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Abstract

:

In order to explore the use of non-covalent interactions in the deliberate assembly of metal-supramolecular architectures, a series of β-diketone based ligands capable of simultaneously acting as halogen-bond donors and chelating ligands were synthesized. The three ligands, L1, L2, and L3, carry ethynyl-activated chlorine, bromine, and iodine atoms, respectively and copper(II) complexes of all three ligands were crystallized from different solvents, acetonitrile, ethyl acetate, and nitromethane in order to study specific ligand-solvent interaction. The free ligands L2 and L3, with more polarizable halogen atoms, display C-X⋯O halogen bonds in the solid state, whereas the chloro-analogue (L1) does not engage in halogen bonding. Both acetonitrile and ethyl acetate act as halogen-bond acceptors in Cu(II)-complexes of L2 and L3 whereas nitromethane is present as a ‘space-filling’ guest without participating in any significant intermolecular interactions in Cu(II)-complexes of L2. L3, which is decorated with an iodoethynyl moiety and consistently engages in halogen-bonds with suitable acceptors. This systematic structural analysis allows us to rank the relative importance of a variety of electron-pair donors in these metal complexes.
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1. Introduction


Effective practical crystal engineering relies on the deceptively simple act of molecular recognition which [1], in turn, is achieved by balancing geometric compatibility with a multitude of reversible and relatively weak non-covalent forces [2,3,4,5]. As a result, the directed assembly of compositionally and structurally complex architectures requires a thorough understanding of the way in which complementary and competing forces eventually lead to a stable solid-state architecture [6,7]. Against this background, our goal was to establish reliable and robust avenues for the design and synthesis of crystalline metal-containing materials by encoding each building-block with structural-preferences that lead to “programmable” and predictable assembly [8,9,10].



There are many reported examples of crystal engineering involving coordination complexes as building blocks for a variety of supramolecular assemblies of different dimensionalities e.g., 1-D [8], 2-D [8,11,12], and 3-D [11,13]. Examples of synthetic vectors for metal-based supramolecular synthesis include π⋯π [14,15,16], cation⋯π [17], anion⋯π [16,18,19], lone-pair⋯π [16,19,20], and metal⋯π [21,22] interactions, but the most common non-covalent interaction for such ventures is arguably the hydrogen bond [23,24,25,26,27]. Despite the relative frequent use of hydrogen bonds [28,29], such interactions are not always ideal since many hydrogen-bond donors (i.e., amines, oximes, and carboxylic acids) may forge unwanted coordinate-covalent bonds with the metal-ion leading to undesirable assemblies and architectures. As a more effective synthetic alternative, the halogen bond may be a possibility as halogen-bond donors do not inherently include a moiety that can potentially act as a structurally disruptive ligand for the metal ion. According to the IUPAC recommendations in 2013 [30], a halogen bond is defined as follows; “A halogen bond occurs when there is evidence of a net attractive interaction between an electrophilic region associated with a halogen atom in a molecular entity and a nucleophilic region in another, or the same, molecular entity”. This attractive interaction between a halogen atom and an electronegative atom can facilitate a vast variety of applications in different fields including material science, synthetic chemistry, polymer science, and in bimolecular systems [28,29,31,32]. By combining halogen-bonded systems with metals [33,34], metallosupramolecular assemblies have been discovered with several important properties including redox, magnetic, non-linear optical, gas adsorption, and catalytic properties [35,36].



Another possible hindrance to reliable supramolecular chemistry of metal complexes is caused by negatively charged counter ions as they frequently coordinate to the metal ion in such a way that any intended assembly strategy (or other non-covalent interactions) is scuppered. Therefore, the need for charge-balancing ions should be avoided, if at all possible, by using charged ligands that balance the oxidation state of the metal ions in the system. With this in mind β-diketones (acac) can be employed as simple and highly efficient metal-chelating ligands and the acidic hydrogen atom of acac can be easily removed to generate a negative charge on this binding site which can avoid the need for additional counter ions, Scheme 1.



An earlier study on the possible use of halogen bonds in this synthetic context involved the combination of Cu(II) ions and acac-based ligands substituted with a halogen atom [37]. However, structure-directing halogen-bonds were not observed largely due to the fact that the halogen atoms had not been ‘activated’ with the aid of adjacent electron-withdrawing groups [38,39,40,41] or through an sp-hybridized carbon atom [42,43]. In order to modify this early strategy, we synthesized three new ligands (L1–L3) where the halogen atom was replaced with a haloethynyl species (Scheme SI). They all contain the necessary acac-moiety but by increasing the electrophilic σ-hole on the halogen-bond donor they may offer more pronounced structure-directing vectors, Scheme 2.



