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Abstract

:

Two novel 3D cadmium(II) cyanide coordination polymers with branched-butoxyethanol compounds (iBucel = iso-butoxyethanol, tBucel = tert-butoxyethanol), [{Cd(CN)2(iBucel)2}{Cd(CN)2(H2O)(iBucel)}2{Cd(CN)2}6∙2(iBucel)]n I and [{Cd(CN)2(H2O)1.06(tBucel)0.94}{Cd(CN)2(tBucel)}2{Cd(CN)2}2∙1.06(tBucel)]n II, were synthesized and characterized by structural determination. Complex I contains two distinct Cd(II) coordination geometries: octahedral and tetrahedral. In contrast, complex II contains three distinct Cd(II) coordination geometries: octahedral, square-pyramidal, and tetrahedral. In the two complexes, branched-butoxyethanol molecules behave as both a ligand and a guest in the Cd(CN)2 cavities. The framework in I contains octahedral and tetrahedral Cd(II) in a 3:6 ratio. In I, the coordination environments of octahedral Cd(II) are cis-O-Cd-O. The framework in II contains octahedral, square-pyramidal, and tetrahedral Cd(II) in a 1:2:2 ratio. In II, the coordination environment of octahedral Cd(II) is disordered trans-O-Cd-O and the axial oxygen ligand is either a water or tBucel molecule. In II, the square-pyramidal Cd(II) geometry is formed by one tBucel ligand and four cyanide ligands. The Cd(CN)2 frameworks of the two complexes exhibit different structures.
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1. Introduction


Because of their unique chemical properties, cadmium cyanide systems included with various guest species have been found to be one of the most important and mineralomimetic materials since the discovery of the clathrate complexes [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22]. The discovery of the clathrate Cd(CN)2·CCl4 [4] is very important in the history of the simple, yet subtle, cadmium(II) cyanide clathrates and their related systems. Cadmium(II) cyanide is a 3D porous coordination polymer clathrating various guest molecules (for example, CCl4 [4,5,6], C6H6 [9] CH2ClCHCl2 [10], and Bu2O [10]) by van der Waals force in its cavity space. Interestingly, the Cd(CN)2 host structures change according to the guest [4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20], and the hosts form a mineralomimetic framework. The coordination geometry of Cd(II) in Cd(CN)2 is normally a tetrahedral four-coordination geometry (denoted as CdT). However depending on the influence of other ligands (for example, H2O [8,13,14,15,16,17,18,19]), the geometry might also be trigonal-bipyramidal five-coordination geometry (CdTB), or octahedral six-coordination geometry (CdOC). For Cd(CN)2 clathrates containing a lipophilic guest, the coordination geometries of Cd(II) were CdT and the Cd(CN)2 frameworks were cristobalite-like or tridymite-like structures [4,5,6,7,8,9,10,11,21]. In contrast, the Cd(CN)2 clathrates with the water molecule(s) coordinating to Cd(II) ion contain alcohol or short dialkyl-ether (alkyl group with a carbon number less than 3) as a guest, and the host frameworks function as zeolite-mimetic structures [8,13,14,15,16,17,18,19]. Incidentally, for Cd(CN)2, there was no guest molecule found to facilitate a doubly interpenetrated diamond-like framework. Furthermore, the coordination geometry of Cd(II) was CdT [3,4,5,6,7]. Thus, we surmised that the hydrophilic groups of guest molecules influence the Cd(II) coordination environment. We are interested in the effect of the coexistence of two kinds of hydrophilic groups on the Cd(II) coordination environment. Alkoxyethanol (Rcel) has both hydroxyl and etheric groups as shown in Scheme 1. We recently reported three crystal structures of cadmium cyanide coordination polymers with an alkoxyethanol of normal-alkyl chain structure; that is, [Cd(CN)2(Etcel)]n, [{Cd(CN)2(Bucel)}3{Cd(CN)2}]n, and [{Cd(CN)2(H2O)2}{Cd(CN)2}3·2(Hexcel)]n (Etcel = 2-ethoxyethanol, Bucel = 2-butoxyethanol, Hexcel = 2-hexyloxyethanol) [22]. In [Cd(CN)2(Etcel)]n and [{Cd(CN)2(Bucel)}3{Cd(CN)2}]n, hydroxyl oxygen atoms of Rcel ligands coordinate to the Cd(II) ions, and the Cd(II) ions exhibit CdTB. In contrast, in [{Cd(CN)2(H2O)2}{Cd(CN)2}3·2(Hexcel)]n, Hexcel molecules do not coordinate to the Cd(II) ions, and two water molecules are located at the cis-positions of CdOC. The three Cd(CN)2 framework structures varied according to differences in the normal-alkyl chain of the Rcel molecules. We report herein, the synthesis and crystal structures of two novel cadmium(II) cyanide complexes with branched-butoxyethanol compounds of formulae [{Cd(CN)2(iBucel)2}{Cd(CN)2(H2O)(iBucel)}2{Cd(CN)2}6∙2(iBucel)]n I and [{Cd(CN)2(H2O)1.06(tBucel)0.94}{Cd(CN)2(tBucel)}2{Cd(CN)2}2∙1.06(tBucel)]n II (iBucel = iso-butoxyethanol, tBucel = tert-butoxyethanol (Scheme 1)).




