pic− is abbreviation of picrate) (1) which is derived from a naphthalenediol-based bis(Salamo)-type chelating ligand H4L have been synthesized and characterized by elemental analyses, UV-vis spectra, IR spectra analysis, and Hirshfeld surface analysis. X-ray crystallographic analyses revealed that the coordination compound 1 is a novel hetero-tetranuclear CuII-NaI bis(Salamo)-type coordination compound and it differs from heterotrinuclear CuII-NaI bis(Salamo)-type coordination compound reported earlier. The Cu1 and Cu3 atoms are tetra-coordinated with geometries of distorted square pyramid, while Cu2 atom are hexa-coordinated with the geometry of a distorted octahedron. The NaI atom is octa-coordinated with the geometry of a distorted hexagonal bipyramid. Furthermore, the supramolecular structure and Hirshfeld surface analyses have been discussed in detail.
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1. Introduction


Salen-type ligands and their coordination compounds have been extensively investigated [1,2,3,4,5,6,7,8,9,10] for their catalytic activities [11,12,13,14,15], biological activities [16,17,18,19,20,21,22], supramolecular architectures [23,24,25,26,27,28,29,30,31,32], and fluorescence properties [33,34,35,36,37,38]. To improve the properties of Salen-type ligands, in recent years, Nabeshima and our group’s researches mostly concentrated on the syntheses of Salamo-type ligands, which are a class of novel Salen-type analogues [39,40,41,42,43,44,45,46,47,48,49,50,51]. These Salamo-type multidentate ligands can self-assemble with transition metals, alkali metals, alkaline earth metals, and rare earth metals to form mononuclear or multinuclear 3d, 3d-s, 3d-4f coordination compounds [52,53,54,55,56,57,58,59,60]. Furthermore, these coordination compounds exhibit unique fluorescent and magnetic properties [61,62], anion effects [63], and ions recognitions [64,65], based on their structural characteristics. Meanwhile, supramolecular chemistry has become increasingly prominent in the coordination chemistry, for Salamo-type metal coordination compounds, supramolecular structures are formed mainly with the help of C–H···O, C–H···π or π···π interactions [66,67,68]. Bis(Salamo)-type ligands and their complexes have also been explored by the Nabeshima group [69,70,71,72,73], however, the heteropolynuclear CuII-NaI bis(Salamo)-type coordination compounds were rarely reported [74].



Recently, our research project concentrated on the syntheses of a new naphthalenediol-based bis(Salamo)-type ligands H4L containing two Salamo N2O2 chelate moieties and their corresponding homo- or hetero-polynuclear metal coordination compounds, which differ from Nabeshima group’s research emphasis. Herein, in order to study the anion effect of coordination compounds, we have designed and synthesized a novel CuII-NaI coordination compound [Cu3(HL)2Na]∙Pic, which is different from our previously reported coordination compound [Cu2(L)Na(NO3)(CH3OH)] [74].




2. Experimental


2.1. Materials and Methods


All of the chemical reagents are analytical pure reagents, which have not been purified before being used. C, H, and N analyses were obtained using a GmbH VarioEL V3.00 automatic elemental analyzer (Berlin, Germany). Elemental analysis for copper was detected by IRIS ER/S-WP-1 ICP atomic emission spectrometer (Elementar, Berlin, Germany). The melting points were determined by microscopic melting point instrument made in Beijing Tektronix Instruments Limited Company. 1H-NMR spectra were recorded by German Bruker AVANCE DRX-400 spectroscopy (Bruker AVANCE, Billerica, MA, USA). Infrared spectra were measured with a VERTEX-70 FT-IR spectrophotometer (Bruker, Billerica, MA, USA), with samples that were prepared as KBr (400–4000 cm−1). UV/Vis absorption spectra were recorded on a Shimadzu UV-2550 spectrometer (Shimadzu, Tokyo, Japan). X-ray single crystal structure determination was carried out on a Bruker Smart Apex CCD diffractometer (Bruker AVANCE, Billerica, MA, USA).