In each free ligand, one can envision that there are four competing halogen-bond acceptor sites; a lone pair on the keto oxygen atom, the hydroxylic oxygen atom, the π-electron cloud on the ethynyl group and the electronegative equatorial region on each halogen atom, Scheme 3a. In the corresponding metal complexes we reduce the number of unique competing halogen-bond acceptors to three; an oxygen atom from the deprotonated acac-moiety, as well as the triple bond, and the equatorial region on the halogen atom, Scheme 3b. The purpose of this synthetic/structural study is to establish which of these different acceptor sites is going to dominate the eventual solid-state structures.




2. Results


In the crystal structure of L1, there are no significant halogen bonds present involving the chloroethynyl moiety, and adjacent L1 molecules seem to be close packed (the ligand resides on a symmetry plane which gives the appearance of two –OH moieties). The acac moiety is almost perpendicular with respect to the adjacent phenyl ring and it also accepts a C-H⋯O hydrogen bond from an adjacent ligand, r(O⋯H) ca. 2.65 Å, (Figure 1).



The crystal structures of L2, Figure 2, and L3, Figure 3, both contain short intermolecular contacts between their respective haloethynyl moieties and a keto oxygen atom of the acac group. These halogen bonds create infinite 1-D chains in both structures and short contacts in the structure of L2 r(O⋯Br) 2.98 Å, and in L3 r(O⋯I) 3.04 Å. The halogen bond involving the more polarizable iodine atom shows a slightly greater reduction in combined van der Waals radii (13% reduction) than the corresponding bromo species (11.6% reduction). In addition to halogen bonding there are C-H⋯O hydrogen bonds between phenyl-H and acac-O. In both structures oxygen makes bifurcated hydrogen bonding with phenyl-H and in L3 a symmetric hydrogen bond is observed with r(O⋯H) ca. 2.81 Å. Bifurcated hydrogen bonding distances in L2 are r(O⋯H) ca. 2.70 Å and 2.79 Å.



The intramolecular X-C≡C bond angles in L2 and L3 deviate slightly from linear at 174.14° and 172.44°, respectively. As expected, the C-X⋯O halogen-bond angle is more linear for the C-I⋯O bond (178.0°) than for the C-Br⋯O bond (170.8°). Again, the torsion angle which describes the orientation of the acac moiety with respect to the phenyl ring is close to 90° for both L2 and L3.



The reaction between L1 and Cu(II) produces a metal-complex with the expected ligand-metal ratio of 2:1 in a square-planar geometry (Figure 4). There are no prominent short intermolecular contacts involving the chloroethynyl moiety.



There are several C-H⋯O hydrogen bonds between the phenyl group and the acac moiety (Figure 5) r(O⋯H) ca. 2.70 Å and 2.94 Å and these interactions create an infinite stack of complex ions.



In the crystal structure of [Cu(L2)2]·2CH3CN, the 1:2 metal-ligand stoichiometry in a square planar geometry is observed again. However, in this case, the ligand which contains an “activated” bromine atom, forms a halogen bond with the acetonitrile solvent molecule; r(Br⋯N) 3.07 Å (a 9.7% vdW reduction), θ (C-Br⋯N) 172.05°, θ (Br⋯N≡C) 144.48° (Figure 6).



The only other notable interactions are the C-H⋯O hydrogen bonds between the phenyl ring and the acac group (Figure 7) r(O⋯H) ca. 2.57 Å and 2.73 Å. These hydrogen bonds create an infinite stack of complex ions similar to that observed in the structure of [Cu(L1)2].



When the reaction between L2 and copper(II) tetrafluoroborate was carried out in ethyl acetate, the outcome was a crystal structure with identical stoichiometry and overall shape as that found in the structure of [Cu(L2)2]·2CH3CN. The square-planar geometry is maintained and the activated bromine atom forms a halogen bond with the ethyl acetate solvent molecule; r(Br⋯O) 2.88 Å (a 14.5% vdW reduction), θ (C-Br⋯O) 171.07°, θ (Br⋯O=C) 126.47° (Figure 8).



Again, C-H⋯O hydrogen bonds between adjacent complex ions r(O⋯H) ca. 2.61 Å and 2.63 Å create an infinite stack (Figure 9).



Even though halogen bonded iodo-nitromethane synthons are reported [44,45], in the metal ligand complex [Cu(L2)2]·2CH3NO2, nitromethane, which lacks halogen-bond acceptor sites that are effective with the relatively weak bromine atom, simply acts as non-directional space filling in the crystal structure (Figure 10). There are no prominent short contacts involving the bromoethynyl group. In the crystal packing, C-H⋯O hydrogen bonding between hydrogens of phenyl group and oxygen of acac moiety is observed (Figure 11) similar to the packing of [Cu(L2)2]·2C4H8O2. Both hydrogens of the phenyl group show interactions with acac oxygen atoms r(O⋯H) 2.50 Å and 2.57 Å.