2. Materials and Methods


2.1. Synthesis


2.1.1. Synthesis of [{Cd(CN)2(iBucel)2}{Cd(CN)2(H2O)(iBucel)}2{Cd(CN)2}6∙2(iBucel)]n, I


An aqueous solution (45 mL) containing CdCl2·2.5H2O (2 mmol), and K2[Cd(CN)4] (4 mmol), was stirred for 30 min at room temperature. After the solution was filtered through a membrane filter, colorless crystals of I were obtained from the filtrate with 3 mL of iBucel kept in a sealed container at room temperature for two weeks. Elemental analysis found, I: C; 28.44 H; 3.84, and N; 11.21%. Calculated for C54H88N18O14Cd9: C; 29.15, H; 3.99, and N; 11.33%. IR(nujol mull, cm−1): νOH = 3355(br), νCN = 2180(s), νCOC = 1112(s).




2.1.2. Synthesis of [{Cd(CN)2(H2O)1.06(tBucel)0.94}{Cd(CN)2(tBucel)}2{Cd(CN)2}2∙(1.06tBucel)]n, II


An aqueous solution (45 mL) containing CdCl2·2.5H2O (2 mmol), and K2[Cd(CN)4] (4 mmol), was stirred for 30 min at room temperature. After the solution was filtered through a membrane filter, colorless crystals of II were obtained from the filtrate with 3 mL of tBucel kept in a sealed container at room temperature for a week. Elemental analysis II: C; 30.71 H; 4.11, and N; 10.70%. Calculated for C34H58.12N10O9.06Cd5: C; 31.08, H; 4.46, and N; 10.66%. IR(nujol mull, cm−1): νOH = 3319(br), νCN = 2179(s), νCOC = 1089(s).





2.2. Single Crystal X-ray Diffraction


The structural characterization for I and II was determined by the single crystal X-ray diffraction using a Bruker ApexII Smart CCD area-detector diffractometer (Bruker, Madison, WI, USA) with monochromated Mo-Kα radiation (λ = 0.71073 Å) under a temperature controlled N2 gas flow. The diffraction data were treated using APEX2 [23] and SAINT ver. 7.23A [24]. The absorption data were collected using SADABS ver. 2014/5 [25]. The structures were solved using the direct method, expanded using Fourier techniques, and refined using a full-matrix least-square refinement. H atoms of water molecules and of the hydroxyl group of alkoxyethanol behaving as a ligand were located in difference syntheses and refined isotropically. The remaining H atoms were placed at calculated positions and all H atoms were allowed to ride on a parent atom.



The overall structural solution was found using SHELXTL ver. 2014/7 [26]. Torsion angles and hydrogen bonds of all complexes were determined using SHELX [26] and PLATON ver. 30118 [27]. CCDC 1813424–1813425 contain the supplementary crystallographic data for this paper. These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the CCDC, located at 12 Union Road, Cambridge CB2 1EZ, UK; Fax: +44-1223-336033; deposit@ccdc.cam.ac.uk).





