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Abstract 

By the reaction of chiral MnIII Schiff-base complexes with the dicyanoruthenate 

building block, [Ru(salen)(CN)2]− (salen2− = N,N'-ethylenebis(salicylideneimine) 

dianion), two couples of enantiomerically pure chiral cyano-bridged heterobimetallic 

one-dimensional (1D) chain complexes, [Mn((R,R)-salcy)Ru(salen)(CN)2]n (1-(RR)) 

and [Mn((S,S)-salcy)Ru(salen)(CN)2]n (1-(SS)) (Salcy = 

N,N’-(1,2-cyclohexanediylethylene)bis(salicylideneiminato) dianion), 

[Mn((R,R)-salphen)Ru(salen)(CN)2]n (2-(RR)) and 

[Mn((S,S)-salphen)Ru(salen)(CN)2]n (2-(SS)) (salphen = 

N,N’-(1,2-diphenylethylene)bis(salicylideneiminato) dianion), have been synthesized 

and structurally characterized. Circular dichroism (CD) and vibrational circular 

dichroism (VCD) spectra confirm the enantiomeric nature of the optically active 

complexes. Structural analyses reveal the formation of neutral cyano-bridged zigzag 

single chains in 1-(RR) and 1-(SS), and double chains in 2-(RR) and 2-(SS), 

respectively. Magnetic studies show that antiferromagnetic coupling are operative 

between RuIII and MnIII centers bridged by cyanide. Compounds 1-(RR) and 1-(SS)  

show metamagnetic behavior with a critical field of about 7.2 kOe at 1.9 K resulted 

from the intermolecular π···π interactions. Additionally, magnetostructural correlation 

for some typical cyano-bridged heterobimetallic RuIII−MnIII compounds is discussed. 

                                                             
* To whom correspondence should be addressed. Email: zuojl@nju.edu.cn; Fax: +86-25-83314502. 
Nanjing University. 
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Introduction 

Low-dimensional magnetic materials, such as single-molecule magnets (SMMs) 

and single-chain magnets (SCMs) with slow magnetic relaxation behavior, have been 

extensively studied due to their unique potential applications for molecular devices, 

high-density information storage, and quantum computers.1 SMMs and SCMs are 

constructed based on various organic ligands and paramagnetic metal ions. As a 

representative, cyanometallates have been widely used to prepare molecule-based 

magnetic materials in which cyanide unit can mediate efficient ferro- or 

antiferromagnetic exchange interactions between paramagnetic metal centers.2,3 In 

addition to well-known cyanometallates including 3d transition metals, 4d or 5d 

cyanometallates have been also reported with various SMM, SCM, spin-canting, or 

metamagnetic characters.4,5 The use of heavier transition metal ions offers an extra 

benefit: presence of more diffuse 4d (or 5d) orbitals providing stronger exchange 

interactions.6,7 

For new molecule-based materials with more diversified properties, one of the 

goals is to prepare materials that possess not only one expected property of function 

but also combine two or more of them in a multifunctional system. In particular, due 

to possible application in a variety of new technologies, the synthesis of materials 

with both chirality and magnetism has attracted more attention in last decades.8-10 

Several cyanide-bridged chiral magnetic complexes have been successfully 

synthesized with poly-cyanometalates as bridging units and unsaturated 

transition-metal complexes containing chiral coligands as assembled segments.11-13 

More recently, a pair of one-dimensional enantiomers based on the versatile chiral 

dicyanoruthenate(III) building block have been synthesized by us, and they are chiral 

single-chain magnets with the effective spin reversal barrier of 28.2 K.14 For more 

studies on homochiral heterobimetallic compounds and further elucidating the 

magneto-structural correlation in 4d cyanometallates systems, in this paper, the 

anionic trans-dicyanometalate building block [Ru(salen)(CN)2]− and cationic 

manganese(III) chiral Schiff-base compound (Scheme 1) were assembled, resulting 
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into the formation of two couples of enantiomerically pure chiral cyano-bridged 

heterobimetallic one-dimensional chain complexes [Mn((R,R)-salcy)Ru(salen)(CN)2]n 

(1-(RR)) and [Mn((S,S)-salcy)Ru(salen)(CN)2]n (1-(SS)),  

[Mn((R,R)-salphen)Ru(salen)(CN)2]n (2-(RR)) and [Mn((S,S)- 

salphen)Ru(salen)(CN)2]n (2-(SS)), respectively. Their crystal structures, CD spectra, 

VCD spectra, selected IR data and magnetic properties are described. To our 

knowledge, the reports on chiral magnetic complexes assembled from the 

cyanoruthenate(III) building block are still limited.14 The metamagnetic behavior for 

compounds 1-(RR) and 1-(SS) at low temperature is due to the relatively strong 

interchain π···π interactions.  

