Two new zinc(II) acetates with 3– and 4–aminopyridine: syntheses and structural properties
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Abstract
The synthesis and characterization of two new zinc(II) coordination compounds with 3– and 4–aminopyridine are reported. They were obtained after dissolving Zn(CH3COO)2·2H2O in different solutions of 3– and 4–aminopyridine. The products were characterized structurally by single–crystal X–ray diffraction analysis. Colourless crystals of the compound synthesized by the reaction of Zn(CH3COO)2·2H2O and 3–aminopyridine (3–apy), result in a trinuclear complex with the formula [Zn3(O2CCH3)6(3–apy)2(H2O)2] (1). The compound consists of two terminal Zn atoms, coordinated tetrahedrally, and one central Zn atom, coordinated octahedrally. Colourless crystals, obtained by the reaction of Zn(CH3COO)2·2H2O with 4–aminopyridine (4–apy), consist of a mononuclear complex [Zn(O2CCH3)2(4–apy)2] (2). Hydrogen‒bonding interactions in the crystal structures of both complexes are discussed. 
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1. Introduction

Zinc carboxylates containing Lewis bases as ligands have been studied in last two decades especially because of their structural properties, different geometry, coordination propensity and spectroscopic properties. Zinc coordination compounds with carboxylate ligands are important in biological systems and as building modes for metal organic frameworks (MOFs).1-5 Carboxylate ligands can coordinate to metals in many ways: as monodentate, chelate, bidentate bridging in a syn–syn, syn–anti or anti–anti configuration, monoatomic alone or additional bridging and chelating bridging6,7, which is one of the reasons for the existence of a huge number of metal acetates. Coordination varieties depend on many factors such as nature of the ligands, preparation methods, used solvents and temperature of the reacting system.8–11
Since we have prepared and studied cobalt(II) and nickel(II) acetates with aminopyridines12–14 we decided to find out, how the change of the aminopyridine ligands with different position of the amino substituent affected on the crystal structure of some zinc(II) acetates with aminopyridines. We present metal–ligand coordination and the hydrogen bonding interactions in two new compounds. 
Among the great number of structurally characterized carboxylato coordinated zinc complexes, there are also a few examples of acetato coordinated compounds of Zn(II) with 2–aminopyridine.15–18 Since we have not found any complexes of zinc and 3–aminopyridine ligands and because there is a huge amount of carboxylato coordinated compounds of Zn(II) with pyridine derivatives we decided to investigate trinuclear zinc compounds with carboxylate and meta–substituted pyridine derivative ligands.8,9,19–21 In here acetate ligands are coordinated monodentately, monodentately bridging and bidentately bridging,8 pivalate monodentately and bidentately bridging,9 benzoate monodentately bridging and bidentately bridging19,21 and 2–benzoylbenzoate ligand bidentately bridging.20
There seem to be no published reports of zinc carboxylates with 4–amninopyridine ligands. Nevertheless, we found some mononuclear compounds of Zn carboxylates with para–substituted pyridine derivative ligands, like 4-(dimethylamino)pyridine,22–24 4,4'-dipydridylamine,25,26 4,4'-azopyridine,27 N-(9-anthracenyl)-N'-(4-pyridy)urea,28 4–pyridylbenzamide29 and 4–pyridinylnicotinamide30 and different carboxylates: pivalate,22 1,3,5-benzenetricarboxylate,25 naphthalene–2,3–dicarboxylate,27 acetate,28,29 malonate,30 4,4'-biphenyldicarboxylate,26 salicylate,23 and trifluoroacetate.24

2. Results and discussion
We synthesized and characterized two new coordination compounds: [Zn3(O2CCH3)6(3–apy)2(H2O)2] (1) and [Zn(O2CCH3)2(4–apy)2] (2) by the reactions of corresponding aminopyridine (apy) with Zn(CH3COO)2·2H2O, respectively. The molecular structures of both compounds are shown in Figures 1 and 2. Selected bond distances and angles are displayed in Table 1. The reactions were performed at different conditions (temperature, solvent, amounts of the reagents).
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Figure 1. A view of 1 showing the atom–labeling scheme for non C and H atoms. Symmetry code: (i) –x+1, –y+1, –z+1.
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Figure 2. A view of 2 showing the atom–labeling scheme for non C and H atoms.
Table 1. Selected bond lengths (Å) and angles (º) for 1 and 2.
	1

	Zn1 – O1
	2.0910(13)
	O1 – Zn1 – O11
	88.12(5)

	Zn1 – O21
	2.0581(13)
	O1 – Zn1 – O21
	90.23(5)