2.2. Synthesis of H4L


A naphthalenediol-based bis(Salamo)-type ligand (H4L) was synthesized according to the procedure reported earlier [11,74]. Yield: 85%. Mp 205−207 °C. Anal. Calcd for C30H24Br4N4O8 (%): C, 40.57; H, 2.72; N, 6.31. Found: C, 40.74; H, 2.70; N, 6.18. 1H-NMR (400 MHz, DMSO-d6, 298 K): δ = 4.56 (s, 8H; OCH−H), 7.38−7.40 (m, 2H; Ar−H), 7.69 (s, 2H; Ar−H), 7.81 (s, 2H; Ar−H), 8.47−8.49 (m, 2H; Ar−H), 8.51 (s, 2H; N=C−H), 9.10 (s, 2H; N=C−H), and 10.59 (s, 4H; O−H).




2.3. Synthesis of the Coordination Compound 1


A chloroform solution (3.0 mL) of copper(II) picrate tetrahydrate (0.015 mmol, 8.84 mg) was added dropwise to the mixture solution of H4L (0.01 mmol, 8.80 mg) and NaOH (0.80 mg, 0.020 mmol) in methanol (3.0 mL) at room temperature, and the color changed to dark brown immediately. The mixture was filtered and the filtrate was allowed to stand at room temperature for about two weeks. The solvent was partially evaporated and brown block crystals suitable for X-ray crystallographic analysis were obtained. Yield: 5.21 mg, 47.1%. Anal. Calcd for C66H44Br8Cu3NaN11O23 (%): C, 35.84; H, 2.00; N, 6.97; Cu, 8.62. Found: C, 36.01; H, 1.89; N, 6.87; and, Cu, 8.51.




2.4. Crystal Structure Determinations of the Coordination Compound 1


A crystal diffractometer provides a monochromatic beam of Mo Kα radiation (0.71073 Å) that was produced from a sealed Mo X-ray tube using a graphite monochromator and was used for obtaining crystal data for the coordination compound 1 at 291 (2) K. The LP factor and semi-empirical absorption corrections were applied using the SADABS program. The structure was solved by the direct methods (SHELXS-2016) [75]. All of the hydrogen atoms were added theoretically and a difference-Fourier map revealed the positions of the remaining atoms. All non-hydrogen atoms were refined anisotropically using a full-matrix least-squares procedure on F2 with SHELXL-2016 [76]. The crystal data and experimental parameters of the coordination compound 1 are summarized in Table 1. Supplementary crystallographic data for this paper have been deposited at Cambridge Crystallographic Data Centre (1828273) and can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html.


Table 1. Crystal data and structure refinement parameters for the coordination compound 1.









	Coordination Compound
	[Cu3(HL)2Na]∙Pic





	Formula
	C66H44Br8Cu3NaN11O23



	Formula weight
	2212.01



	Temperature (K)
	291(2)



	Wavelength (Å)
	0.71073



	Crystal system
	Monoclinic



	Space group
	P21/n



	Unit cell dimensions
	



	a (Å)
	15.6350(14)



	b (Å)
	18.2157(18)



	c (Å)
	28.691(3)



	α (°)
	90



	β (°)
	91.787(3)



	γ (°)
	90



	V (Å3)
	1006.90(19)



	Z
	4



	Dc (g cm−3)
	1.799



	μ (mm−1)
	4.771



	F (000)
	4316



	Crystal size (mm)
	0.24 × 0.22 × 0.20



	θ Range (°)
	2.2360–27.5520



	Index ranges
	−20 ≤ h ≤ 20,



	
	−23 ≤ k ≤ 16,



	
	−36 ≤ l ≤ 37



	Reflections collected
	46,887



	Independent reflections
	18,150



	Rint
	0.0257



	Completeness
	97.5%



	Data/restraints/parameters
	18150/7/1010



	GOF
	1.062



	Final R1, wR2 indices [I > 2σ(I)]
	0.0571/0.1266



	R1, wR2 indices (all data)
	0.0949/0.1350







R1 = Σ||Fo| − |Fc||/Σ|Fo||; wR2 = {Σw(Fo2 − Fc2)2/Σ[w(Fo2)]2}1/2.










3. Results and Discussion


3.1. Crystal Structure of the Coordination Compound 1


The crystal structure and atom numbering of the coordination compound 1 are shown in Figure 1. Selected major bond lengths and angles are listed in Table 2.