 

∗

N N

OH HO

∗

(R,R)-or (S,S)-H2Salcy        

∗

N N

OH HO

∗

(R,R)-or (S,S)-H2Salphen  

Scheme 1 

Experimental Section 
Starting materials 

All reagents and solvents were commercially available and used as received without 

further purification. (R,R)- and (S,S)- [Mn(salcy)(H2O)2]ClO4, (R,R)- and (S,S)- 

[Mn(salphen)(H2O)2]ClO4 and [(n-Bu)4N][Ru(salen)(CN)2] were prepared according 

to the published methods.15,16 (R,R)- and (S,S)-H2salcy and (R,R)- and (S,S)-H2salphen 

(Scheme 1), were synthesized from the condensation of salicylaldehyde with 

1,2-diaminocyclohexane or 1,2-diphenylethylenediamine in a molar ratio of 2:1 in 

ethanol, respectively. 
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Caution! Although no problems were encountered in this work, perchlorate salts are 

potentially explosive and cyanides are very toxic. Thus, these starting materials 

should be handled in small quantities and with great care. 

Preparation of [Mn((R,R)-salcy)Ru(salen)(CN)2]n (1-(RR)). A solution of 

[Mn((R,R)-salcy)(H2O)2]ClO4 (20.4 mg, 0.04 mmol) in 10 mL of methanol was added 

to a solution of [(n-Bu)4N][Ru(salen)(CN)2] (26.50 mg, 0.04 mmol) in 10 mL of 

acetonitrile. After 30 min of stirring, the resulting green solution was filtered and then 

left undisturbed. The slow evaporation of the filtrate at room temperature gave 

dark-green needles crystals of 1-(RR) after two weeks. Yield: 60%. Anal. Calcd for 

C38H34MnN6O4Ru: C, 57.43; H, 4.31; N, 10.57. Found: C, 57.12; H, 4.01; N, 10.72. 

Selected IR data (KBr, cm−1): 2161 (v(C≡N)). 

Preparation of [Mn((S,S)-salcy)Ru(salen)(CN)2]n (1-(SS)). Preparation was similar 

to that of 1-(RR) with the exception [Mn((S,S)-salcy)(H2O)2]ClO4 was used. After 30 

min of stirring, the resulting green solution was filtered and then left undisturbed. The 

slow evaporation of the filtrate at room temperature gave dark-green needles crystals 

of 1-(SS) after two weeks. Yield: 60%. Anal. Calcd for C38H34MnN6O4Ru: C, 57.43; 

H, 4.31; N, 10.57. Found: C, 57.13; H, 4.03; N, 10.78. Selected IR data (KBr, cm−1): 

2161 (v(C≡N)). 

Preparation of [Mn((R,R)-salphen)Ru(salen)(CN)2]n (2-(RR)). A solution of 

[Mn((R,R)-salphen)(H2O)2]ClO4 (24.8 mg, 0.04 mmol) in 10 mL of methanol was 

added to a solution of [(n-Bu)4N][Ru(salen)(CN)2] (26.50 mg, 0.04 mmol) in 10 mL 

of methanol. After 30 min of stirring, the resulting green solution was filtered and 

then left undisturbed. The slow evaporation of the filtrate at room temperature gave 

dark-green needles crystals of 2-(RR) after two weeks. Yield: 55%. Anal. Calcd for 

C92H72Mn2N12O8Ru2: C, 61.88; H, 4.06; N, 9.41. Found: C, 61.72; H, 4.32; N, 9.23. 

Selected IR data (KBr, cm−1): 2101 (v(C≡N)). 

Preparation of [Mn((S,S)-salphen)Ru(salen)(CN)2]n (2-(SS)). Preparation was 

similar to that of 2-(RR) with the exception [Mn((S,S)-salphen)(H2O)2]ClO4 was used. 