3. Results


Crystal Structure


Single crystals of complexes I and II were prepared by a method similar to that found in the literature [4,22]. Crystal data for I and II are listed in Table 1. Complex I crystallizes in the space group C2/c. The space group of complex II was transformed from C2/c to I2/a of the alternate setting of C2/c so that its monoclinic angle would be less than 120 degrees [28,29]. In both complexes, all cyanide bridges between the two Cd(II) ions, Cd(CN)2, form a three-dimensional framework with large cavities (Figure 1, Figure S1, Figure 2 and Figure S2). We observed from the IR spectra that the peaks of C≡N stretching (νCN) were at approximately 2180 cm−1. The νCN values showed a blue shift compared with that observed for terminal C≡N of K2[Cd(CN)2] (2145 cm−1). This observation supports the view that C≡N bridges two Cd(II) ions. The exact arrangements of cyanides (Cd–NC–Cd or Cd–CN–Cd) cannot be determined by single X-ray diffraction because these arrangements are disordered. Nishikiori et al. [13,30,31] showed that the arrangements of cyanides in a Cd(CN)2 host are disordered, by 113Cd–CP/MAS NMR.



The crystal structure of complex I is shown in Figure 1 and Figure S1, and selected parameters are listed in Table 2. Complex I has five crystallographically independent Cd(II) sites denoted as Cd1, Cd2, Cd3, Cd4, and Cd5 (Figure 1a). Cd1 and Cd2 have octahedral six-coordination geometries, and the remaining sites have tetrahedral four-coordination geometries. In the unit cell, Cd2 is located on a special position, and the other Cd(II) sites are located on general positions. Therefore, the complex contains CdOC and CdT in a 3:6 ratio. The iBucel molecules exist as both a ligand and a guest in the Cd(CN)2 cavities (Figure 1a and Figure S1c). Because all iBucel molecules are strongly disordered (Figure 1a), the R factor is relatively high (Table 1). Around Cd1, two oxygen atoms are located at the cis-positions (Figure 1a) and four cyanides are located at the remaining positions. At the cis-position, one oxygen (O2) atom is located in the hydroxyl group of the iBucel ligand and another oxygen (O1) is located in the water molecule. Around Cd2, two oxygen (O3) atoms of iBucel ligands are located at the cis-positions (Figure 1a) and four cyanides are located at the remaining positions. Atoms labeled N9/C9 or N10/C10 are hybrids because of the disordered arrangement of cyanide (Figure 1) and because of the effects of the midpoints of the C≡N bonds on the symmetry of the lattice [2,3,4,5,6,7,8,9,10,11,12,13,22,30,31]. CdT are coordinated by only four cyanides. The TG and DTG curves (Figure S3) were observed in four steps of weight loss ranging from approximately 45 °C to 100 °C (first weight loss), from 100 °C to 160 °C (second and third weight losses), and from 160 °C to 230 °C (fourth weight loss). The first weight loss seems to have caused the desorption of iBucel guests from complex I. Because the second and third weight losses suggest that the elimination of the iBucel ligands occur near each other, we conclude that these two DTG peaks overlap. The fourth weight loss seems to involve the elimination of water ligands. The values of bond lengths around Cd(II) ions decrease in the order CdOC-O ≈ CdOC-(CN) ≈ CdT-(CN). The cis-O-Cd-O angles are similar to those in complex [{Cd(CN)2(H2O)2}{Cd(CN)2}3·2(Hexcel)]n [22] and other complexes with cis-O-Cd-O [14,15,16]. The Cd(CN)2 framework forms a NOQ net and these cavities’ shapes are a distorted [42.52.62.82] tile [32,33,34] (Figure 1c). The iBucel guest connects the water ligand through weak hydrogen bonds between etheric oxygen and water oxygen, and between hydroxyl oxygen and water oxygen. The iBucel ligands are connected with the neighboring iBucel ligands by hydrogen bonds between one ligand’s hydroxyl oxygen atoms (O2 and O4) and the other’s etheric oxygen atoms (O5′ and O3) (Figure 1d and Table 2), and these iBucel ligands form (O-CH2-CH2-O)2 eight-membered rings as in the case of complexes [Cd(CN)2(Etcel)]n and [{Cd(CN)2(Bucel)}3{Cd(CN)2}]n [22].



