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We report the synthesis, crystal structure and Hirshfeld surface analysis of Fe(II) complex based on a pentadentate N4Py (N4Py = N,N-bis(2-pyridylmethyl)-N-(bis-2-pyridylmethyl)amine) and polynitrile tcnspr (1,1,3,3-tetracyano-2-thioethylpropenide) ligands, [Fe(N4Py)(tcnspr)](tcnspr) (I). The X-ray result, indicates that (I) is low-spin Fe(II) complex. The tcnspr molecule in the complex exhibits disorder over two sets of atomic sites having occupancies of 0.681 (6) and 0.319 (6). The crystal packing of (I) is established by weak intermolecular C-H…N/S hydrogen bond, C-N… π and stacking interactions. Hirshfeld surface analysis employing three-dimensional molecular surface contours and enrichment ratio calculations have been used to understand the intermolecular interactions present in the structure.

Introduction

As a consequence of their ability to link metal ions in a variety of different ways, organic polynitrile anions, either functioning alone or in combination with neutral co-ligands, provide opportunities for the generation of molecular architectures with varying dimensions and topologies [1][2][3][4][5][6][7]. The presence of other potential donor groups such as those derived from -OH, -SH or -NH2, together with their rigidity and electronic delocalization, mean that polynitrile anions can also lead to new magnetic and luminescent coordination polymers based on transition-metal ions [8][9][10][11][12]. Furthermore, the use of polynitrile anions for the synthesis of interesting discrete and polymeric bistable materials has been described [13][14][15][16]. It was during the course of attempts to prepare such complexes with N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine (N4Py) as a co-ligand that the title complex, (I), was unexpectedly obtained. Herein, the crystal and molecular structure of I are described. A study complemented by an analysis of the molecular packing by calculating the Hirshfeld surfaces study.

EXPERIMENTAL

Synthesis

All chemical reagents and solvents are commercially available and were used without further purification. Compound (I) was prepared using a mixture of iron(II) sulfate heptahydrate (28 mg, 0.1 mmol), N4Py (37 mg, 0.1 mmol) and Ktcnspr (48 mg, 0.2 mmol) in mixed solvents of water/methanol (3:1 v/v, 20 ml). The mixture was sealed in a Teflon-lined autoclave and held at 403 K for 3d, and then cooled to room temperature at a rate of 10 K per hour (yield 27%). Red prismatic crystals of (I) suitable for single-crystal X-ray diffraction analysis were selected. 

X-Ray Diffraction Analysis

Molecular and crystal structure of compound (I) was determined by single crystal X-ray diffraction technique. X-ray diffraction data collection was carried out on a STOE IPDS 2 [START_REF] Stoe | X-AREA and X-RED32[END_REF] diffractometer with graphite monochromatized Mo Kα radiation (λ = 0.71073 Å). Semiempirical absorption correction was performed with SADABS [START_REF] Sheldrick | SADABS[END_REF]. Crystal structure was solved by direct method (SHELXS) [START_REF] Sheldrick | [END_REF] and refined by full matrix least squares techniques (SHELXL-2014/7) [20]. All non-hydrogen atoms were refined anisotropically. H atoms were located in difference-Fourier maps but introduced in calculated positions and treated as riding on their parent atoms, with C-H = 0.93 and 0.97 Å with Uiso(H) = 1.2Ueq(C). The disordered (tcnspr) molecule was refined by splitting atoms over two positions (A and B parts) with occupancy factors of 0.681 (6) and 0.319 (6). Constraints EXYZ and EADP on bond lengths were applied. The structural diagrams were drawn with Diamond 3 [START_REF] Brandenburg | DIAMOND. Crystal Impact GbR[END_REF]. Data collection and refinement parameters for the complex (I) are summarized in Table 1. CCDC 2042161 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif, or by emailing data_request@ccdc.cam.ac.uk, or by contacting The Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