After 30 min of stirring, the resulting green solution was filtered and then left 

undisturbed. The slow evaporation of the filtrate at room temperature gave dark-green 
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needles crystals of 2-(SS) after two weeks. Yield: 55%. Anal. Calcd for 

C92H72Mn2N12O8Ru2: C, 61.88; H, 4.06; N, 9.41. Found: C, 61.73; H, 4.31; N, 9.22. 

Selected IR data (KBr, cm−1): 2101 (v(C≡N)). 

X-ray Structure Determination. The crystal structures were determined with a 

Siemens (Bruker) SMART CCD diffractometer using monochromated Mo Kα 

radiation (λ = 0.71073 Å). The cell parameters were retrieved using SMART software 

and refined using SAINT17 for all observed reflections. Data was collected using a 

narrow-frame method with scan widths of 0.30° in ω and an exposure time of 10 

s/frame. The absorption corrections were applied using SADABS18 supplied by 

Bruker. Structures were solved by direct methods using the program SHELXL-97.19 

The positions of metal atoms and their first coordination spheres were located from 

direct methods E-maps. The other non-hydrogen atoms were found in alternating 

difference Fourier syntheses and least-squares refinement cycles and, during the final 

cycles, refined anisotropically. Hydrogen atoms were placed in calculated positions 

and refined as riding atoms with a uniform value of Uiso. Final crystallographic data 

and values of R1 and wR2 are listed in Table 1. Selected bond distances and angles for 

complexes 1-(RR) - 2-(SS) are listed in Tables 2-3 and S1-S2,† respectively. CCDC 

reference numbers are 1019502 (1-(RR)), 1019503 (1-(SS)), 1019504 (2-(RR)), and 

1019505 (2-(SS)). 

Physical Measurements. Elemental analyses for C, H and N were performed on a 

Perkin-Elmer 240C analyzer. CD spectra were recorded on a Jasco J-810 

spectropolarimeter. IR and VCD spectra in the region of 1800–800 cm−1 were 

recorded on a VERTEX 80v Fourier transform infrared spectrometer equipped with a 

PMA 50 VCD/IRRAS module (Bruker, Germany) using previous procedures.20 The 

solid samples were prepared by mixing the compound and KBr in a 1:200 ratio, and 

pressing the pellet in a Perkin Elmer hydraulic pellet press for 5 min under 10 tons of 

pressure. The photo elastic modulator (PEM) was set to 1500 cm-1, and the spectral 

resolution was 4 cm−1. All VCD measurements were collected for 1 h composed of 4 

blocks in 15 min. Baseline correction was performed with the spectra of pure KBr 

pellet using the same measurement setup. Magnetic susceptibilities for polycrystalline 
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samples were measured with the use of a Quantum Design MPMS-SQUID-VSM 

magnetometer in the temperature range 1.9–300 K. Field dependences of 

magnetization were measured using Quantum Design MPMS-SQUID-VSM system in 

an applied field up to 70 kOe. 

 

Results and discussion 
Spectroscopic and Ferroelectric Studies 

The Circular dichroism (CD) spectra measurements in KBr pellets confirm the 

optically activity and enantiomeric nature of 1-(RR) and 1-(SS), 2-(RR) and 2-(SS) 

(Figures S1-S2, ESI†). The CD spectrum of 1-(RR) (R isomer) exhibits a negative 

Cotton effect at λmax = 331, 406, 595 nm, and a positive dichroic signal centered at 

273 nm, while 1-(SS) (S isomer) shows Cotton effects of the opposite sign at the same 

wavelengths. 2-(RR) (R isomer) exhibits a negative Cotton effect at λmax =318 nm, 

510 nm, and a positive dichroic signal centered at 269 nm, while 2-(SS) (S isomer) 

shows Cotton effects of the opposite sign at the same wavelengths. Comparing the CD 

spectra of the ligands and the corresponding metal complexes, it is confirmed that the 

chirality is transferred from the ligand to the complexes: the strong absorption bands 

at high energy (λ < 450 nm) that can be assigned to the intra-ligand transitions, and 

the new broad band in the visible region is attributable to an admixture of 

metal-to-ligand charge-transfer.21 Similar red shifts are also observed in other Mn(III) 

salen complexes.11a-11d  

Vibrational circular dichroism (VCD) is the extension of CD into infrared region 

of the spectrum reflecting vibrational transitions, has been testified as a powerful 

technique in the structural analysis of chiral molecules.22 As expected, the IR spectra 

of both enantiomers are almost the same, while the VCD spectra are nearly mirror 

images (Fig. 1). In the IR spectra, the feature absorptions come from the imine double 

bonds stretch vibrations (1632, 1606 cm−1 for 1-(RR) and 1-(SS), 1613, 1597 cm−1 for 