For complex II, the crystal structure is shown in Figure 2 and Figure S2, and selected parameters are listed in Table 3. Complex II has three crystallographically independent Cd(II) sites denoted as Cd1, Cd2, and Cd3 (Figure 2a). Cd1 has a four-coordination geometry, Cd2 has a five-coordination geometry, and Cd3 has a six-coordination geometry. In the unit cell, Cd1 and Cd2 are located on general positions, and Cd3 is located on a special position. Therefore, the complex contains Cd1, Cd2, and Cd3 in a 2:2:1 ratio. Cd1 is CdT and is coordinated by only four cyanides. Around the Cd2, one hydroxyl oxygen atom O1 of tBucel ligand is located at one of the positions and four cyanides are located at the remaining positions. The five-coordination geometry is estimated by a simple distortion parameter τ proposed by Addison et al. [22,35,36]. The τ value is simply defined by τ = (θ1 − θ2)/60, where θ1 is the largest basal angle and θ2 is a second largest; a perfect square pyramid is characterized by τ = 0, while τ = 1 represents a perfect trigonal bipyramid [22,35,36]. For the Cd2, τ is 0.46 from the selected bond angles, as shown in Table 3. Therefore, Cd2 has a distorted square pyramid five-coordination geometry (CdSP). The N2 atom of cyanide is located at the apex of the square pyramid. The N1 atom of cyanide is located at the trans-position of O1. The Cd2-N1 bond length is longer than the other Cd2-(CN) bonds (Table 3). The Cd2-O1 bond length is slightly longer than the CdTB-O bond lengths of complexes [Cd(CN)2(Etcel)]n and [{Cd(CN)2(Bucel)}3{Cd(CN)2}]n [22]. The tBucel ligand on Cd2 is connected with the neighboring tBucel on Cd2 by hydrogen bonds between one ligand’s hydroxyl oxygen atom O1 and the other’s etheric oxygen atom O2 (Figure 2c and Table 3), as in the case of complexes [Cd(CN)2(Etcel)]n, [{Cd(CN)2(Bucel)}3{Cd(CN)2}]n [22], and I. Around the Cd3, two oxygen (O3) atoms are located at the axial positions and four cyanides are located at the equatorial positions. The equatorial plane of Cd3 is almost parallel to the xz plane of the cell. The axial positions are disordered. The O3 atom is either the oxygen of the water ligand (Figure 2d) or the hydroxyl oxygen of the tBucel ligand (Figure 2e,f). Furthermore, the tBucel molecule over the axial position of Cd3 is either a guest or ligand. Specifically, if O3 is water, then the tBucel molecule on the axial position is a guest; otherwise, the tBucel is a ligand. The conformation of the tBucel ligand on Cd3 comprises two types (Figure 2e,f). However, C23 denotes that the center carbon atom of the tert-butyl group is ordered regardless of the above-mentioned disorder. The Cd(CN)2 cavity around O3 is similar to Cd(CN)2∙2/3H2O∙t-BuOH (t-BuOH = tert-butanol) [18,19] (Figure 2d). We suggest that one of the factors affecting the topologies of Cd(CN)2 cavities, as in Figure 2d, are variations in the tert-butyl groups. The occupancies of disordered parts are 0.531(3) (Figure 2e), 0.322(3) (Figure 2f), and 0.146(3) (Figure 2g). The TG and DTG curves (Figure S4) were observed in three steps of weight loss ranging from approximately 80 °C to 145 °C, from 143 °C to 175 °C, and from 175 °C to 230 °C. The first weight loss seems to be due to the release of 1.06 tBucel guest molecules and 0.94 tBucel ligands coordinated to Cd3. The peak shoulder on the DTG curve in the first weight loss seems to be due to the release of the 1.06 tBucel guests. The second weight loss suggests that the tBucel ligands coordinated to Cd2 were removed from II. The third weight loss seems to involve the elimination of the 1.06 H2O ligand. The Cd3-O3 bond length is in the range of CdOC-O bonds of complexes with trans-O-CdOC-O [14,16,17,18,19].