Yet again, two C-H⋯O intermolecular hydrogen bonds between adjacent phenyl rings and acac-sites can be observed (Figure 11) r(O⋯H) ca. 2.50 Å and 2.57 Å producing the now familiar stack of complex ions.



The reaction between copper(II) tetrafluoroborate hydrate and L3 in acetonitrile produced a 1:2 metal-ligand complex with four solvent molecules included in the structure. Even though the metal center contains two acac ligands in a square planer arrangement, the overall geometry is octahedral as two acetonitrile molecules are axially coordinated to the Cu(II) ion. The activated iodine atom forms a halogen bond with the acetonitrile solvent molecule (Figure 12); r(I⋯N) 2.98 Å (a 15.6% vdW reduction), θ (C-I⋯N) 174.28°, θ (I⋯N≡C) 141.61°. This time there are no prominent C-H⋯O intermolecular interactions.



When the solvent is changed from acetonitrile to ethyl acetate the metal ion remains four-coordinate as there is no axial coordination of solvent molecules (Figure 13). There are, however, halogen bonds between the iodoethynyl group and the O=C group of ethyl acetate, r(I⋯O) 2.91 Å (a 20.0% vdW reduction), θ (C-I⋯O) 172.33°, θ (I⋯O=C) 128.19°.



Without any axially coordinated ligands, adjacent complex ions are again close enough to form stacks as a result of intermolecular C-H⋯O hydrogen bonding between phenyl rings and acac moieties (Figure 14) ca. r(O⋯H) 2.63 Å and 2.76 Å.



In the absence of a solvent capable of acting as a competitive halogen-bond acceptor, the iodoethynyl group instead seeks out two different types of acceptor sites as found in the structure of [Cu(L3)2]. First, there is a bifurcated interaction with two oxygen atoms of the acac moiety (Figure 15) r(I⋯O) 3.31 Å and 3.29 Å, θ (C-I⋯O) 153.02°, and 157.72°, θ (I⋯O=C) 128.19°.



Second, there is a C-I⋯π interaction involving the triple bond (Figure 16) r(I⋯triple bond) 3.63 Å, θ (C-I⋯triple bond) 153.84°, θ (I⋯triple bond-I) 80.58° (geometric parameters calculated with respect to the center of the C≡C bond).



In addition, there is an another C-I⋯π interaction between an iodine atom and the aromatic ring r(I⋯centroid of phenyl ring) 3.58 Å, θ (C-I⋯centroid of phenyl ring) 170.86°, r(I⋯C=C) 3.29 Å r(I⋯C≡C-I) 3.48 Å. The combination of the different types of halogen bonds combine to produce a 3-D architecture in the structure of of [Cu(L3)2] (Figure 17).




3. Discussion


A common structural feature among all three ligands is the intramolecular hydroxyl⋯keto hydrogen bonding between the hydroxyl group and the oxygen of the keto group. However, only the iodo- and bromo substituted ligands, L3 and L2, show clear signs of halogen bonding in their crystal structures and, in both cases, the acceptor site is the oxygen atom of the keto group, which carries a higher negative charge than the enolic oxygen atom. Despite the activation through an adjacent ethynyl group, the chloro analogue does not show halogen bonding due to the absence of a substantive σ-hole and a correspondingly small positive electrostatic potential. Of the four postulated plausible halogen-bond acceptor sites, only one site was utilized in the three structures of the ligands themselves as summarized in Scheme 4.



Ligands L2 and L3 are isostructural indicating that both bromine and iodine are sufficiently activated by the adjacent ethyl group to provide halogen-bond interactions that have very similar structure-directing consequences (in this case they both produce infinite 1-D chains via C-X⋯O=C halogen bonds). Iodine is more polarizable than bromine which leads to a greater reduction in the combined van der Waals radii of X⋯O in L3, compared to that of L2.



When these ligands were combined with the divalent metal ion Cu(II), the expected complexes with a 1:2 metal ligand stoichiometry was afforded in all cases. The lack of halogen bonding in the crystal structure of L1 is carried over into the Cu(II) structures thereof, and again no notable short contacts involving the chloro substituent were present. In contrast, in the structures of metal complexes with L2 and L3, which are decorated with more polarizable bromo, and iodo substituents, respectively, halogen bonds become prevalent. All in all, in five of the seven structures of metal-ligand complexes a notable halogen bond could be observed. Solvent molecules capable of acting as appropriate electron-pair donors performed as halogen-bond acceptors in four cases, two different halogen-bond acceptors sites on the complex itself were utilized in one structure, Scheme 5.