2-(RR) and 2-(SS), and C−H deformations (1542, 1524, 1310 and 1291 cm−1 for 1-(RR) 

and 1-(SS), 1537, 1438, 1294 cm−1 for 2-(RR) and 2-(SS)). In the corresponding VCD 

spectra, the two imine chromophores manifest as a couplet curve, while the latter 
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display as incisive peaks.  

Given above complexes crystallize in a chiral space group, their second-order 

nonlinear optical (NLO) properties were studied. The results from the powdered 

sample indicate that 1-(RR)-2-(SS) show NLO effect with approximate responses 

of 0.3 times that of urea. Although 2-(RR) and 2-(SS) crystallize in a polar point 

group (C1) required for ferroelectric behavior, however, no large single crystal 

suitable for detailed ferroelectric measurements are obtained. 
 

Structural Description 

1-(RR) and 1-(SS) are a pair of enantiomers and crystallize in the chiral space 

group P21 (Fig. 2). They are made up of a neutral cyano-bridged zigzag chain with 

(−Ru−C≡N−Mn−N≡C−)n as repeating unit, in which two neighboring Mn(III) ions in 

a trans mode. Here, only the crystal structure of 1-(RR) is described in detail (Figure 

4). The Ru(III) ion possesses a slightly distorted octahedral coordination environment, 

bonded by two N atoms (salen ligand), two C (cyanide groups) and two O atoms 

(phenolic oxygen). The average Ru−N(O) bond length 2.01(4) Å, whereas the mean 

Ru-C distance is 2.079(4) Å. This trend agrees well with other RuIII-M bimetallic 

compounds.4e The Ru−C≡N angles (174.2(4)−175.4(6)°) show slight deviation from 

linearity. In the [Mn(salcy)]+ unit, the Mn(III) ion situates in an obviously distorted 

octahedral geometry based on equatorial N2O2 donor atoms from salcy (Mn1−O3 = 

1.863(4) Å, Mn1−O4 = 1.880(4) Å, Mn1−N3 = 2.002(4) Å, and Mn1−N4 = 1.963(5) 

Å) and two apical N atoms from bridging CN groups (Mn1−N5 = 2.325(4) Å and 

Mn1−N6 = 2.354(4) Å). The axial elongation results from the well-known Jahn-Teller 

effect on an octahedral high-spin Mn(III) ion.4c,4e,14 The Mn−N≡C bond angles deviate 

significantly from linearity with the angles of 156.4(4)° for C38-N5-Mn1 and 

154.3(4)° for C37#2-N6-Mn1 (symmetric operation #2: x+1, y, z). The chains are 

running along the c axis with the intrachain Ru–Mn separation of 5.400(3) Å through 

bridging cyanide. The shortest interchain Ru∙∙∙Ru, Mn∙∙∙Mn, and Ru∙∙∙Mn distances 

are 7.422, 7.445, 7.005 Å, respectively, obviously longer than the intrachain 

metal-metal distance. Each chain interacts with two other adjacent chains by π···π 

stacking between aromatic rings of the salcy ligand with a centroid distance of 3.89 Å, 

thus forming the 2D structure (Supporting Information, Figure S5). 
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Complexes 2-(RR) and 2-(SS) are also enantiomers but crystallize in chiral space 

group P1 (Fig. 3). They are made up of neutral cyano-bridged zigzag double chains 

with (−Ru−C≡N−Mn−N≡C)n. As shown in Figure 5, in complex 2-(RR), the 

crystallographically independent unit contains two types of [Ru(salen)CN2]− anions 

(including Ru1 and Ru3 atoms, respectively). Both Ru1 and Ru2 ions possess a 

slightly distorted octahedral coordination environment, and the Ru−C (cyano) 

(2.017(7) − 2.136(6) Å) and Ru−N (salen) (2.017(5) − 2.016(6) Å) and Ru−O (salen) 

(2.016(6) − 2.245(6) Å) bond lengths are within the normal values. The Ru−C≡N 

angle (167.4(6) − 178.0(5)°) shows slight deviation from linearity. There are also two 

crystallographically independent Mn(III) ions in 2-(RR), Mn1 and Mn3. Both Mn(III) 

ions have an obviously distorted octahedral geometry with the equatorial plane 

occupied by N2O2 atoms from the salphen ligand and the two cyanide nitrogen atoms. 