4. Conclusions


We synthesized and crystallographically characterized two novel 3D cadmium(II) cyanide coordination polymers with branched-butoxyethanol; [{Cd(CN)2(iBucel)2}{Cd(CN)2(H2O)(iBucel)}2{Cd(CN)2}6∙2(iBucel)]n I and [{Cd(CN)2(H2O)1.06(tBucel)0.94}{Cd(CN)2(tBucel)}2{Cd(CN)2}2∙1.06(tBucel)]n II. Complex I contains two distinct Cd(II) coordination geometries, namely CdOC and CdT, in a 3:6 ratio. In contrast, complex II contains three distinct Cd(II) coordination geometries: CdOC, CdSP, and CdT, in a 1:2:2 ratio. In complexes I and II, branched-butoxyethanol molecules behave as both a ligand and guest in the Cd(CN)2 cavities. Rcel ligands coordinated to Cd(II) ions tend to form (O-CH2-CH2-O)2 eight-membered rings constructed by hydrogen bonds between the two ethyleneglycol fragments (Figure 1d and Figure 2c) [22]. The (O-CH2-CH2-O)2 eight-membered rings may assist in the coordination of alkoxyethanol molecules to Cd(II) ions and in the stabilization of that coordination. The Cd(CN)2 frameworks of complexes I and II exhibit different structures. Furthermore, these Cd(CN)2 framework structures of the two complexes are different from the framework structure of complex [{Cd(CN)2(Bucel)}3{Cd(CN)2}]n containing a Bucel ligand and having a butyl group. This suggests that the Cd(CN)2 framework and coordination environment of Cd(II) are strongly affected by not only the number of carbons of the alkyl group of the Rcel molecule but also by the shape of the alkyl group of the Rcel molecule. Because of the differences in their alkyl groups, the Cd(CN)2 frameworks of cadmium(II) cyanide coordination polymers with alkoxyethanol [22] change more dramatically than the frameworks of complexes with either dialkyl-ether [16,17] or with alkyl-alcohol [8,13,14,18,19]. The effect of the alkyl group of alkoxyethanol compounds was found to be stronger than the effect of either alkyl-alcohol or dialkyl-ether compounds. These new cadmium cyanide host-guest compounds also demonstrate potential advantages of the clathrate chemistry for molecular recognition, a theme with a long history of research on inclusion compounds [1].
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Scheme 1. The structural formulae of alkoxyethanol in this work: (a) iso-butoxyethanol (iBucel); and (b) tert-butoxyethanol (tBucel). 
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Figure 1. The crystal structure of I. H atoms and disordered parts are omitted for clarity: (a) Asymmetric unit of I. Displacement ellipsoids are drawn at the 50% probability level. Because the arrangements of cyanides (Cd-NC-Cd or Cd-CN-Cd) are disordered, the cyanide atoms are labeled arbitrarily; (b) The Cd(CN)2 network structure of I along the c axis; (c) [42.52.62.82] tile; (d) Hydrogen bonds between iBucel and water molecules in [42.52.62.82] cavities of cadmium cyanide network. Displacement ellipsoids are drawn at the 50% probability level. (Symmetry codes: iv = −x + 1/2, −y + 1/2, −z + 2; vi = −x + 1/2, −y + 1/2, −z + 1). 
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Figure 2. The crystal structure of II. Because arrangements of cyanides (Cd-NC-Cd or Cd-CN-Cd) are disordered, the cyanide atoms are labeled arbitrarily: (a) Asymmetric unit containing disordered parts. Displacement ellipsoids are drawn at the 50% probability level. H atoms are omitted for clarity; (b) The Cd(CN)2 network view along the b axis; (c) Hydrogen bonds between neighboring tBucel ligands on Cd2 in the cavities of cadmium cyanide network of II. Displacement ellipsoids are drawn at the 50% probability level. H atoms, except for OH hydrogens, are omitted for clarity; (d) Cd(CN)2 cavity around O3. Displacement ellipsoids are drawn at the 50% probability level. H atoms are omitted for clarity; (e–g). The disordered parts of the axial positions on the Cd3 and hydrogen bonds between the neighboring ligands. (e) Shows where water molecules coordinate to the Cd3. (f,g) show how the tBucel ligands coordinate to the Cd3. All hydrogen bonds might not be found due to the complexity of the observed disorder. (Symmetry codes: i = −x + 1/2, −y + 3/2, −z + 3/2; iii = −x, −y + 2, −z + 2; iv = x + 1/2, −y + 2, z; vii = −x + 1/2, −y + 1/2, −z + 3/2; viii = −x + 1/2, y, −z + 2). 
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Table 1. The crystal data.
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	Complex
	I
	II





	Empirical formula
	C54H88Cd9N18O14
	C34H58.12Cd5N10O9.06



	Formula weight
	2225.02
	1314.03



	Temperature (K)
	90
	90



	Crystal system
	Monoclinic
	Monoclinic



	Space group
	C2/c
	I2/a



	a (Å)
	33.8994(11)
	21.8261(7)



	b (Å)
	16.6003(5)
	8.8155(3)



	c (Å)
	15.8715(5)
	27.1515(12)