RESULTS AND DISCUSSION

Crystal structure description

Complex (I) crystallizes in triclinic crystal system having space group 𝑃-1. The molecular structure of compound (I) is shown in Fig. 2. It contains one cation [Fe(N4Py)(tcnspr)] + and one non-coordinated anion (tcnspr) -. The (tcnspr) molecule in the complex exhibits disorder over two sets of atomic sites with occupancies of 0.681 (6) and 0.319 (6), but the molecular conformations of the two disorder moieties are very similar and we comment in detail only on that of the major one (Solid bonds). The iron (II) center is six-coordinated by four Npyr atoms and one tertiary nitrogen donor of N4Py ligand, occupying the apical position. The sixth coordination site is occupied by (tcnspr) coordinated molecule. The four pyridine rings and (tcnspr) molecule are all positioned perpendicular to the basal plane of coordination (Fig. 2). The Fe-N ligand distances range from 1.957 (2) Å for Fe-N2 to 1.968 (2) Å for Fe-N4. The Fe-N6 bond of the polynitrile anion is the shorter than nitrogen atoms of N4Py ligand (Table 2). Overall, the Fe-N bond lengths are comparable to those found for other low-spin iron(II) complexes [START_REF] Draksharapu | [END_REF][23][24]. The band distances and angles within two different ligands are in good agreement with those observed in similar compounds [25,26].

The careful analysis of the shortest inter-molecular contacts (hydrogen bonding and π-stacking contacts) in (I) reveals that the moieties are linked together by weak C-H … N hydrogen bonds (Table 3) involving the carbons of tertiary amine and pyridine groups and the terminal nitrogen atoms from the adjacent (tcnspr) polynitrile anions, (Figure 3b andd). Another week hydrogen bond C-H…S is also observed between C2 of amine groups and sulfur atom of adjacent coordinated (tcnspr) molecule within the cation (Table 3).

Furthermore, a remarkable supramolecular assembly is formed by means of a combination of common and uncomment π-π interactions, which is described by [27][28][29], where the donor πsystem is a triple bond within the polynitrile anion π(C≡N). Thus, the polynitrile anions (tcnspr) - 23)) and the symmetry code i = (x, y, z) (Figure 3b). Such various intermolecular contacts lead to a supramolecular alternated chains oriented along the b axis (Fig. 3a). 

Hirshfeld Surface analysis

Analysis of Hirshfeld surface represents a major analysis tool enabling supramolecular chemists and crystal engineers to gain insight into understanding the crystal packing. The Hirshfeld surfaces are constructed based on the atomic electron densities.

The MoProViewer software [30] was used to quantify and visualize all intermolecular contacts in the main conformation of the molecular structure and compute the enrichment of contact types.

The enrichment ratio EXY for a pair of chemical elements (X,Y) is defined as the ratio between the percentage of actual contacts in the crystal (CXY) and that of equi-distributed contacts RXY. An enrichment ratio larger or smaller than unity reveals that the contact type is over or underrepresented, respectively [31].

The Hirshfeld surface was computed around the [Fe(N4Py)(tcnspr)] + complex cation and (tcnspr) - anion (Table 4). Hydrogen is the most abundant species on the surface, followed by carbon and nitrogen.

The surface is constituted a weak hydrogen bond donor (H-C) and three hydrogen bond acceptors 
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 1 Figure 1. Schemes of (N4Py) (a) and (tcnspr) (b) molecules.

  chains are connected to each other through hydrogen bonds C-H..N (3.538 (2) Å) and by van der Waals contacts C-H… π (3.119 (2) -3.957 (3) Å), π….π (centroid-centroid distances = 4.210 (3) Å) and N… π interactions (3.389 (2) Å), see Figure 3c. The [Fe(N4Py)(tcnspr)] + cations are interconnect to each other by weak C-H…N hydrogen bonding and by π….π interactions between coordinated (tcnspr) molecule (centroid-centroid distances ~ 4.3 (3) Å) (Figure 2.d). There is also a single C-N…π(pyridine) interactions, with dimensions N12A…Cg4 i ~3.1358(3)Å and N12B…Cg4 i ~ 3.4836(3)Å, where Cg4 represents the centroid of the pyridine ring (N(5), C(19), C(20), C(21), C(22), C(

Figure 2 .

