
0022-4766/23/6406-0963 © 2023 by Pleiades Publishing, Ltd. 963

ISSN 0022-4766, Journal of Structural Chemistry, 2023, Vol. 64, No. 6, pp. 963-973. © Pleiades Publishing, Ltd., 2023. 

Russian Text © The Author(s), 2023, published in Zhurnal Strukturnoi Khimii, 2023, Vol. 64, No. 6, 111320. 

SYNTHESIS, STRUCTURE, AND MAGNETIC  

PROPERTIES OF Cu(hfac)2 POLYMERIC COMPLEXES  

WITH CYANOPHENYL-SUBSTITUTED NITROXYLS 

N. A. Artyukhova
1,2*, L. V. Zargarova

1,2
,  

G. V. Romanenko
1
, A. S. Bogomyakov

1,2
,  

and V. I. Ovcharenko
1† 

Spirocyclopentyl derivatives of cyanophenyl-substituted nitroxyl radicals (2-(4′-cyanophenyl)-4,5-

bis(spirocyclopentyl)-4,5-dihydro-1H-imidazole-3-oxide-1-oxyl (NN) and the corresponding iminonitroxyl 

2-(4′-cyanophenyl)-4,5-bis(spirocyclopentyl)-4,5-dihydro-1H-imidazole-1-oxyl (IN)) are synthesized; their 

structure and magnetic properties are studied. Interaction of IN and NN with bis(hexafluoroacetylacetonato) 

copper(II) [Cu(hfac)2] leads to the formation of heterospin chain polymeric {[Cu(hfac)2]2(IN)}, 

{[Cu(hfac)2]3(NN)2}, and layered {[Cu(hfac)2]3(NN)2}⋅C7H16 complexes. It is shown that the layered 

{[Cu(hfac)2]3(NN)2}⋅C7H16 is a soft ferromagnet that transforms into a magnetically ordered state at helium 

temperatures. 

DOI: 10.1134/S002247662306001X 

Keywords: Cu(II) complexes, nitroxyls, phase transitions, magnetostructural correlations. 

INTRODUCTION 

Nitroxyl radicals of the 2-imidazoline series are widely used in the design of magnetically active compounds based 

on coordination compounds of transition metal ions. Due to the presence of an organic component, the magnets exhibit 

practically important properties such as low density, elasticity, solubility in organic solvents, transparency in the visible 

spectrum of light, high resistance to electric current, biocompatibility. High kinetic stability and almost unlimited possibilities 

of chemical modification of nitroxyls allow tuning stereochemical and electronic characteristics of organic ligands to obtain 

heterospin compounds that are promising for various applications [1-3]. 

The presence of functional substituents in the nitroxyl radicals of the 2-imidazoline series facilitates the preparation 

of chained, layered, or framework coordination compounds demonstrating nontrivial magnetic properties. Thus, heterospin 

complexes with pyrazolyl- and pyridyl-substituted nitroxyls undergo structural transitions accompanied by magnetic 

anomalies [4-8]. It was earlier shown that the variation of substituents can be used to change donor properties of functional 

substituents, thereby influencing the type of the nitroxyl coordination [9, 10]. An alternative way to affect stereochemical and  
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TABLE 1. Crystal Data of the Studied Compounds and Experiment Details 

Parameter NN IN {[Cu(hfac)2]3(NN)2}⋅C7H16 

Formula weight 310.37 294.37 2153.90 

T, K 296 240 296 

Space group Pccn P21/c 1P

Z 8 4 2 

a, b, c, Å 13.3501(4), 

34.5892(11), 

7.3815(2) 

15.7685(4), 

13.5306(3), 

7.4102(2) 

11.3323(7), 

13.9240(9), 

15.6158(10) 

α, β, γ, deg – – 

100.1245(13) 

– 

104.329(4), 

90.580(4), 

103.921(4) 

V, Å3 3408.55(18) 1556.40(7) 2310.9(3) 

Dcalc, g/cm3 1.210 1.256 1.548 

θmax, deg 28.289 67.642 28.368 

Reflections collected / unique 17700 / 4208 13334 / 10679 40189 / 11381 

Ring 0.0554 0.0417 0.0806 

Ihkl (I > 2σI) / Ns 2057 / 225 10679 / 281 4900 / 764 

GOOF 0.891 1.040 0.829 

R1 / wR2 (I > 2σI) 0.0540 / 0.1447 0.0426 / 0.1024 0.0461 / 0.1054 

CCDC 2245799 2245801 2245802 

Parameter {[Cu(hfac)2]3(NN)2} {[Cu(hfac)2]2(IN)} 

Formula weight 2053.71 1249.68 

T, K 296 296 

Space group 1P P21/c 

Z 2 4 

a, b, c, Å 12.221(3), 16.172(4), 

22.180(7) 