In order to rationalize the involvement of acac oxygen atoms in halogen bonding, a simple Density Functional Theory (DFT) calculation was performed for Cu(L3)2 system. The results show that the HOMO orbitals of the complex are located around the acac oxygen atoms indicating their ability to act as partial electron donors in halogen bonding (Figure 18).



Iodine is, as expected, a better halogen-bond donor than bromine as indicated by higher van der Waals radii reduction of I⋯O bonds compared to Br⋯O bond in the structures [Cu(L3)2]·C4H8O2 and [Cu(L2)2]·C4H8O2 respectively. Further support for this can be inferred indirectly from the TGA data of the isostructural ethyl acetate solvates; the loss of the halogen bound solvent molecule occurred at 50 °C in [Cu(L2)2]·C4H8O2 whereas it was removed from the crystalline complex [Cu(L3)2]·C4H8O2 at 76 °C, which may reflect a stronger solvent⋯X-C bond in the latter case (Figures S1–S3).



All but one metal complex displays square-planar geometries; the one exception, [Cu(L3)2]·4CH3CN was octahedral due to the axial coordination of two acetonitrile molecules.



In the presence of weakly coordinating solvents such as nitromethane, halogen-solvent interactions are not observed. Activated iodine has shown the ability of forming interactions with the π-electron density of a triple bond which can act as a halogen bond acceptor [46,47,48]. In the complex [Cu(L3)2], mainly halogen⋯π interactions and halogen⋯oxygen interactions are observed due to the absence of a competitive halogen bond acceptor solvent. The structure propagates in a 3-D direction with halogen bonding and halogen⋯π interactions between halogen atom and triple bond-π cloud (Figure 17). In this 3D assembly, halogen⋯π interactions between the halogen atom and the π-electron cloud of the phenyl group also assist to hold the packing.



In addition to the halogen bonding interactions numerous C-H⋯O hydrogen bonds produced a very consistent structural feature, an infinite slipped stack, in six of the seven metal complexes. The exception being the octahedral [Cu(L3)2]·4CH3CN where steric hindrance caused by additional acetonitrile molecules prevents the formation of C-H⋯O hydrogen bonds.




4. Materials and Methods


All chemicals were purchased from commercial sources and used without further purifications. The syntheses of biacetyl-trimethyl phosphite (1:1) adduct, 1, was carried out according to a previously reported procedure [49].



1H-NMR and 13C-NMR spectra were recorded on a Varian Unity plus 400 MHz spectrometer (Varian, Inc.) in CDCl3. Melting points were determined on a Fisher-Johns melting point apparatus and are uncorrected. Infrared spectroscopy (IR) was done on a Nicolet 380 FT-IR (Thermo Scientific, Madison, WI, USA). DSC traces were obtained on a TA Q20 (TA instruments, New Castle, DE, USA). TGA traces were taken on a TA Q50 (TA instruments, New Castle, DE, USA).



4.1. Synthesis


Synthesis of 4-(trimethylsilylethynyl)benzaldehyde [42], 4-(bromoethynyl)benzaldehyde [50], and 4-(iodoethynyl)benzaldehyde [50] were carried out by using literature reported methods. Synthesis of 4-(chloroethynyl)benzaldehyde was carried out by using a modified literature method [50]. Synthesis of L1, L2 and L3 were carried out based on literature reported methods [37].



4.1.1. Synthesis of 4-(trimethylsilylethynyl)benzaldehyde


A stirred solution of 4.5 g (19.40 mmol) 4-bromobenzaldehyde, 83 mg (0.46 mmol) of CuI, and 163 mg (0.23 mmol) of Pd(PPh3)2Cl2 in 80 mL of trimethylamine was degassed with N2 for 20 min. A solution of 2.28 g (23.28 mmol) of trimethylsilylacetylene was added to the stirred solution. The mixture was heated under reflux overnight under N2. Upon completion of the reaction the solvent was evaporated by rotavap. The residue was dissolved in ethyl acetate and washed three times with water followed by a saturated NaCl solution. The organic layer was dried with MgSO4 and the solvent was evaporated by rotavap. The residue was chromatographed on a silica column with hexanes as the eluent to obtain the pure product. Yield: 4.08 g (93%); m.p. 59–61 °C (Lit, 57–58 °C [42]); 1H-NMR (δH, CDCl3, 400 MHz): 10.01 (1H, s), 7.83 (2H, d), 7.61 (2H, d), 0.28 (9H, s).