Because of the Jahn-Teller distortion of the Mn(III) ions, the axial bond lengths 

(2.272(6) Å and 2.299(6) Å for Mn1, 2.331(6) Å and 2.349(7) Å for Mn3) are 

relatively longer than the equatorial ones (2.019(5) − 2.065(6) Å for Mn1 and 2.010(6) 

− 2.016(5) Å for Mn3), but comparable to the reported RuIII-MnIII complexes 

{RuIII(Q)2](μ-CN)2[MnIII(L1)]}n (Q = the anion of 8-hydroxyquinoline, L1 = 

N,N’-(1,2-cyclohexanediyl-ethylene)bis(salicylideneiminato)dianion).4e The 

Mn−N≡C angles deviate significantly from linearity with the Mn1−N≡C angles 

(166.0(4) and 171.0(5)°) and the Mn3−N≡C angles (158.7(6) and 174.8(5)°), which 

are larger than those of {RuIII(Q2)](μ-CN)2[MnIII(L1)]}n (154.18° and 149.62°).4e The 

Ru1-Mn1 and Ru3-Mn3 atoms are linked by cyanide to form 1D infinite chain along 

the b axis. There are no obvious interactions between two neighboring chains. The 

shortest interchain Ru∙∙∙Ru, Mn∙∙∙Mn, and Ru∙∙∙Mn distances are 7.173, 7.135, 6.268 

Å. 

Magnetic Properties 
Magnetic susceptibility measurements were performed on polycrystalline 

samples of complexes 1-(RR) and 2-(RR) using the SQUID magnetometer at 

temperatures ranging from 1.9 to 300 K.  

The temperature-dependent χMT values of 1-(RR) are displayed in Fig. 6. At 300 

K, the χMT value of 3.30 cm3·K·mol−1 for per RuIIIMnIII unit is close to 3.38 

cm3·K·mol−1 expected for one low-spin Ru(III) center (S = 1/2) and one high-spin 

Mn(III) center (S = 2) assuming g = 2.00 and no exchange coupling. Upon cooling, 
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the χMT values decreases smoothly and attains a minimum value of 2.06 cm3·K·mol−1 

at 3.4 K, indicating the presence of antiferromagnetic coupling between the 

cyanide-bridged Ru(III)-Mn(III). Upon further cooling, it increases sharply to reach a 

maximum value of 2.30 cm3·K·mol−1 at 3.0 K. Then it decreases at lower temperature 

to reach 1.54 cm3·K·mol−1 at 1.9 K. The magnetic susceptibility above 30 K conforms 

well to the Curie-Weiss law and gives the Curie constant of 3.33 cm3·K·mol−1 and a 

Weiss constant of −2.38 K (Figure S5, ESI†). The negative θ indicates dominant 

antiferromagnetic (AF) coupling between spin centers. 

According to the structure, an approximate Hamiltonian can be described as 

∑ +−++⋅−=
i MniMniRui SSSJH ])1()1[( 1αα  23, where the local spins are SRu and SMn, 

the local Zeeman factors gRu and gMn, and the couplings between nearest neighbors 

J(1+α) and J(1−α). The best fit between 30 and 300 K gives gMn = 1.99, gRu = 1.98, J 

= −0.86 cm−1, α = 0.53 and zJ’ = 0.3 (R = 1.17 × 10−4). The result confirms that 

antiferromagnetic couplings between RuIII and MnIII ions within the chain are 

operating. 