17.334(4), 17.395(4), 16.557(3) 

α, β, γ, deg 88.098(19), 79.17(2), 

70.105(17) 

90, 101.556(10), 90 

V, Å3 4046(2) 4891.2(17) 

Dcalc, g/cm3 1.686 1.697 

θmax, deg 28.370 67.601 

Reflections collected / unique 65785 / 19606 19139 / 8222 

Rint 0.1016 0.0334 

Ihkl (I > 2σI) / Ns 6759 / 1147 5919 / 874 

GOOF 0.798 1.052 

R1 / wR2 (I > 2σI) 0.0595 / 0.1477 0.0518 /0.1496 
 

1,1´Dihydroxylamino-bis(cyclopentyl) sulfate monohydrate (0.25 g, 0.8 mmol) in water (4 mL). The reaction mixture was 

kept for a day at 4 °C and than neutralized by NaHCO3 (0.15 g) until the gas evolution ceased (pH = 7). The precipitate was 

filtered off (the mother liquor was separated for subsequent isolation of iminonitroxyl IN), washed with water on a filter, and 

dried in vacuum. 

The dried precipitate (0.1 g, 0.33 mmol) was suspended in a mixture of CH2Cl2 (3 mL) and water (3 mL) and added 

to NaIO4 (0.1 g, 0.5 mmol) for 10 min at ∼10 °C. The reaction mixture was stirred for 30 min, and then the organic phase was 

separated and the aqueous one was extracted CH2Cl2 (3⋅10 mL). The combined organic solutions were filtered through  
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TABLE 2. Bond Lengths (Å) and Bond Angles (deg) in the Structures of the Studied Complexes 

Parameter {[Cu(hfac)2]3(NN)2}⋅C7H16 {[Cu(hfac)2]3(NN)2} {[Cu(hfac)2]2(IN)} 

    

Cu–ONO 2.521(3), 2.455(3) 1.950(3), 2.685(4) 

2.395(4), 2.477(4), 

2.696(2) 

Cu–N – – 1.998(3) 

Cu–NCN 2.380(3) 2.421(5), 2.461(6) 2.512(3) 

N–O 1.299(3), 1.255(3) 1.302(4), 1.260(5) 

1.279(5), 1.277(4) 

1.277(3) 

Cu–O–N 149.4(2), 166.2(3) 124.2(3), 156.8(3) 

130.3(3), 124.0(3 

127.4(2) 

{C2N2O}–{C6} 41.6 38.4, 28.5 45.5 
 

a 1.5⋅10 cm layer of Al2O3, and evaporated. The residue was recrystallized from a CH2Cl2–heptane mixture. Yield: 0.084 g 

(35%), dark blue prismatic crystals. Tm = 142-144 °C (diff.). Found (%): C 69.6, H 6.7, N 12.7. Calculated for C18H20N3O2 

(%): C 69.7, H 6.5, N 13.5. 

2-(4′-Cyanophenyl)-4,5-bis(spirocyclopentyl)-4,5-dihydro-1H-imidazole-1-oxyl (IN). NaIO4 (0.1 g, 0.5 mmol) 

was added under stirring (10 min, ∼10 °C) to the mother liquor separated at the previous stage. After stirring the reaction 

mixture for 40 min, CH2Cl2 (3⋅10 mL) was extracted. The combined organic layer was dried over Na2SO4, filtered through  

a layer of Al2O3 (1.5⋅10 cm), and evaporated. The residue was recrystallized from CH2Cl2–hexane mixture; the resulting 

orange prismatic crystals were filtered off and washed with cold heptane. Yield: 0.023 g (10% with respect to the reagents of 

the initial condensation reaction). Tm = 94-96 °C. Found (%): C 73.6, H 6.5, N 14.2. Calculated for C18H20N3O (%): C 73.4,  

H 6.8, N 14.3. 

{[Cu(hfac)2]2(IN)}. Heptane (1 mL) was added to a mixture of iminonitroxyl (0.02 g, 0.068 mmol) and Cu(hfac)2 

(0.065 g, 0.136 mmol) in CH2Cl2 (0.5 mL). The resulting solution was kept in an open flask at 4 °C for 72 h. The obtained 

dark green plate-like crystals were filtered off, washed with cold heptane, and dried in air. Yield: 0.06 g (70%). Tm = 128-

130 °C. Found (%): C 36.6, H 2.1, N 3.6, F 36.5. Calculated for C38H24Cu2F24N3O9 (%): C 36.5, H 1.9, N 3.4, F 36.5. 