4.1.2. Synthesis of 4-(chloroethynyl)benzaldehyde


In 60 mL of acetonitrile, 2.0 g (9.8 mmol) of 4-(trimethylsilylethynyl)benzaldehyde and 1.86 g (14.6 mmol) of AgF were dissolved and degassed with N2 for 20 min. 1.94 g (14.6 mmol) of N-chlorosuccinimide was added to the stirred solution and the reaction vessel was covered with aluminum foil. The reaction mixture was stirred under N2 at room temperature overnight. Upon completion of the reaction, the mixture was passed through a short pad of silica. The solvent was evaporated and the residue was dissolved in diethyl ether and washed three times with water. The organic layer was dried over MgSO4 and the solvent was evaporated to get the pure product. Yield: 1.10 g (67%); m.p. 77–80 °C; 1H-NMR (δH, CDCl3, 400 MHz): 10.01 (1H, s), 7.83 (2H, d), 7.59 (2H, d).




4.1.3. Synthesis of 4-(bromoethynyl)benzaldehyde


In 50 mL of acetonitrile, 1.5 g (7.4 mmol) of 4-(trimethylsilylethynyl)benzaldehyde and 940 mg of AgF (7.4 mmol) were dissolved and degassed with N2 for 20 min. 1.32 g (7.42 mmol) of N-bromosuccinimide was added to the stirred solution and the reaction vessel was covered with aluminum foil. The reaction mixture was stirred under N2 at room temperature 5 h. Upon completion of the reaction, the mixture was passed through a short pad of silica. The solvent was evaporated and the residue was dissolved in diethyl ether and washed three times with water. The organic layer was dried over MgSO4 and the solvent was evaporated to get the pure product. Yield: 1.49 g (96%); m.p. 99–102 °C (Lit, 96–98 °C [51]); 1H-NMR (δH, CDCl3, 400 MHz): 10.02 (1H, s), 7.84 (2H, d), 7.61 (2H, d).




4.1.4. Synthesis of 4-(iodoethynyl)benzaldehyde


4-(Iodoethynyl)benzaldehyde was prepared according to the preparation of 4-(bromoethynyl)benzaldehyde from 1.5 g (7.4 mmol) of 4-(trimethylsilylethinyl)benzaldehyde, 940 mg (7.4 mmol) of AgF and 1.67 g of N-iodosuccinimide (7.42 mmol) in 50 mL of acetonitrile. Yield: 1.86 g (98%); m.p.141–143 °C (Lit, 120–121 °C [52]); 1H-NMR (δH, CDCl3, 400 MHz): 10.02 (1H, s), 7.84 (2H, d), 7.59 (2H, d).




4.1.5. Synthesis of 3-(4-(chloroethynyl)phenyl)-4-Hydroxypent-3-en-2-one, L1


4-(Chloroethynyl)benzaldehyde (1.0 g, 6.0 mmol) was placed in a 100 mL round bottom flask under a N2 atmosphere. 1 (1.53 g, 7.3 mmol) was added to the flask with continuous stirring. The resulting slurry was stirred for 24 h at room temperature under a N2 atmosphere to obtain an oil. Then 50 mL of methanol was added and the mixture was heated under reflux overnight under a N2 atmosphere. Upon cooling the solution to room temperature, methanol was evaporated by rotavap to obtain a yellow oil. The residue was dissolved in 50 mL methanol and cooled to −78 °C to yield a white crystalline solid. The precipitate was filtered and washed with cold methanol to obtain the pure product. Colourless prism-shaped crystals suitable for single-crystal X-ray diffraction were grown using slow evaporation from methanol. Yield: 0.57 g (40%); m.p. 139–141 °C; 1H-NMR (δH, CDCl3, 400 MHz): 16.68 (1H, s), 7.47 (2H, d), 7.14 (2H, d), 1.89 (6H, s); 13C-NMR (δc, CDCl3, 400 MHz) 190.72, 137.37, 132.40, 131.19, 121.44, 114.59, 68.93, 68.70, 24.13.




4.1.6. Synthesis of 3-(4-(bromoethynyl)phenyl)-4-Hydroxypent-3-en-2-one, L2


3-(4-(Bromoethynyl)phenyl)-4-hydroxypent-3-en-2-one was prepared according to the preparation of 3-(4-(chloroethynyl)phenyl)-4-hydroxypent-3-en-2-one from 1.0 g (4.8 mmol) of 4-(bromoethynyl)benzaldehyde and 1.2 g (5.8 mmol) of 1. Brown color prism-shaped crystals suitable for single-crystal X-ray diffraction were grown using slow evaporation from methanol. Yield: 0.72 g (56%); m.p. 155–158 °C; 1H-NMR (δH, CDCl3, 400 MHz): 1H-NMR (δH, CDCL3, 400 MHz): 16.67 (1H, s), 7.48 (2H, d), 7.14 (2H, d), 1.89 (6H, s); 13C-NMR (δc, CDCl3, 400 MHz) 190.70, 137.46, 132.43, 131.16, 121.98, 114.59, 79.58, 50.50, 24.13.




