Three chiral cyanide-bridged Cr–Cu complexes: Synthesis, crystal structures and magnetic properties
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Abstract: Two trans-dicyanidechromium(III)-containing building blocks and one chiral copper(II) compound have been employed to assemble cyanide-bridged heterometallic complexes, resulting in three chiral cyanide-bridged Cr(III)–Cu(II) complexes, {[Cu(S,S/R,R-Chxn)2Cr(bpb)(CN)2]ClO4}2·CH3OH·H2O (1, 2), {[Cu(R/R-Chxn)2Cr(bpClb)(CN)2][Cr(bpClb)(CN)2]}·CH3OH·2H2O (3), (bpb2- = 1,2-bis(pyridine-2-carboxamido)benzenate, bpClb2- = 1,2-bis(pyridine-2-carboxamido)-4-chlorobenzenate). All the three complexes have been characterized by elemental analysis, IR spectroscopy and X-ray structure determination. Single X-ray diffraction analysis shows that the complexes 1-3 belong to cyanide-bridged cationic binuclear structure type with ClO4- or the anionic cyanide building block as balance anion for complexes 1, 2 or 3, respectively. Investigation of the magnetic properties of complexes 1-3 reveals the weak ferromagnetic coupling between the neighboring Cr(III) and Cu(II) ions through the bridging cyanide group.

Key words: Chiral; Cyanide-bridged; Heterobimetallic; Crystal structure; Magnetic property
Introduction

Molecular-based magnetic materials have attracted widespread attention in the past few decades due to their potential applications in high-density information storage and quantum tunneling effects.1-4 During the process of the synthesis of the new magnetic complexes, the choice of magnetic spin carriers, bridging bonds and coordination ligands plays a very important role on the structure and the functional property of the target magnetic complexes. Among which, as one of the well-known magnetic transfer groups, cyanide groups usually exhibit unique advantages when assembling bimetallic or even trimetallic cyanide-bridged magnetic complexes.5-16 Although there are many combinations of different magnetic carriers for cyanide-bridged complexes, the CrIII-CuII system has still been focused on much attentions and many cyanide-bridged CrIII-CuII complexes with interesting magnetic properties such as single-molecule magnets, single-chain magnets, spin crossover magnets and photo switchable magnets have been reported.17-20 Compared with the cyanide-bridged heterometallic FeIII-M (M = Cu(II), Ni(II), Mn(II), Mn(III), et al.) complexes,21-27 the cyanide-bridged heterometallic CrIII-M complexes are still limited due to the shortage of stable and suitable cyanidechromate(III) building blocks.28-32
In recent years, in order to clearly clarify the magnetic structure correlation in low-dimensional magnetic systems and to prepare interesting low-dimensional molecular magnetic materials, a series of cyanide precursors containing the larger equatorial in-plane ligands and two trans-cyanide groups have been designed.33-38 Studies have shown that these types of cyanide-containing precursors were good choices for assembling cyanide bridged bimetallic magnetic complexes with different structures, such as multinuclear, nanomolecular and one-dimensional chains, and interesting magnetic properties. On the other hand, in the research field of functional molecular magnetic materials, the design and synthesis of chiral magnetic materials are of great significance for the basic research of magnetic induction second harmonic generation (MSHG) and magnetic chiral dichroism (MCHD) and their possible applications in a variety of new technologies. It is known that the chirality can be reasonably introduced into the cyanide bridging system by coordinating the paramagnetic metal ion with a chiral auxiliary ligand.39-44 In order to find new chiral molecular magnetic complexes and further enrich the low-dimensional cyanide bridged trans-dicyano-based compounds, we investigated the reactions of trans-dicyanidechromium(III) precursors with chiral organic amine copper compounds (Scheme 1) and obtained three new cyanide-bridged chiral Cr(III)-Cu(II) complexes {[Cu(S,S/R,R-Chxn)2Cr(bpb)(CN)2]ClO4}2·CH3OH·H2O (1, 2), {[Cu(R/R-Chxn)2Cr(bpClb)(CN)2][Cr(bpClb)(CN)2]}·CH3OH·2H2O (3). This paper will mainly concern the synthesis, crystal structures and magnetic properties for the above three complexes.
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Scheme 1. The starting materials used for synthesizing the complexes 1-3.
Experimental
Elemental analyses of carbon, hydrogen, and nitrogen were carried out with an Elementary Vario El. The infrared spectroscopy on KBr pellets was performed on a Magna-IR 750 spectrophotometer in the 4000-400cm-1 region. Variable-temperature magnetic susceptibilities for the reported complexes were performed on a Quantum Design MPMS SQUID magnetometer. The experimental susceptibilities were corrected for the diamagnetism of the constituent atoms (Pascal’s tables).