Figure 1. (a) Molecular structure and atom numberings of the coordination compound 1 (hydrogen atoms are omitted for clarity); (b) Coordination polyhedron for the NaI atom of the coordination compound 1; and, (c) Coordination polyhedrons for CuII atoms of the coordination compound 1.
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Table 2. Selected bond lengths (Å) and angles (°) for the coordination compound 1.











	Bond
	
	Bond
	



	Cu1-O5
	1.888(3)
	Cu3-O16
	1.900(3)



	Cu1-O8
	1.901(3)
	Cu3-N7
	1.936(4)



	Cu1-N3
	1.920(2)
	Cu3-N8
	1.995(4)



	Cu1-N4
	1.974(4)
	Na1-O5
	2.424(4)



	Cu2-O4
	1.892(3)
	Na1-O15
	2.459(4)



	Cu2-O14
	1.910(3)
	Na1-O14
	2.479(4)



	Cu2-N6
	1.912(4)
	Na1-O4
	2.502(4)



	Cu2-N2
	1.963(4)
	Na1-O8
	2.586(4)



	Cu3-O15
	1.891(3)
	Na1-O16
	2.639(3)



	Angles
	
	Angles
	



	O5-Cu1-O8
	85.06(14)
	O14-Na1-O4
	61.17(11)



	O5-Cu1-N3
	89.37(15)
	O5-Na1-O8
	61.37(11)



	O8-Cu1-N3
	160.27(16)
	O15-Na1-O8
	114.02(12)



	O5-Cu1-N4
	161.65(17)
	O14-Na1-O8
	146.46(15)



	O8-Cu1-N4
	90.62(16)
	O4-Na1-O8
	117.95(13)



	N3-Cu1-N4
	100.21(17)
	O5-Na1-O16
	113.76(12)



	O4-Cu2-O14
	83.61(14)
	O15-Na1-O16
	60.56(11)



	O4-Cu2-N6
	165.83(17)
	O14-Na1-O16
	121.70(13)



	O14-Cu2-N6
	89.81(16)
	O4-Na1-O16
	156.27(14)



	O4-Cu2-N2
	88.49(15)
	O8-Na1-O16
	73.64(11)



	O14-Cu2-N2
	163.39(17)
	O5-Na1-Br4
	108.94(11)



	N6-Cu2-N2
	100.88(17)
	O15-Na1-Br4
	69.93(9)



	O15-Cu3-O16
	85.58(14)
	O14-Na1-Br4
	89.77(10)



	O15-Cu3-N7
	88.96(15)
	O4-Na1-Br4
	119.12(11)



	O16-Cu3-N7
	160.44(17)
	O8-Na1-Br4
	60.44(9)



	O15-Cu3-N8
	159.11(16)
	O16-Na1-Br4
	84.55(9)



	O16-Cu3-N8
	91.21(14)
	O5-Na1-Br5
	69.86(10)



	N7-Cu3-N8
	100.31(16)
	O14-Na1-Br5
	129.69(11)



	O5-Na1-O15
	174.12(13)
	O4-Na1-Br5
	100.19(10)



	O5-Na1-O14
	122.79(12)
	O8-Na1-Br5
	83.81(9)



	O15-Na1-O14
	63.08(11)
	O16-Na1-Br5
	58.83(8)



	O5-Na1-O4
	62.56(11)
	Br4-Na1-Br5
	135.44(6)



	O15-Na1-O4
	123.19(13)
	
	









The crystallographic data revealed that the coordination compound 1 crystallizes in the monoclinic system, space group P21/n. X-ray crystallography clearly showed that the coordination compound 1 is a hetero-tetranuclear butterfly-shape coordination compound, which consists of two deprotonated (HL)3− units, three CuII atoms, one NaI atom, and one uncoordinated picrate ion. Note worthily, this 2:3 ((HL)3−:CuII) type hetero-tetranuclear CuII-NaI coordination compound is different from the earlier reported CuII Salamo-type coordination compounds of 1:2 [77,78,79], 2:2 [80,81,82], 2:3 [83], and 2:4 [83] type (L:CuII). Especially, this is the first bis(Salamo)-based metal complex containing two bis(Salamo)-type ligands. The coordination compound that is obtained is different from our previously reported coordination compound [Cu2(L)Na(NO3)(CH3OH)], in which the two Cu(II) atoms are located in N2O2 cavities, and one Cu(II) atom is still bonded to a methanol molecule, while the other Cu(II) atom is coordinated with one oxygen atom of a μ3-NO3 ion. Finally, both Cu(II) atoms adopt penta-coordinated with geometries of slightly distorted tetragonal pyramid [74].