4.1.7. Synthesis of 3-(4-(iodoethynyl)phenyl)-4-Hydroxypent-3-en-2-one, L3


3-(4-(Iodoethynyl)phenyl)-4-hydroxypent-3-en-2-one was prepared according to the preparation of 3-(4-(chloroethynyl)phenyl)-4-hydroxypent-3-en-2-one from 1.0 g (3.9 mmol) of 4-(chlorooethynyl)benzaldehyde and 0.98 g (4.7 mmol) of 1. Yellow color plate-shaped crystals suitable for single-crystal X-ray diffraction were grown using slow evaporation from methanol. Yield: 0.65 g (51%); m.p. 164–167 °C 1H-NMR (δH, CDCl3, 400 MHz): 16.67 (1H, s), 7.47 (2H, d), 7.14 (2H, d), 1.88 (6H, s); 13C-NMR (δc, CDCl3, 400 MHz) 190.72, 137.58, 132.76, 131.05, 122.66, 114.59, 93.64, 24.13.




4.1.8. Synthesis of [Cu(L1)2]


L1 (0.010 g) was dissolved in 1.0 mL of acetonitrile and a drop of triethylamine was added to the solution in a vial and stirred well. Then 0.006 g of copper(II) tetrafluoroborate hydrate in 1.0 mL of acetonitrile was added. The solution was mixed well and kept for slow evaporation at room temperature. After two days, green needle-shaped crystals were obtained and subjected to single-crystal X-ray diffraction. Dec. 309 °C (DSC 5 °C/min).




4.1.9. Synthesis of [Cu(L2)2]·2CH3CN


L2 (0.010 g) was dissolved in 1.0 mL of acetonitrile and a drop of triethylamine was added in a vial and stirred well. Then 0.005 g of copper(II) tetrafluoroborate hydrate in 1.0 mL of acetonitrile was added to the above mixture. The resulting mixture was mixed well and kept for slow evaporation at room temperature. After one day green plate-shaped crystals were obtained and subjected to single-crystal X-ray diffraction. Dec. 276 °C (DSC 5 °C/min).




4.1.10. Synthesis of [Cu(L2)2]·2C4H8O2


L2 (0.010 g) was dissolved in 1.0 mL of ethyl acetate and a drop of triethylamine was added in a vial and stirred well. Then 0.005 g of copper(II) tetrafluoroborate hydrate in 1.0 mL of ethyl acetate was added to the above mixture. The resulting solution was mixed well and kept for slow evaporation at room temperature. After one day blue prism-shaped crystals were obtained and subjected to single-crystal X-ray diffraction (Bruker, Madison, WI, USA). Dec. 263 °C (DSC 5 °C/min).




4.1.11. Synthesis of [Cu(L2)2]·2CH3NO2


L2 (0.010 g) was dissolved in 1.0 mL of nitromethane and a drop of triethylamine was added in a vial and stirred well. Then 0.005 g of copper(II) tetrafluoroborate hydrate in 1.0 mL of nitromethane was added to the above mixture. The resulting solution was mixed well and kept for slow evaporation at room temperature. After two days green plate-shaped crystals were obtained and subjected to the single-crystal X-ray diffraction. Dec. 274 °C (DSC 5 °C/min).




4.1.12. Synthesis of [Cu(L3)2]·4CH3CN


L3 (0.010 g) was dissolved in 1.0 mL of acetonitrile and a drop of triethylamine was added in a vial and stirred well. Then 0.004 g of copper(II) tetrafluoroborate hydrate in 1.0 mL of acetonitrile was added to the above mixture. The resulting solution was mixed well and kept for slow evaporation at room temperature. After one day blue plate-shaped crystals were obtained and subjected to single-crystal X-ray diffraction. Dec. 182 °C (DSC 5 °C/min).




4.1.13. Synthesis of [Cu(L3)2]·2C4H8O2


L3 (0.010 g) was dissolved in 1.0 mL of ethyl acetate and a drop of triethylamine was added to in a vial and stirred well. Then 0.004 g of copper(II) tetrafluoroborate hydrate in 1.0 mL of ethyl acetate was added to the above mixture. The resulting solution was mixed well and kept for slow evaporation at room temperature. After one day green needle-shaped crystals were obtained and subjected to single-crystal X-ray diffraction. Dec. 205 °C (DSC 5 °C/min).




4.1.14. Synthesis of [Cu(L3)2]


L3 (0.010 g) was dissolved in 1.0 mL of nitromethane and a drop of triethylamine was added in a vial and stirred well. Then 0.004 g of copper(II) tetrafluoroborate hydrate in 1.0 mL of nitromethane was added to the above mixture. The resulting solution was mixed well and kept for slow evaporation at room temperature. After three days green needle-shaped crystals were obtained and subjected to single-crystal X-ray diffraction. Dec. 180 °C (DSC 5 °C/min).