General procedures and Materials.

All the reactions were carried out under an air atmosphere and all chemicals and solvents used were reagent grade without further purification. K[CrIII(bpb)(CN)2] [bpb2- = 1,2-bis(pyridine-2-carboxamido)benzenate] was synthesized as described in literature.45 The synthesis of another cyanide precursor is similar to that for K[CrIII(bpb)(CN)2], except that the 4-dichloro-1,2-diaminobenzene was used to replace 1,2-diaminobenzene during the preparation process.

Caution! KCN is hypertoxic and hazardous. Perchlorate salts of metal complexes with organic ligands are potentially explosive. These chemicals should be handled in small quantities with great care.

Preparation of the complexes 1-3.

All the three complexes were prepared using one similar procedure. Therefore, a representative method for preparation of the complex 1 is described herein.
Complex 1 was prepared by the following procedures: The acetonitrile solution (10 mL) formed in situ by [Cu(ClO4)2]·6H2O (36.5 mg, 0.1 mmol) and (S,S)-1,2-diaminocyclohexane (22.8 mg, 0.2 mmol) was added slowly to a solution containing K[Cr(bpb)(CN)2] (91.6 mg, 0.20 mmol) dissolved in a mixture of methanol and water (8 mL: 2 mL). The mixture was stirred only for one minute at room temperature and filtered at once to remove any insoluble material, and then the filtrate was allowed to evaporate slowly without disturbance for about one week. The dark-orange crystals generated suitable for X-ray diffraction were collected by filtration, washed with cool methanol, and dried in air. Yield: 44.3 mg, 53.1%. Anal. Calcd. for C65H86Cl2Cr2Cu2N20O14: C, 46.65; H, 5.18; N, 16.74. Found: C, 46.87; H, 5.26; N, 16.59. Main IR bands (cm-1): 2160, 2130 (s, (C(N), 1100 (vs, (Cl=O).
Complex 2: Yield: 42.7 mg, 51.2%. Anal. Calcd. for C65H86Cl2Cr2Cu2N20O14: C, 46.65; H, 5.18; N, 16.74. Found: C, 46.89; H, 5.25; N, 16.61. Main IR bands (cm-1): 2160, 2130 (s, (C(N), 1100 (vs, (Cl=O).
Complex 3: Yield: 69.8 mg, 55.1%. Anal. Calcd. for C53H56Cl2Cr2CuN16O7: C, 50.22; H, 4.45; N, 17.68. Found: C, 50.33; H, 4.59; N, 17.51. Main IR bands (cm-1): 2158, 2127 (s, (C(N), 1100 (vs, (Cl=O).
X-ray data collection and structure refinement. 

Crystal data of complexes 1-3 were collected by using single crystals with suitable dimensions on a Oxford Diffraction Gemini E diffractometer with MoKα radiation (λ = 0.71073 Å) at the room temperature, and the collected frames were integrated by using the preliminary cell-orientation matrix. The structures of these three complexes were solved by direct method and expanded using Fourier difference techniques with the SHELXTL-97 program package.46 Anisotropic thermal parameters were used for the non-hydrogen atoms and isotropic parameters for the hydrogen atoms. Hydrogen atoms were assigned isotropic displacement coefficients U(H) =1.2U(C) or 1.5U(C) and their coordinates were allowed to ride on their respective carbon atoms or nitrogen atoms using SHELXL-97 except of the solvent H atoms. For the latter, they were refined isotropically with fixed U values and the DFIX command was used to rationalize the bond parameter. CCDC 1861738-1861740 for these three complexes contain the supplementary crystallographic data for this paper, which can be obtained free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. Details of the crystal parameters, data collection, and refinement of complexes 1-3 are summarized in Table 1.