{[Cu(hfac)2]3(NN)2}⋅C7H16. Heptane (5 mL) was added to a solution of nitronylnitroxyl (0.01 g, 0.032 mmol) and 

Cu(hfac)2 (0.023 g, 0.048 mmol) in CH2Cl2 (1 mL), and the mixture was kept in an open vessel at 4 °C for 72 h. The resulting 

elongated plate-like dark blue crystals were filtered off, washed with cold heptane, and dried in air. Yield: 0.024 g (66%). 

The elemental analysis was performed for a partially desolvated complex with the {[Cu(hfac)2]3(NN)2}⋅0.3C7H16 

composition. Tm = 95-97 °C. Found (%): C 39.1, H 2.5, N 3.7, F 33.3. Calculated for C68.3H51.28Cu3F36N6O16 (%): C 39.3,  

H 2.5, N 4.0, F 33.1. 

{[Cu(hfac)2]3(NN)2}. Heptane (5 mL) was added to a solution of nitronylnitroxyl (0.013 g, 0.04 mmol) and 

Cu(hfac)2 (0.038 g, 0.08 mmol) in CH2Cl2 (1 mL), and the solution was kept in an open vessel at 4 °C for 72 h. The resulting 

mixture of dark blue {[Cu(hfac)2]3NN2} plates and initial Cu(hfac)2 was separated mechanically; the isolated crystals of the 

complex were washed with cold heptane. The yield of the target product was 0.023 g (55%). Tm = 98-100 °C. Found (%):  

C 38.5, H 2.1, N 3.5, F 32.9. Calculated for C66H46Cu3F36N6O16 (%): C 38.6, H 2.3, N 4.1. F 33.3. 

RESULTS AND DISCUSSION 

The NN and IN nitronylnitroxyl radicals were prepared according to Ullman's classical procedure  [15] by the 

condensation of the corresponding aldehyde with bis(hydroxylamine) and subsequent oxidation of resulting 

hydroxyimidazolidines by the action of NaIO4 (Scheme 2). The peculiarity of this reaction is that the stage of neutralization 

of the NaHCO3 reaction mixture is accompanied by the formation of a precipitate from which nitronylnitroxyl NN is formed 
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Apparently, this is due to the small amount of the material available for measurements and due to the possible presence of 

diamagnetic impurities, even though the microanalysis data indicated purity of the IN sample. The high-temperature μeff 

value for NN is equal to 1.71 μB and agrees well with the theoretical value for the monoradical. At first, μeff gradually 

decreases with decreasing temperature, more rapidly below 50 K, and reaches 0.38 μB at 2 K, thus indicating the presence of 

quite strong antiferromagnetic exchange interactions. The experimental μeff(T) dependence for IN is well described by the 

dimer model (the spin Hamiltonian H = –2J⋅S1S2), whereas that for NN is described by the model of exchange-coupled chains 

(H = –2J⋅∑SiSi+1). The optimal values of exchange interaction parameters J are equal to –0.94±0.02 cm–1 and –5.48±0.07 cm–1 

for IN and NN, respectively. The difference between magnetic behaviors of the radicals agrees with the XRD data and is 

related to the features of their molecular packings in crystals. Thus, the intermolecular distances between ONO atoms of 

paramagnetic fragments in the structure of IN exceed 4.5 Å, while ONO…ONO and ONO…NNO distances in the structure of NN 

are significantly shorter (3.693(2) Å and 3.486(2) Å, respectively). 

A series of coordination polymers of various structures was prepared by the interaction of IN and NN radicals with 

Cu(hfac)2. The complex with the {[Cu(hfac)2]2(IN)} composition (Cu(hfac)2:IN = 2:1) is a chain polymer (Fig. 2) formed by 

the bridging coordination of the radical by ONO atoms of the nitroxyl group (Cu2–ONO 2.703(2) Å) and NCN atoms of the 

nitrile group (Cu2′–NCN 2.514(3) Å). The N atoms of iminonitroxyls are additionally connected to the Cu(hfac)2 terminal 

fragments (Cu1–N 1.999(3) Å). The Cu1 coordination environment is a distorted trigonal bipyramid (τ = 0.657 [20]); axial 

Cu–Ohfac distances are 1.940(3) Å and 1.941(3) Å; equatorial Cu–Ohfac distances are 2.037(3) Å and 2.077(3) Å. The Cu2 

coordination polyhedron is an elongated square bipyramid (equatorial Cu–Ohfac distances are 1.917(3)-1.934(3) Å). The angle 

of rotation of the benzene ring {C6} relative to the imidazoline fragment {C2N2O} in the coordinated IN is larger by 12° than 

that in the free IN (Table 2). 