	β (ᵒ)
	101.562(1)
	94.2899(4)



	V (A3)
	8750.3(5)
	5209.5(3)



	Z
	4
	4



	dcalc (g cm−3)
	1.689
	1.675



	μ (mm−1)
	2.199
	2.059



	F(000)
	4328
	2578



	Reflections collected
	33716
	19,666



	Rint
	0.0197
	0.0127



	Data/restraints/parameters
	13296/205/478
	7912/7/319



	GOF
	1.072
	1.054



	R1, wR2 [I > 2σ(I)]
	0.0967, 0.2291
	0.0256, 0.0636



	Δρmax, Δρmin (e Å−3)
	4.314, −7.405
	1.347, −1.357
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Table 2. The selected bond lengths and angles in I.
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	CdOC-OW/Å
	
	
	
	
	



	Cd1-O1
	2.372(7)
	
	
	
	



	CdOC-OOH/Å
	
	
	
	
	



	Cd1-O2
	2.343(8)
	Cd2-O4
	2.323(8)
	
	



	CdOC-(CN)/Å
	
	
	
	
	



	Cd1-N1
	2.282(9)
	Cd1-N2
	2.310(8)
	Cd1-N3
	2.261(7)



	Cd1-N4
	2.282(9)
	Cd2-N5
	2.286(8)
	Cd2-N6
	2.309(10)



	CdT-(CN)/Å
	
	
	
	
	



	Cd3-C3
	2.189(10)
	Cd3-C4
	2.214(10)
	Cd3-N7
	2.214(9)



	Cd3-N9
	2.224(9)
	Cd4-C1
	2.191(11)
	Cd4-C2
	2.161(9)



	Cd4-C8
	2.218(10)
	Cd4-N10
	2.223(14)
	Cd5-C6
	2.176(9)



	Cd5-C5
	2.190(9)
	Cd5-C7
	2.228(8)
	Cd5-N8
	2.205(9)



	O-CdOC-O/ᵒ
	
	
	
	
	



	O1-Cd1-O2
	86.2(3)
	O4-Cd2-O4 i
	85.5(5)
	
	



	trans((CN)-CdOC-O)/ᵒ
	
	
	
	
	



	N3-Cd1-O1
	174.4(3)
	N2-Cd1-O2
	172.5(3)
	N6-Cd2-O4 i
	172.3(4)



	cis((CN)-CdOC-OOH)/ᵒ
	
	
	
	
	



	N3-Cd1-O2
	89.1(3)
	N1-Cd1-O2
	89.1(4)
	N4-Cd1-O2
	88.7(4)



	N6-Cd2-O4
	87.1(4)
	N5-Cd2-O4
	87.6(3)
	
	



	cis((CN)-CdOC-OW)/ᵒ
	
	
	
	
	



	N2-Cd1-O1
	86.7(3)
	N1-Cd1-O1
	85.0(3)
	N4-Cd1-O1
	86.1(3)



	trans((CN)-CdOC-(CN))/ᵒ
	
	
	
	
	



	N4-Cd1-N1
	171.0(4)
	N5 i-Cd2-N5
	178.3(4)
	
	



	cis((CN)-CdOC-(CN))/ᵒ
	
	
	
	
	



	N3-Cd1-N1
	91.8(3)
	N3-Cd1-N4
	97.0(3)
	N1-Cd1-N2
	92.5(4)



	N4-Cd1-N2
	88.5(3)
	N5-Cd2-N6
	90.8(3)
	
	



	N3-Cd1-N2
	98.1(3)
	N6 i-Cd2-N6
	100.3(7)
	
	



	(CN)-CdT-(CN)/ᵒ
	
	
	
	
	



	C3-Cd3-C4
	115.1(4)
	C3-Cd3-N7
	109.4(3)
	C4-Cd3-N7
	105.2(3)



	C3-Cd3-N9
	113.0(3)
	C4-Cd3-N9
	107.0(3)
	N7-Cd3-N9
	106.6(3)



	C2-Cd4-C1
	118.5(3)
	C2-Cd4-C8
	115.2(4)
	C1-Cd4-C8
	106.3(4)



	C2-Cd4-N10
	105.3(4)
	C1-Cd4-N10
	106.4(5)
	C8-Cd4-N10
	103.8(5)



	C6-Cd5-C5
	117.1(4)
	C6-Cd5-N8
	115.9(4)
	C5-Cd5-N8
	107.6(3)