Table 1. Crystallographic Data and Structure Refinement Summary for the Complexes 1-3.

	
	1
	2
	3

	Empirical formula
	C65H86Cl2Cr2 Cu2N20O14
	C65H86Cl2Cr2 Cu2N20O14
	C53H56Cl2Cr2 CuN16O7

	Formula weight
	1673.52
	1673.52
	1267.58

	Temperature(K)
	293
	293
	293

	Wavelength(Å)
	0.71073
	0.71073
	0.71073

	Crystal system
	Monoclinic
	Monoclinic
	Triclinic

	Space group
	P2(1)
	P2(1)
	P1

	a/Å
	13.9564(9)
	13.934(10)
	10.8564(14)

	b/Å
	12.2866(8)
	12.259(8)
	12.040(2)

	c/Å
	22.6709(14)
	22.648(15)
	13.8215(17)

	(/deg
	90
	90
	114.89(1)

	(/deg
	91.03(0)
	90.88(1)
	91.40(1)

	(/deg
	90
	90
	105.46(1)

	F(000)
	1736.0
	1736.0
	653.0

	Reflections collected/unique
	19548 / 11239
	19286 / 10871
	11422/8226

	Data/restraints/parameters
	11239 / 2 / 948
	10871 / 1 / 948
	8226/3/750

	Goodness-of-fit on F2
	1.028
	1.027
	0.995

	R1[I＞2(I)]
	R1 = 0.0535,
	R1 = 0.0481
	R1 = 0.0769

	wR2 (all data)
	wR2 = 0.1475
	wR2 = 0.1364
	wR2 = 0.2233

	Largest diff. peak and hole (e/Å3)
	0.622 and -0.296
	0.513 and -0.334
	0.778 and 
-0.347


Results and Discussion

Synthesis and General Characterization

The recent works have proved that trans-dicyanometallates are good building blocks for synthesizing cyanide-bridged magnetic complexes.33-38 The relatively large planar pyridinecarboxamide ligand at the equatorial position can not only effectively lower the dimensionality of the resulted complex, but also weaken the supramolecular intermolecular magnetic interactions. With this in mind and also for the purpose of the preparation of chiral magnetic complexes, we investigated the reactions of trans-dicyanidechromium(III) with chiral amine copper(II) compounds and obtained three new chiral cyanide-bridged Cr(III)-Cu(II) complexes. The different balance anion, i.e. ClO4- for complexes 1-2 and the cyanometallates for complexes 3 indicates that the structure of the cyanide precursor has some effects on the structure of the cyanide-bridged complex formed.
The three cyanide-bridged complexes have been characterized by IR spectroscopy. In the IR spectra of 1-3, two sharp peaks due to the cyanide-stretching vibration were observed at about 2125-2130 and 2155-2160 cm-1, respectively, indicating the presence of bridging and non-bridging cyanide ligands in these complexes. The strong broad peak centered at about 1100 cm-1 for complexes 1 and 2 is attributed to the free ClO4- anion. To confirm the optical activity and enantiomeric nature, the circular dichroism (CD) spectrum were measured in KBr pellets for complexes 1-2. The CD spectrum of 1, 2 exhibit positive and negative Cotton effect at the same wavelengths (Figure. 1).
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Figure 1. CD spectra of 1 (S isomer, black) and 2 (R isomer, blue) in KBr pellets.