In the crystal structure of the coordination compound 1, three CuII atoms (Cu1, Cu2, and Cu3) are located in the N2O2 cavities of the deprotonated (HL)3− units, the Cu1 and Cu3 atoms are coordinated with two phenoxy atoms and two nitrogen atoms, respectively. The Cu2 atom is coordinated by two nitrogen atoms (N2 and N6) and four oxygen atoms (O2, O4, O14, and O10) from two deprotonated (HL)3− units. By means of continuous shape measures (CShM), the configuration of the Cu1 and Cu3 atoms is basically the same, all of which form distorted quadrilateral geometries and the Cu2 atom form a distorted octahedron configuration [84] (Figure 1c). The NaI atom is octa-coordinated with the geometry of a distorted hexagonal bipyramid (when the value of CShM is the smallest, the ideal structure is the hexagonal bipyramid configuration), which is coordinated by six oxygen (O4, O5, O8, O14, O15, and O16) atoms and two bromine (Br4 and Br5) atoms from two deprotonated (HL)3− units (Figure 1b).



In the crystal structure of the coordination compound 1, there are three pairs of intramolecular O1-H1B···N1, O9-H9···N5, and C39-H39A···O21 (Figure 2), and a pair of intermolecular C22-H22A···O1 interactions, as summarized in Table 3. The anion picrate was linked to coordination compound molecules through an intermolecular C39-H39A···O21 interaction, making the molecular structure more stable. In addition, a one-dimensional (1D) supramolecular structure was formed by intermolecular C22-H22A···O1 interactions (Figure 3).


Figure 2. View of the intramolecular and intermolecular hydrogen bondings of the coordination compound 1 (for clarity purpose, hydrogen atoms are omitted, except those forming hydrogen bonds).
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Figure 3. The one-dimensional (1D) supramolecular structure of the coordination compound 1 with inter-molecular hydrogen bondings (hydrogen atoms, except those forming hydrogen bonds, are omitted for clarity).
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Table 3. Hydrogen bonding interactions (Å, °) for the coordination compound 1.





	D-H···A
	D-H
	H···A
	D···A
	D-H···A





	O1-H1B···N1
	0.96
	1.80
	2.643(6)
	144



	O9-H9···N5
	0.82
	1.91
	2.632(6)
	147



	C39-H39A···O21
	0.97
	2.11
	3.014(9)
	154



	C22-H22A···O1
	0.97
	2.64
	3.601(6)
	169










3.2. IR Spectra


The FT-IR spectral data of H4L and its corresponding CuII-NaI coordination compound showed different bands in the 400–4000 cm−1 region in Figure 4, and the important bands that are listed in Table 4. The spectrum of the free ligand H4L showed a typical O–H stretching band at 3307 cm−1 that belongs to the phenolic hydroxyl group. For the coordination compound 1, there is a narrow typical O–H stretching band at 3303 cm−1 because of the non-deprotonated phenolic hydroxyl group, and another narrow peak may be the C–H stretching band of the benzene ring. The wide peak at about 3200 cm−1 may be the O–H stretching band in the water. The NO2 stretching of the picrate anion appeared at about 1380 cm−1 in the coordination compound 1 spectrum. The typical C=N stretching band of the free ligand appeared at 1605 cm−1. The typical C=N stretching band of the coordination compound 1 appeared at 1601 cm−1 [85]. The Ar–O stretching band of the free ligand appeared at 1244 cm−1, while that of the coordination compound 1 is observed at 1215 cm−1, the C=N and Ar–O stretching frequencies are shifted, indicating that the CuII atoms are coordinated with the free ligand.


Figure 4. Infrared spectra of naphthalenediol-based bis(Salamo)-type ligand (H4L) and its coordination compound.
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Table 4. The major FT-IR data of H4L and its CuII-NaI coordination compound (cm−1).