 2 Figure 2. The molecular structure of (I), showing the atom-labelling scheme and the two disorder components, whose occupancies are 0.681(6) (solid bonds) and 0.319 (6) (broken bonds). Displacement ellipsoids are drawn at the 30% probability level. Hydrogen atoms omitted for clarity.

Figure 3 :

 3 Figure 3: (a) View along b axis of the packing diagram, (b) Hydrogen bonding (green dashed line) and N…π (clear violet dashed line) interactions between [Fe(N4Py)(tcnspr)] + cations and (tcnspr) - anions, (c) A scheme of (tcnspr) -anions formed by C-H … N hydrogen bonds (orange dashed line), C-H … π (Cyan dashed line), N … π (clear violet dashed line) and π … π (pink dashed line) interactions, (d) A scheme of [Fe(N4Py)(tcnspr)] + cations chains formed by C-H … N (green dashed line) and π(C≡N)…. π(C≡N) (red dashed line) interactions.

  of different strengths (C < S < N). The strongest N…H contacts are indeed the most enriched (ENH=1.7) followed by S…H (ESH=1.7) while the weakest H…C (H…) are slightly disfavored in the crystal packing. The N…H and C…H hydrogen bonds are the most represented contacts in the crystal packing. Hydrophobic H…H and C…C self-contacts are the next well represented due to the abundance of these elements on the surface. Besides the H…N and H…S hydrogen bonds,

  

  

Table 1 .

 1 Selected Single-Crystal Data and Structure Refinement Parameters for (I)

	Empirical formula	C43H35FeN13S2
	Formula weight (g/mol)	853.81
	Crystal system, space group	Triclinic, P-1
	a (Å)	9.7573 (7)
	b (Å)	11.3795 (9)
	c (Å)	20.1483 (17)
	α (°)	100.527 (7),
	β (°)	96.823 (6),
	γ (°)	97.529 (6)
	V (Å 3 )	2157.0 (3)
	Z	2
	µ (mm -1 )	0.49
	Dx (Mg m -3 )	1.315
	F(000)	884
	Crystal size (mm)	0.62 × 0.33 × 0.17
	Crystal habit	Red Rod
	θmin / θmax (deg)	1.8 /26.6
	Measured reflections	21644
	Independent reflections	8910
	Observed refl. with I> 2σ(I)	5964
	Rint	0.033
	Data/restraints/parameters	8910 /62/625
	R[F 2 > 2σ(F 2 )]	0.048
	wR(F 2 )	0.126
	GooF=S	0.96
	Δρmax / Δρmin (e.Å -3 )	0.60/-0.29

Table 2 :

 2 Selected bond lengths (Å) and angles (º) for (I)

	Fe-N6B

Table 3 :

 3 Hydrogen-bond geometry in (I)

Symmetry codes: (i) x+1, y, z; (ii) -x, -y+1, -z+1; (iii) -x+1, -y+1, -z+1; (iv)-x+1, -y+1, -z; (v) -x, -y+1, -z.

Table 4 :

 4 Hirshfeld contact surfaces and enrichment ratios for (I)

	97	2.59	3.37 (3)	137

Table 4 .

 4 Chemical proportions on the Hirshfeld surface around the iron complex and the organic moiety in the crystal packing of the title compound. The actual contact Cxy by chemical types and their enrichment Exy are then given. The major contacts and the most enriched are highlighted in bold.All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.
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C…C represents the only significantly enriched contact at ECC=1.36, due to interactions between the C-CN groups with the C5N aromatic rings.