Crystal structures of complexes 1, 2 and 3.
Some important structural parameters for complexes 1, 2 and 3 are collected in Table 2. The perspective view of the enantiomeric structure of complexes 1 and 2 and the representative cell packing diagram are given in Figures 2 and 3, respectively. For the complex 3, its cationic binuclear structure and the cell packing diagram are shown in Figures 4 and 5, respectively.

Table 2. Selected bond lengths (Å) and angles (°) for complexes 1, 2 and 3.

	
	1
	2
	3

	Cu1–N1
	2.346(8)
	2.344(6)
	2.324(120)

	Cu1–N3
	2.049(8)
	2.029(6)
	2.028(9)

	Cu1–N4
	1.993(8)
	2.012(6)
	2.022(10)

	Cu1–N5
	2.062(8)
	1.992(7)
	1.983(11)

	Cu1–N6
	2.001(7)
	2.000(6)
	2.022(11)

	Cr1–C1
	2.078(11)
	2.121(9)
	2.103(11)

	Cr1–C2
	2.048(12)
	2.058(8)
	2.068(11)

	Cr1–N7
	1.984(8)
	1.967(6)
	1.971(9)

	Cr1–N8
	1.976(7)
	1.971(6)
	2.123(10)

	Cr1–N9
	2.063(7)
	2.083(6)
	1.972(9)

	Cr1–N10
	2.070(8)
	2.093(6)
	2.098(9)

	Cu1–N1–C1
	139.0(9)
	141.7(7)
	159.2(10)

	Cr1–C1–N1
	165.7(10)
	165.6(7)
	172.7(11)

	Cr1–C2–N2
	176.7(11)
	178.8(7)
	175.2(12)


The Complexes 1 and 2 as a pair of enantiomer, containing Cr2Cu2 unit in the unit cell with a dimer structure, crystallize in monoclinic cell setting with the non-central space group P2(1), while another complex 3 crystallizes in triclinic cell setting with the non-central space group P1. Complexes 1-3 are with the similar cationic cyanide-bridged binuclear structure and the different balance anion, i.e. the free ClO4- for complexes 1, 2 and the free cyanide building block for complexes 3. In all the reported complexes, each cyanide-containing building block acting as a monodentate ligand through one of its two trans cyanide groups connects the Cu(II) ion with the other cyanide group as terminal. The Cr(III) ion is six-coordinates with four equatorial nitrogen atoms from the pyridinecarboxamide ligand and two carbon atoms from the two cyanide groups with a trans position, so that forming a slightly distorted octahedral geometry, which can be proven by the bond parameters around the Cr(III) ion (Table 2). The Cr-C≡N bond angles in these three complexes are in a comparatively narrow range of 165.6(7)°-178.8(7)°, showing almost the linear conformation for these three atoms.
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Figure 2. The perspective view of the enantiomeric structure of complexes 1 and 2. All the H atoms, the balanced anion and the solvent molecules have been omitted for clarity.
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Figure 3. The cell packing diagram along c axis of the complexes 1 and 2. All the H atoms and the solvent molecules have been omitted for clarity.
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Figure 4. Perspective view of the cationic structure of the complex 3. All the H atoms, the balanced anion and the solvent molecules have been omitted for clarity.
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Figure 5. The cell packing diagram along b axis of the complex 3. All the H atoms and the solvent molecules have been omitted for clarity.

The Cu atom in complexes 1-3 is ﬁve-coordinated by a N5 unit, in which four N atoms come from the two chiral amine ligands and the additional one N atom from the bridging cyanide group. The Cu atom is only out of the plane formed by four N atoms 0.16(2), 0.17(4) and 0.058(2) Å toward to the fifth coordinated Ncyanide atom in complexes 1, 2 and 3, respectively, indicating that these five atoms are almost located in a plane. The average Cu-Namine bond lengths in complexes 1, 2 and 3 are 2.009, 2.008 and 2.014 Å, respectively, obviously shorter than the Cu-Ncyanide bond length with the values of 2.346, 2.344 and 2.324 Å, clearly showing the markedly distorted square pyramid surrounding of the Cu(II) ion. Additionally, it should be pointed out that there exists conspicuous difference for the C≡N-Cu bond angles in these three complexes. The C≡N-Cu bond angle in complexes 1, 2 are only 139.0(9)°, 141.7(7)°, while the corresponding angle in the complexes 3 is obviously larger than that in complex 1 with values 159.2(10)°. The intramolecular Cr(III)-Cu(II) separation through bridging cyanide group are 5.076, 5.098 and 5.412 Å for these three complexes, which are obviously shorter than the shortest intermolecular metal–metal distance with the values of 6.519, 7.543, 8.108 and 7.511 Å in complexes 1-3, respectively. 