	C6-Cd5-C7
	104.8(3)
	C5-Cd5-C7
	106.0(3)
	N8-Cd5-C7
	104.1(3)



	Hydrogen bonds/Å
	
	
	
	
	



	O1···O6 iv
	2.84(3)
	O1···O7′ iv
	2.922(14)
	O1···O7 iv
	3.323(18)



	O1···O7′x iv
	2.922(14)
	O2···O5′ vi
	2.865(18)
	O4···O3 vi
	2.743(11)



	O6···O1 iv
	2.84(3)
	O6′···O1
	3.19(3)
	C11···O6 iv
	3.48(3)







Symmetry codes: i = −x, y, −z + 1/2; iv = −x + 1/2, −y + 1/2, −z + 2; vi = −x + 1/2, −y + 1/2, −z + 1.
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Table 3. The selected bond lengths and angles in II.
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CdT-(CN)/Å

	




	
Cd1-C1

	
2.196(2)

	
Cd1-C2

	
2.219(2)

	
Cd1-C3

	
2.234(2)




	
Cd1-C5

	
2.192(2)

	

	

	

	




	
CdSP-O/Å

	

	

	

	

	




	
Cd2-O1

	
2.5875(17)

	

	

	

	




	
CdSP-(CN)/Å

	

	

	

	

	




	
Cd2-N1

	
2.3408(19)

	
Cd2-N3

	
2.215(2)

	
Cd2-C4

	
2.188(2)




	
Cd2-N2

	
2.215(2)

	

	

	

	




	
CdOC-O/Å

	

	

	

	

	




	
Cd3-O3

	
2.343(3)

	

	

	

	




	
CdOC-(CN)/Å

	

	

	

	

	




	
Cd3-N4

	
2.290(2)

	
Cd3-N5

	
2.309(2)

	

	




	
(CN)-CdT-(CN)/ᵒ

	

	

	

	

	




	
C1-Cd1-C2

	
107.10(8)

	
C1-Cd1-C3

	
109.86(7)

	
C2-Cd1-C3

	
101.73(8)




	
C5-Cd1-C1

	
116.97(8)

	
C5-Cd1-C2

	
111.16(8)

	
C5-Cd1-C3

	
108.93(8)




	
(CN)-CdSP-O/ᵒ

	

	

	

	

	




	
N1-Cd2-O1

	
167.42(6)

	
N3-Cd2-O1

	
85.81(6)

	
C4-Cd2-O1

	
81.76(7)




	
N2-Cd2-O1

	
92.99(6)

	

	

	

	




	
(CN)-CdSP-(CN)/ᵒ

	

	

	

	

	




	
C4-Cd2-N3

	
139.92(8)

	
C4-Cd2-N1

	
96.07(8)

	
N3-Cd2-N1

	
88.04(7)




	
C4-Cd2-N2

	
113.43(8)

	
N3-Cd2-N2

	
105.12(7)

	
N2-Cd2-N1

	
99.21(7)




	
cis(CN)-CdOC-O/ᵒ

	

	

	

	

	




	
N4-Cd3-O3

	
90.07(9)

	
N5-Cd3-O3

	
89.45(9)

	

	




	
N4-Cd3-O3 i

	
89.93(9)

	
N5-Cd3-O3 i

	
90.55(9)

	

	




	
cis(CN)-CdOC-O/ᵒ

	

	

	

	

	




	
N4-Cd3-N5

	
87.66(8)

	
N4-Cd3-N5 i

	
92.34(8)

	

	




	
hydrogen bonds

	

	

	

	

	




	
O1...O2 viii

	
2.808(2)

	
O31′...O3

	
3.104(8)

	

	




	
C12...O31 vii

	
3.178(8)

	
C12...O31′ vii

	
3.514(8)

	
C21...O3

	
3.373(7)




	
C21B...O4′

	
3.21(3)

	

	

	

	








i = ‒x + 1/2, ‒y + 3/2, ‒z + 3/2; vii = ‒x + 1/2, ‒y + 1/2, ‒z + 3/2; viii = ‒x + 1/2, y, ‒z + 2. Symmetry codes: i = ‒x + 3/2, ‒y + 1/2, ‒z; vii = ‒x + 3/2, ‒y + 3/2, ‒z; viii = ‒x + 2, y, ‒z + 1/2.
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