	Zn1 – O11
	2.1736(13)
	O1 – Zn1 – O1i
	180

	Zn2 – N1
	2.0378(16)
	O11 – Zn2 – N1
	116.15(6)

	Zn2 – O11
	1.9963(13)
	O11 – Zn2 – O22
	100.46(6)

	Zn2 – O22
	1.9682(13)
	O11 – Zn2 – O31
	128.53(6)

	Zn2 – O31
	1.9458(14)
	Zn1 – O11 – Zn2
	137.23(12)

	2

	Zn1 – N1
	2.004(2)
	N1 – Zn1 – O1
	109.23(9)

	Zn1 – N3
	2.010(2)
	N1 – Zn1 – O3
	116.95(9)

	Zn1 – O1
	1.971(2)
	N1 – Zn1 – N3
	115.19(9)

	Zn1 – O3
	1.984(2)
	O1 – Zn1 – O3
	108.55(8)


Symmetry codes: (i) –x+1, –y+1, –z+1.

2. 1. Description of the structures
A trinuclear compound 1 consists of three zinc(II) cations, six acetate anions and two water molecules (Figure 1). Two of those zinc(II) ions are terminal and one is a central. The separation between the central and terminal zinc ions is 3.581 Å. The complex possesses three different acetate coordination modes. Each terminal ion is coordinated by one 3–aminopyridine ligand, one monodentate acetate ligand, one bridging bidentate acetate ligand and a bridging monoatomic acetate ligand. The geometry around the terminal zinc ion is distorted tetrahedral. The central zinc ion lies on an inversion centre and is octahedrally coordinated by two bridging bidentate acetate ligands, two water molecules and two bridging monodentate acetate ligands. The water molecules connect the aggregates by hydrogen bonds into chains parallel to the c–axis (Figure 3, left). These chains are interconnected by further hydrogen bonds of the NH2 groups creating first a two–dimensional layer (Figure 3, left) and then a three–dimensional network (Figure 3, right). 
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Figure 3. Hydrogen–bonding interactions in 1. Formation of chains and plains (left) and arrangement the planes into 3D network (right). Symmetry codes: (i) –x+1, –y+1, –z+2; (ii) x+1/2, –y+3/2, z–1/2; (iii) x+1, y, z.
Table 2. Hydrogen bonding geometry for 1 and 2.
	D – H ··· A
	d(D – H)/ Å
	d(H ··· A)/ Å
	d(D ··· A)/ Å
	<(DHA)/ º
	Symmetry transformation for acceptors

	1

	O1 – H11 ··· O32
	0.84
	1.91
	2.7198(19)
	162.5
	

	O1 – H12 ··· O32
	0.84
	1.97
	2.7881(19)
	162.9
	–x+1, –y+1, –z+2

	N2 – H21 ··· O31
	0.91
	2.12
	2.993(2)
	160.5
	x+1/2, –y+3/2, z–1/2

	N2 – H22 ··· O12
	0.91
	2.10
	3.011(2)
	176.0
	x+1, y, z

	2

	N2 – H1N ··· O2
	0.880(19)
	2.17(2)
	3.020(4)
	163(4)
	–x+1/2, y+1/2, –z+1/2

	N2 – H2N ··· O4
	0.862(19)
	2.02(2)
	2.853(3)
	162(4)
	–x+1/2, y–1/2, –z+1/2

	N4 – H3N ··· O3
	0.894(18)
	2.067(19)
	2.957(3)
	173(3)
	–x+1/2, y+1/2, –z–1/2

	N4 – H4N ··· O2
	0.892(18)
	2.03(2)
	2.885(3)
	159(3)
	x–1/2, –y+1/2, z–1/2



There is one intramolecular (O1–H11···O32) and three intermolecular (O1–H12···O32, N2–H21···O31, N2–H22···O12) hydrogen bonds in the structure. The geometry of hydrogen bonds is presented in Table 2. The intra– and intermolecular hydrogen bonds could also be the reason of the distorted geometry around the zinc ions. O21–Zn1–O1, O21–Zn1–O11 and O1–Zn1–O11 angles of 90.23(5)°, 88.27(5)° and 88.12(5) around the central zinc ion with small deviations from ideal 90° and angles around the terminal zinc ion, especially O31–Zn2–O11 (128.53(6)°), with large deviation from ideal 109° are comparable to those in the similar compound [Zn3(O2CCH3)6(3,5–lutidine)2(H2O)2].8 Moreover, the distances central or terminal zinc atom – ligands in the compound 1 are also more or less comparable with those in the compound [Zn3(O2CCH3)6(3,5–lutidine)2(H2O)2].8 