The magnetic properties of complexes 1-3

The Figure 6 showed the temperature dependences of magnetic susceptibility of complexes 1 and 3 measured in the temperature range of 2-300 K in the applied field of 2000 Oe. The room temperature mT values are 2.13 and 4.09 emu K mol-1for these two complexes, respectively, which are slightly lower than the spin only value of 2.25 emu K mol-1 for one uncoupled Cu(II) (S = 1/2) ion and one Cr(III) (S = 3/2) ion in complex 1 and 4.125 emu K mol-1 for one uncoupled Cu(II) (S = 1/2) ion and two Cr(III) (S = 3/2) ion in complex 3 based on g = 2.00. With the temperature decreasing, the mT values increases gradually and attains the value of 2.37 and 6.76 emu K mol-1 about 15 K, then decreases sharply to 1.51 and 4.51 emu K mol-1 at 2 K, which indicated the characteristic of ferromagnetic coupling between the cyanide-bridged Cr(III)-Cu(II) center. The magnetic susceptibility for these two complexes conforms well to Curie-Weiss law in the range 2-300 K and give the positive Weiss constant ( = 1.38 K and Curie constant C = 2.15 emu K mol-1 for complex 1 and ( = 7.01 K and Curie constant C = 4.15 emu K mol-1 for complex 3, further proves the ferromagnetic coupled Cr(III)-Cu(II) through the cyanide bridge.

[image: image7.png]Jour _.:Eo\_.Ex

490

o
o
T

430

2.74

1.8+

T
o
(=}
low o/ W

M

0.0

300

200

100

T/K



[image: image8.png]Tlemu K mol ™

Zm

T T T T T
0 50 100 150 200 250 300
T/K

~
w

w S (=
(= [ o

w

0

-1

-1
/emu mol

xm



    

Figure 6. The mT and m-1 vs T curves for complexes 1 (left) and 3 (right).

On the basis of the bimeric model, the magnetic susceptibility of complex 1 can be fitted accordingly by the following expression (1) derived from the isotropic exchange spin Hamilton Ĥ = -2JŜCuŜCr. For complex 3, its magnetic susceptibility has been analyzed based-on also the bimeric model but by introducing the additional isolated Cr(III) ion with the expression (2).
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By using the above model, the susceptibilities over the temperature range of 2-300 K for these two complexes were simulated, giving the best-fit parameters J = 0.74(2) cm-1, g = 2.01(2), R = ∑(obsdT-caldT)2/∑(obsdT)2 = 2.30 × 10-5 for 1 and J = 2.37(2), g = 2.01(8), R = 3.21 × 10-5 for 3, respectively, which can further proven the weak ferromagnetic coupling between the Cr(III) ion and Cu(II) ion through the bridging cyanide group.

Conclusion

In summary, three new chiral cyanide-bridged heterobimetallic complexes, in which two of them are a pair of enantiomers, have been designed and successfully synthesized based on the chiral amine copper(II) compounds and the trans-dicyanidechromium(III)-containing building blocks. All the three complexes present the similar cationic cyanide-bridged binuclear structure but with different balanced anion, giving the information that the cyanide precursors with slight structural difference still have some influence on the forming of the target complexes. Investigation over the magnetic properties of the reported complexes reveals that the ferromagnetic coupling between the cyanide-bridged Cr(III)-Cu(II) center.
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