4.2. X-ray Crystallography


Datasets were collected on a Bruker Kappa APEX II system using MoKα radiation (L1; L2; [Cu(L1)2]; [Cu(L2)2]·2CH3CN; [Cu(L2)2]·2C4H8O2; [Cu(L2)2]·2CH3NO2; [Cu(L3)2]·4CH3CN; [Cu(L3)2].2C4H8O2; [Cu(L3)2]). Data were collected using APEX2 software [53]. Initial cell constants were found by small widely separated “matrix” runs. Data collection strategies were determined using COSMO [54]. Scan speed and scan widths were chosen based on scattering power and peak rocking curves. Datasets were collected at −143 °C ([Cu(L1)2]; [Cu(L3)2]·2C4H8O2; [Cu(L3)2]), and at −153 °C (L1; L2; [Cu(L2)2]·2CH3CN; [Cu(L2)2]·2C4H8O2; [Cu(L2)2]·2CH3NO2; [Cu(L3)2]·4CH3CN) using an Oxford Cryostream low-temperature device (Table S1).



For the above datasets, unit cell constants and orientation matrix were improved by least-squares refinement of reflections thresholded from the entire dataset. Integration was performed with SAINT [55], using this improved unit cell as a starting point. Precise unit cell constants were calculated in SAINT from the final merged dataset. Lorenz and polarization corrections were applied. Multi-scan absorption corrections were performed with SADABS [56].



For the above datasets, data were reduced with SHELXTL [57]. The structures were solved in all cases by direct methods without incident. Except as noted, hydrogen atoms were located in idealized positions and were treated with a riding model. All non-hydrogen atoms were assigned anisotropic thermal parameters. Refinements continued to convergence, using the recommended weighting schemes.



Also, the dataset for L3 was collected on an Oxford Diffraction Xcalibur four-circle kappa geometry single-crystal diffractometer with Sapphire 3 CCD detector, using a graphite monochromated MoKα radiation, and applying the CrysAlisPro Software system [58] at 23 °C.



Data reduction, including Lorentz and polarization corrections as well as absorption correction, was done by the CrysAlis RED program [58]. The structures were solved by direct methods implemented in the SHELXS-2013 program [59]. The coordinates and the anisotropic displacement parameters for all non-hydrogen atoms were refined by the full-matrix least-squares methods based on F2 using the SHELXL-2013 program [59]. Except as noted, hydrogen atoms were located in idealized positions and were treated with a riding model.



[Cu(L3)2]·4CH3CN—The asymmetric unit contains two molecules of the iodoethynyl ligand complexed with a Cu(II) atom and four acetonitrile solvent molecules. One of the acetonitrile solvent molecules is disordered over two closely related positions, thus representing different orientations. Relative populations were allowed to refine. Thermal parameters for closely located atoms were pairwise constrained using EADP commands. Geometry of the acetonitrile solvent molecule was restrained using the SAME command.



[Cu(L2)2]·2CH3NO2—The asymmetric unit contains two molecules of the bromoethynyl ligand complexed with a Cu(II) atom and two molecules of nitromethane solvent. One of the methyl groups on the acetylacetonate moiety is disordered over two closely related positions, thus representing different orientations. Relative positions were allowed to refine. Thermal parameters for closely located methyl carbon atoms were pairwise constrained using the EADP command.



Also, one of the nitromethane solvent molecules is disordered over two closely related positions, thus representing different orientations. Relative populations were allowed to refine. Thermal parameters for closely located atoms were pairwise constrained using EADP commands. The geometry of the nitromethane solvent molecule was restrained using the SAME command. Also, all atoms of the nitromethane solvent molecule were restrained to lie in a common plane using the FLAT command.



L1—Coordinates of the acetylacetonate moiety proton H12 were allowed to refine.



L3—Coordinates of the acetylacetonate moiety proton H10 were allowed to refine.