The crystal structure of the compound 2 is made up of centrosymmetric mononuclear [Zn(O2CCH3)2(4–apy)2] molecules. The zinc(II) ion is four–coordinated by two aromatic N atoms of 4–aminopyridine ligands and two oxygen atoms from two monodentate acetate ligands (Figure 2). The bond angles around the zinc atom range from 98.90(9)° to 116.95(9)°, indicating a distorted tetrahedral geometry around the metal centre, which could be explained by hydrogen bonds in the complex. The Zn–O acetate bond lengths of 1.971(2) and 1.984(2) Å are close to those found in the comparable compound of bis(acetato–O)–bis(2–aminopyridine–N)zinc(II)16 (1.9614(17) and 1.9865(17)Å, respectively). Similar are also Zn–N bond distances (1.991(4) and 2.006(3) Å). Amino nitrogen atoms of both coordinated 4–apy groups in 2 are donor of four hydrogen bonds to coordinated or non–coordinated acetate oxygen atoms forming a three–dimensional network (Figure 4, Table 2). 
Both uncoordinated (O2, O4) and one coordinated (O3) oxygen atoms are bi– (O2) and monofurcated (O3, O4) acceptors of these bonds. 

In the crystal structures of both compounds 1 and 2 no stacking effects between aromatic rings being observed.
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Figure 4. Hydrogen–bonding interactions in 2. Symmetry codes: (i) –x+1/2, y+1/2, –z+1/2; (ii) –x+1/2, y–1/2, –z+1/2; (iii) –x+1/2, y+1/2, –z–1/2; (iv) x–1/2, –y+1/2, z–1/2.

3. Experimental

3. 1. General experimental procedures

All starting compounds and solvents were used as purchased. Elemental analyses were carried out on a Perkin–Elmer 2400 CHN analyzer at the University of Ljubljana. 

3. 2. Synthesis of bis[(μ2–acetato–O,O')–(μ2–acetato–O,O)–(acetato–O)]–diaqua–bis(3–aminopyridine–N)–tri–zinc(II) (1)

The water solution of 3–aminopyridine (0.376 g; 4.0 mmol) was added to a methanol solution of zinc(II) acetate dihydrate (1.317 g; 6.0 mmol). The solution refluxed for about 2 hours. After filtration and slow cooling, the solution was left in the air till most of the solvent was evaporated. The sample was put to the fridge and left there for 2 days. Dark red oily mass with some colourless crystals was obtained. The product was dried in a desiccator above KOH. Yield: 0.873 g (56.3 %). Anal. Calc. for C22H34N4O14Zn3 (Mr = 774.64): C, 34.11; H, 4.42; N, 7.23. Found: C, 33.6; H, 4.66; N, 7.29. 

3. 3. Synthesis of Bis(acetato–O)–bis(4–aminopyridine–N)–zinc(II) (2)

Solid zinc acetate dihydrate (0.329 g; 1.5 mmol) was added to a methanol solution of 4–aminopyridine (0.282 g; 3.0 mmol). The obtained solution was heated and stirred at about 60 °C for 2 hours. After filtration, the solution was put on air and crystalline product was grown in one day. The crystals of 2 were dried in desiccator above KOH. Yield: 0.388 g (64.5 %). Anal. Calc. for C14H18N4O4Zn (Mr = 371.70): C, 45.24; H, 4.88; N, 15.07. Found: C, 44.96; H, 4.79; N, 14.31. 