	Compound
	ν(O–H)
	ν(C=N)
	ν(Ar–)





	H4L
	3307
	1605
	1256



	[Cu3(HL)2Na]∙Pic
	3303
	1601
	1215










3.3. UV-Vis Spectra


The UV–Vis absorption spectra of the free ligand H4L and its corresponding CuII-NaI coordination compound in the CHCl3/CH3OH solution (CHCl3/CH3OH 3:2 v/v, 1.0 × 10−5 mol/L) are shown in Figure 5. Obviously, the absorption maxima of the ligand H4L differ from those of the coordination compound 1. As shown in Figure 5, for the ligand H4L, the peaks at 342 nm (ε = 4.8 × 104 M−1·cm−1), 361 nm (ε = 4.3 × 104 M−1·cm−1), and 379 nm (ε = 3.5 × 104 M−1·cm−1) can be assigned to the intra-ligand π-π* transitions and indicated that the ligand H4L contains a large conjugation system. It can be assigned to the π-π* transition of the naphthalene rings [11]. When compared with the free ligand H4L, the three absorption peaks disappeared from the UV-vis spectrum of the coordination compound 1, and one new absorption maxima was observed at ca. 382 nm for the coordination compound 1, and is assigned to L→M (LMCT) or M→L (MLCT) charge transition which is characteristic of the transition metal coordination compounds with N2O2 coordination sphere [29].


Figure 5. The UV-vis spectra of the free ligand H4L and its corresponding coordination compound 1.
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3.4. Hirshfeld Surface Analysis


The Hirshfeld surfaces [86] of the coordination compound 1 are illustrated in Figure 6, indicating that the surfaces have been mapped over dnorm and the corresponding location in shape index exists the complementary region of red concave surface surrounded by receptors and the blue convex surface surrounding receptors, further proving that such hydrogen bonding exists. The large and deep red spots on the three-dimensional (3D) Hirshfeld surfaces indicate the close-contact interactions, mainly responsible for the corresponding hydrogen bond contacts. As for the large amount of white region in dnorm surfaces, it is suggested that there is a weaker and farther contact between molecules, rather than hydrogen bonding. Figure 7 showed that the two-dimensional (2D) plots that were generated [87] correspond to the O···H, C···H and H···H interactions from the Hirshfeld surface of the coordination compound 1. With the help of these analysis results, different interactions can be separated from each other that would commonly overlap in full fingerprint plots. The location of H···H interactions appeared at (1.15 Å, 1.20 Å), accounting for 22.4% of the total area of Hirshfeld surfaces. The C···H/H···C interactions in the range of (1.60 Å, 1.12 Å) and appeared as a pair of symmetrical wings, accounting for 6.4% of the total area of Hirshfeld surfaces. The proportion of O···H/H···O interactions occupies 26.3% of the total Hirshfed surfaces for each molecule of the coordination compound 1, the contribution of C···C to Hirshfeld surfaces is 0%, indicating that the π-π accumulation does not exist. Owing to the existence of weaker hydrogen bonds, the coordination compound can be stable.


Figure 6. Hirshfeld surfaces analysis mapped with dnorm and shape index of the coordination compound 1.
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Figure 7. Fingerprint plot of the coordination compound 1: full and resolved into O···H, C···H and H···H contacts showing the percentages of contacts contributed to the total Hirshfeld surface area of molecule.
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4. Conclusions


The unexpected hetero-tetranuclear CuII-NaI coordination compound, [Cu3(HL)2Na]∙Pic assembly from a naphthalenediol-based bis(Salamo)-type ligand (H4L) has been synthesized and characterized. For the central metals, the Cu1 and Cu3 atoms are tetra-coordinated with distorted square geometries, and the Cu2 atoms are hexa-coordinated with a distorted octahedron configuration, while the NaI atom is octa-coordinated with geometry of a distorted hexagonal bipyramid, which is coordinated with six oxygen (O4, O5, O8, O14, O15, and O16) atoms and two bromo (Br4 and Br5) atoms from two deprotonated (HL)3− units. Furthermore, a 1D supramolecular structure was formed by intermolecular C22-H22A···O1 interactions. In addition, the Hirshfeld surface analyses indicated that the coordination compound could be stable due to intramolecular hydrogen bonds and some weaker interactions.
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