The field dependent magnetization for 1-(RR) was measured up to 70 kOe at 1.9 

K (Fig.7). The curve at 1.9 K presents a sigmoid shape, typical of metamagnetic 

behavior: the magnetization first increases slowly with increasing magnetic field until 

5 kOe due to the relatively strong intermolecular π···π interactions, then increases 

abruptly for a phase transition, and finally attains to a maximum value of 2.92 Nβ at 

70 kOe.4e From the variable-temperature magnetization measurements at different low 

fields and dM/dH vs H plot at 1.9 K (inset of Fig. 7), the critical field is estimated to 

be about 7.2 kOe. To further inspect the magnetic behavior, the field cooled 

magnetization curves of 1-(RR) were measured under several fields as plotted inset of 

Fig. 6. A maximum of χM was observed at about 3.4 K under 5 kOe, indicating 

antiferromagnetism of 1-(RR) under this condition. The maximum broadens and shifts 

to lower temperature as the magnetic field increases, and it finally disappears for H ≥ 

11 kOe. This behavior shows the existence of a field-induced magnetic phase 

transition. 

To investigate the phase transition at low temperature, ZFC and FC curves show 

abrupt increases below 3.0 K and have a divergence (Fig. 8), suggesting the 

occurrence of the long-range magnetic ordering below this temperature. Furthermore, 
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alternating current (ac) magnetic susceptibilities measurements were carried out at 

zero direct current (dc) field (Fig. 9). The results show that both in-phase (χM’) and in 

the out-of-phase (χM’’) signals display a peak around 3.0 K, demonstrating the 

field-induced three-dimensional ferromagnetic magnetic ordering below this 

temperature.11c The magnetic ordering behavior is further confirmed by the 

observation of hysteresis loops. As depicted in Fig. 10, the coercive field of these 

loops for 1-(RR) increase upon cooling, and exhibit strong sweep-rate dependence, 

suggesting the presence of QTM (quantum tunneling of magnetization) that the 

tunneling can be diminished as the field sweeping rate is increased. 

The magnetic susceptibility data for 2-(RR) were collected at 1 kOe, as plotted in 

Fig. 11. At 300 K, the χMT value of 3.26 cm3·K·mol−1 for per RuIIIMnIII unit is lower 

than the spin-only value (3.38 cm3·K·mol−1) expected for a magnetically diluted spin 

system (one SRu= 1/2, one SMn= 2) with g = 2. The abrupt decrease of χMT below 25 K 

suggest the presence of antiferromagnetic coupling between Ru(III) and Mn(III) via 

C≡N bridges. The magnetic susceptibility obey the Curie-Weiss Law above 50 K with 

C = 3.32 cm3·K·mol−1 and θ  = −4.86 K, further confirming the presence of 

antiferromagnetic coupling between Ru(III) and Mn(III) ions (inset of Fig. 11). The 

magnetization of this compound per [RuIIIMnIII] unit reaches 2.98 Nβ mol−1 at 70 kOe, 

which is smaller than the value of 3.0 Nβ with the antiferromagnetic interaction 

between the RuIII and MnIII ions. According to the structure data, the RuIII−C≡N−MnIII 

linkage is obviously different. So the susceptibility data were fitted using the 

expression for 1-(RR), giving gMn = 1.97, gRu = 1.98, J = −1.56 cm−1, α = 0.2 and zJ’ = 

-0.04 (R = 6.04 × 10−4). The fitting results indicate the dominant intramolecular 

antiferromagnetic interactions in 2-(RR), which are comparable to the parameters 

obtained for analogous complexes in the literature.4c,4e,14  

AC magnetic measurements (Figure S8, ESI†) show no detectable 

frequency-dependent χM’ and χM’’ signals for 2-(RR), indicating the completely 

paramagnetic behavior without any magnetic ordering. 

It is worth noting that the related magnetostructurally characterized analogues 

based on RuIII−MnIII systems were found to be either ferro- or antiferromagnetic 
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coupling (Table 4). For the nature of RuIII and MnIII interaction, it is expected that 

when the dπ orbitals on RuIII and MnIII are overlapped, antiferromagnetic interactions 

(JAF) will emerge. In contrast, the Ru dπ orbitals and Mn dz
2 orbital are orthogonal 

because of π/σ-type symmetry, which is expected to provide ferromagnetic routes (JF). 