3.4. X–ray crystallography

The molecular structure of complexes 1 and 2 were determined by single–crystal X–ray diffraction methods. Crystallographic data and refinement details are given in Table 3.
X–ray crystallographic data for 1 were collected on a Bruker APEX–II CCD diffractometer with graphite–monochromated Mo Kα radiation (λ = 0.71073 Å) at 100 K. The structure was solved by direct methods (SHELXS–97)31 and refined by full–matrix least–squares techniques against F2 (SHELXL–97)31. The non–hydrogen atoms were refined with anisotropic displacement parameters without any constraints. The H atoms of the methyl groups were refined with common isotropic displacement parameters for the H atoms of the same group and idealized geometries with tetrahedral angles, enabling rotation around the C–C bond, and C–H distances of 0.98Å. The positions of the H atoms of the water molecule were taken from a difference Fourier map, the O–H distances were fixed to 0.84Å, and the H atoms were refined with common isotropic displacement parameters without any constraints to the bond angles. The H atoms of the NH2 group were treated analogously, but the N–H distances were fixed to 0.91Å.
X–ray crystallographic data for 2 were collected on a Nonius Kappa CCD diffractometer with graphite–monocromated Mo Kα radiation (λ = 0.71073 Å) at 150 K. The structure was solved by direct methods (SIR–92)32 and refined by full–matrix least–squares techniques against F2 (SHELXL–97)31. All of the non–hydrogen atoms were refined anisotropically. All of the C–H hydrogen atoms were included in the model at geometrically calculated positions and refined using a riding model. The hydrogen atoms of the NH2 group were visible in the last stages of the refinement process and were refined with the constrained bond length (0.88 Å for N–H) and isotropic thermal parameters (1.2 times the thermal parameter of the attached nitrogen atom). Two peaks higher than 1 eÅ–3 observed in the structure of 2 were unrefineable, with no chemical meaning.
CCDC–1026742 and 1024140 contains the supplementary crystallographic data for 1 and 2, respectively. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Table 3. Experimental data for the X–ray diffraction studies on compounds 1 and 2.
	
	1
	2

	formula 
	C22H34N4O14Zn3
	C14H18N4O4Zn

	Fw (g mol–1)
	774.64
	371.69

	crystal size (mm)
	0.32 x 0.28 x 0.12
	0.10 x 0.05 x 0.05

	crystal color
	colourless
	colourless

	crystal system
	monoclinic
	triclinic

	space group
	P21/n
	P21/n

	a (Å)
	7.6626(3)
	13.1446(3)

	b (Å)
	25.9933(10)
	10.2806(2)

	c (Å)
	8.1529(3)
	14.0935(3)

	β (º)
	114.2820(10)
	112.8850(10)

	V (Å3)
	1480.20(10)
	1754.61(6)

	Z
	2
	4

	calcd density (g cm–3)
	1.738
	1.407

	F(000)
	792
	768

	T (K)  
	100(2)
	150(2)

	no. of collected reflns
	13077
	7628

	no. of independent reflns
	3561
	4001

	Rint
	0.0329
	0.0168

	no. of reflns observed
	3111
	3339

	no. parameters
	205
	222

	R[I > 2σ(I)]a
	0.0264
	0.0402

	wR2 (all data)b
	0.0654
	0.1242

	Goof , Sc
	1.053
	1.042

	maximum/minimum residual  electron density (e Å–3) 

	+0.59/–0.41
	+2.23/–0.28


a R = ∑||Fo| – |Fc||/∑Fo|. b wR2 = {∑[w(Fo2 – Fc2)2]/∑[w(Fo2)2]}1/2. c S = {∑[w(Fo2 – Fc2)2]/(n/p}1/2 where n is the number of reflections and p is the total number of parameters refined. 

4. Conclusions

The present work describes the synthesis and characterization of two new coordination compounds of zinc(II) acetate and aminopyridines. The compound of zinc acetate with 3–aminopyridine is a trinuclear compound where terminal zinc ions are tetrahedrally coordinated while the central ion is octahedrally coordinated. The compound of zinc acetate with 4–aminopyridine is a mononuclear complex with the tetrahedral geometry around the zinc ion. There are intramolecular hydrogen bonds in the trinuclear compound and intermolecular hydrogen bonds in both complexes. Acetate ligands in the trinuclear compound possess different coordination to the central ions. They are monodentately, monodentately bridging or bidentately bridging coordinated.
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Povzetek

Sintetizirali in karakterizirali smo novi cinkovi koordinacijski spojini s 3– in 4–aminopiridinom. Dobili smo ju z raztapljanjem Zn(CH3COO)2·2H2O v različnih raztopinah 3– in 4–aminopiridina. Produkti so bili karakterizirani z rentgensko strukturno analizo. Brezbarvni kristali, pridobljeni z reakcijo med Zn(CH3COO)2·2H2O in 3–aminopiridinom, so trijedrni kompleks s kemijsko formulo [Zn3(O2CCH3)6(3–apy)2(H2O)2] (1). Spojina je sestavljena iz dveh terminalnih cinkovih ionov, ki sta tetraedično koordinirana, in enega centralnega iona, ki je oktaedrično koordiniran. Brezbarvni kristali, dobljeni z reakcijo med Zn(CH3COO)2·2H2O in 4–aminopiridinom, so enojedrni kompleks s kemijsko formulo [Zn(O2CCH3)2(4–apy)2] (2). Poročamo tudi o intra– in intermolekularnih vodikovih vezeh v obeh kompleksih. 
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