5. Conclusions


We showed that two of three new ligands capable of simultaneous metal-chelation and directional halogen bonding presented herein, have considerable potential as building blocks of extended 2-D and 3-D architectures. The work completed so far has allowed us to define some key parameters that need to be considered when devising practical reaction schemes for the next stage in this process. We demonstrated that the bromo- and iodo substituted ligands are capable of forming halogen bonds with several different solvent molecules that are capable of acting as halogen-bond acceptors such as acetonitrile and ethyl acetate. Consequently, if we want to synthesize robust extended architectures by combining L2 or L3 with bridging linkers (such as 4,4′-bipyridine or pyrazine), we need to avoid solvents that can compete with the intended halogen bonds and possibly disrupt the desired ligand⋯linker interactions. These ligands are likely to be particularly useful as construction elements for several extended networks of a variety of controllable topologies and metrics since the acac-moiety is unlikely to be displaced by a non-chelating ligand. Therefore we can reliable use the metal node as an anchoring point for axially bound ligands (with metal ions that support an octahedral geometry) whilst utilizing the bromo- or iodoethynyl species in halogen bonds that are perpendicular to the metal⋯axial ligand direction. We are currently exploring such a strategy in a systematic structural examination with a variety of metal ions and bridging linkers.
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Scheme 1. Chelation of metal ions by β-diketones (acac) ligand. 
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Scheme 2. Three molecules that can act as chelating ligands (through the acac site) decorated with “activated” halogen-bond donors. 
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Scheme 3. Possible halogen–bond acceptor sites; (a) ligand itself, (b) metal ligand complex. 
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Figure 1. Part of the crystal structure of L1 (color codes: red—oxygen; green—chlorine). 
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Figure 2. Part of the crystal structure of L2 (color codes: red—oxygen; gold—bromine). 






Figure 2. Part of the crystal structure of L2 (color codes: red—oxygen; gold—bromine).



[image: Crystals 07 00226 g002]







[image: Crystals 07 00226 g003 550] 





Figure 3. Part of the crystal structure of L3 (color codes: red—oxygen; purple—iodine). 
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Figure 4. The geometry of the complex ion in the crystal structure of [Cu(L1)2] (color codes: red—oxygen; green—chlorine; orange—copper). 
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Figure 5. Relative orientation of complex ions within an infinite stack in the structure of [Cu(L1)2] (color codes: red—oxygen; green—chlorine; orange—copper). 
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Figure 6. Part of the crystal structure of [Cu(L2)2]·2CH3CN showing the geometry around the metal ion and the ligand-solvent halogen bond (color codes: red—oxygen; blue—nitrogen; gold—bromine; orange—copper). 
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Figure 7. Crystal packing of [Cu(L2)2]·2CH3CN (solvent molecules are omitted, color codes: red—oxygen; gold—bromine; orange—copper). 
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Figure 8. Part of the crystal structure of [Cu(L2)2]·2C4H8O2 showing the geometry around the metal ion and the ligand-solvent halogen bond (color codes: red—oxygen; gold—bromine; orange—copper). 
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Figure 9. A stack of complex ions in the structure of [Cu(L2)2]·2C4H8O2 (solvent molecules are omitted, color codes: red—oxygen; gold—bromine; orange—copper). 
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Figure 10. Part of the crystal structure of [Cu(L2)2]·2CH3NO2 showing the geometry around the metal ion and the packing of ligand and solvent (color codes: red—oxygen; blue—nitrogen; gold—bromine; orange—copper). 
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Figure 11. Intermolecular hydrogen bonds in the crystal structure of [Cu(L2)2]·2CH3NO2 (solvent molecules are omitted, color codes: red—oxygen; gold—bromine; orange—copper). 
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Figure 12. Part of the crystal structure of [Cu(L3)2]·4CH3CN showing the geometry around the metal ion and the ligand-solvent halogen bond (color codes: red—oxygen; blue—nitrogen; purple—iodine; orange—copper). 
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Figure 13. Part of the crystal structure of [Cu(L3)2]·2C4H8O2 showing the geometry around the metal ion and the ligand-solvent halogen bond (color codes: red—oxygen; purple—iodine; orange—copper). 
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Figure 14. Stacking of complex ions in the crystal structure of [Cu(L3)2]·2C4H8O2 (solvent molecules are omitted, color codes: red—oxygen; purple—iodine; orange—copper). 
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Figure 15. Bifurcated halogen⋯oxygen interactions in [Cu(L3)2] (color codes: red—oxygen; purple—iodine; orange—copper). 
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Figure 16. Halogen⋯π interactions in the structure of [Cu(L3)2] (color codes: red—oxygen; purple—iodine; orange—copper). 
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Figure 17. The halogen-bond driven assembly of complex ions in the crystal structure of [Cu(L3)2] (color codes: red—oxygen; purple—iodine; orange—copper). 
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Scheme 4. Summary of the involvement of the halogen-bond acceptors and donors in the crystal structures of L1–L3. 
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Scheme 5. Summary of the involvement of the potential halogen-bond acceptor and donor sites on complexes of L1–L3. 
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[image: Crystals 07 00226 sch005]







[image: Crystals 07 00226 g018 550] 





Figure 18. HOMO orbitals in Cu(L3)2 (DFT B3LYP and basis set: 6-31G**, color codes: red and blue- two phases of HOMO orbitals). 






Figure 18. HOMO orbitals in Cu(L3)2 (DFT B3LYP and basis set: 6-31G**, color codes: red and blue- two phases of HOMO orbitals).
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