The polymer chain of the {[Cu(hfac)2]2(IN)} complex has a close structure to that of a polymorphic modification of 

the complex with the tetramethyl analogue Me4–IN [21]. The {[Cu(hfac)2]2(Me4–IN)} complex also realizes the tritope 

function of the paramagnetic ligand; the chain polymer is formed due to the bridging coordination of the radical by ONO 

atoms of the nitroxyl group and NCN atoms of the nitrile group with additional coordination of the iminonitroxyl N atom by 

the terminal Cu(hfac)2 fragment. But Cu2–ONO distances in the complex with a tetramethyl analogue are shorter (2.621 Å) 

while Cu2′–NCN and Cu1–N distances are longer (2.557 Å and 2.026 Å, respectively) than in {[Cu(hfac)2]2(IN)}. 

 

 

Fig. 2. Fragment of the {[Cu(hfac)2]2(IN)} chain. Here and below: H atoms, CF3 and 
CH3 groups are omitted for clarity; carbon skeleton (grey), oxygen atoms (red), 
nitrogen (blue), copper (cyan) (see the electronic version). 
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Fig. 4. Fragment of the structure (a), system of exchange interactions (b), and μeff(T) 
dependence (c) for {[Cu(hfac)2]3(NN)2}. 

 

interactions JF for the axial coordination of NN by the Cu3 ion, weak exchange interactions JW between the spins of the Cu4 

ion and the coordinated nitrile groups of nitroxyls, and quasi-isolated spins of Cu2 ions (Fig. 4b). Optimal values of exchange 

interaction parameters JAF, JF, and JW are equal to 325±5 cm–1, 36±1 cm–1, and –0.41±0.02 cm–1 (Fig. 4b, red curve) at fixed 

values gCu = 2.16 and gR = 2.0. The employed model slightly overestimates the JF value, since the theoretical curve is higher 

than the experimental data in the region of 25-130 K. 

The solvated {[Cu(hfac)2]3(NN)2}⋅C7H16 complex is a layered polymer (Fig. 5). Similarly to the unsolvated 

complex, its structure contains polymer chains formed by bridging O,O-coordination of NN, but all Cu atoms occur in  

a centrosymmetric square-bipyramidal environment with axial Cu1–ONO and Cu2–ONO distances equal to 2.521(3) Å and 

2.455(3) Å, respectively,  and equatorial Cu–O and Cu–N distances ranging from 1.913(1) Å to 1.934(1) Å. The 

centrosymmetric character of the environment of Cu1 and Cu2 ions makes that the cyanophenyl fragments of neighboring 

NNs orient in different directions relative to the chain, while the coordination of NCN atoms by additional Cu(hfac)2 

fragments (Cu3–NCN distances are 2.381(1) Å) connects the chains into a layer. 

Fig. 6 shows results of the study of magnetic properties of {[Cu(hfac)2]3(NN)2}⋅C7H16. The μeff value at room 

temperature is equal to 4.25 μB, in good agreement with the theoretical pure spin value 4.06 μB for five paramagnetic centers 

with spins S = 1/2 (three Cu(II) ions (gCu = 2.16) and two nitroxyls (gR = 2.0)). The μeff value increases with decreasing 

temperature, thus indicating that exchange interactions between the spins of paramagnetic centers are ferromagnetic in  
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2.414 Å and 2.638 Å for β-[Cu(hfac)2(Me4–NN)], and 2.530 Å and 2.637 Å for the {[Cu(hfac)2]2(Me4–NN)} complex). The 

increase of Cu–ONO distances in Cu(II) complexes with the Me4–NN tetramethyl nitroxyl decreases the energy of 

ferromagnetic exchange interactions and hinders the transition to the magnetically ordered state. 

CONCLUSIONS 

In this study, we prepared cyanophenyl-substituted nitroxyl radicals NN and IN containing spirocyclopentyl 

substituents in the imidazoline fragment. It was established that the interaction of NN and IN nitroxyls with Cu(hfac)2 leads 

to the formation of chain or layered polymeric heterospin complexes due to the realization of a tritopic function of 

paramagnetic ligands. The conducted magnetochemical studies showed that the formation of exchange-coupled chains due to 

the bridge coordination of the nitronylnitroxyl fragment with ONO atoms in axial positions of [CuO6] coordination sites 

provides ferromagnetic exchange interactions in {[Cu(hfac)2]3(NN)2}⋅C7H16 and transition to the magnetically ordered state at 

helium temperatures. 
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