The orbital overlaps (JAF) would be substantially reduced as inferred from the 

relatively long Mn-N(cyanide) length and the bent Mn−N≡C (cyanide) angles largely 

deviated from 180°.24 As shown in Table 6, the bond lengths of Mn–N(cyanide) in 

1-(RR) (2.325(4), 2.354(4) Å), 2-(RR) (2.331(6), 2.349(7) Å) are slightly larger than 

those in [RuIII(salen)(CN)2][MnIII(L)]4c (L = 

N,N’-(1-methylethylene)bis(2-hydroxynaphthalene-1-carbaldehydeneiminate)dianion) 

(2.292(8) and 2.307(8) Å); however, the bond angles of Mn−N≡C(cyanide) (156.4(4)°, 

154.3(4)°for 1-(RR), 158.7(6),174.8(6)° for 2-(RR)) are remarkably larger than those 

of [RuIII(salen)(CN)2][MnIII(L)]4c (144.3(8)° and 143.1(8)°). The magnetic behavior of 

1-(RR) and 2-(RR) are consistent with the theoretical prediction for antiferromagnetic 

coupling. Moreover, compared to 1-(RR), the bond angles of Mn−N≡C angles of 

2-(RR) are closer to 180°, resulting the Jexp value of 2-(RR) is larger than that in 

1-(RR). 

Conclusions 

In summary, with the use of dicyanoruthenate, [Ru(salen)(CN)2]−, as building 

block, two pair of enantiomorphous chiral complexes were synthesized. Vibrational 

circular dichroism (VCD) and Circular dichroism (CD) spectra confirm the 

enantiomeric properties and optically activity of 1-(RR) and 1-(SS), 2-(RR) and 2-(SS). 

Magnetic studies show that antiferromagnetic couplings are operative between RuIII 

and MnIII centers bridged by cyanide. Notably, compound 1-(RR) shows interesting 

metamagnetic behavior with a critical field of about 7.2 kOe at 1.9 K. 

Magnetostructural correlation for some typical cyano-bridged heterobimetallic 

RuIII−MnIII compounds is discussed. Further work on chiral cyano-bridged bimetallic 

systems aiming at molecular multiferroic materials and chiral magnets is underway in 

our laboratory. 
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Table 1 Summary of crystallographic data for all complexes 

 1-(RR) 1-(SS) 2-(RR) 2-(SS) 

formula C38H34MnN6O4Ru C38H34MnN6O4Ru C92H72Mn2N12O8Ru2 C92H72Mn2N12O8Ru2 

fw 794.72 794.72 1785.64 1785.64 

crystal 

system 
Monoclinic Monoclinic Triclinic Triclinic 

space group P21 P21 P1 P1 

a, Å 10.8040(13) 10.8146(15) 13.2812(13) 13.3357(16) 

b, Å 13.3524(16) 13.3776(18) 20.8357(15) 20.7715(14) 

c, Å 12.7899(15) 12.8080(17) 20.9023(15) 21.0323(14) 

α, deg 90 90 100.140(2) 100.669(2) 

β, deg 97.497(2) 97.643(2) 104.427(3) 104.517(3) 

γ, deg 90 90 107.371(2) 106.257(2) 

V, Å3 1829.3(4) 1836.5(4) 5146.3(7) 5206.2(8) 

Z 2 2 2 2 

ρcalcd, g cm−3 1.433 1.437 1.152 1.139 

T / K 296(2) 293(2) 291(2) 291(2) 

µ, mm−1 0.805 0.802 0.580 0.573 

θ, deg 1.61 to 25.50 1.60 to 25.01 1.04 to 26.00 1.32 to 25.00 

F(000) 810 810 1820 1820 

index ranges 

−13 ≤ h ≤ 13 

−14 ≤ k ≤ 16 

−15 ≤ l ≤ 15  

−12 ≤ h ≤ 12 

−15 ≤ k ≤9  

−15 ≤ l ≤ 15 

−16 ≤ h ≤ 16  

−25 ≤ k ≤ 25 

−16 ≤ l ≤ 25 

−16 ≤ h ≤ 17  

−26 ≤ k ≤ 26  

−26 ≤ l ≤ 16 

data/restraints 

/parameters 
6025 / 1 / 451 4768 / 1 / 404 27368 / 3 / 2089 30548 / 3 / 2089 

GOF (F2) 1.061 1.065 1.061 1.096 

R1
a,wR2

b 

(I>2σ(I)) 
0.0369, 0.0984 0.0772, 0.1856 0.0552, 0.1482 0.0578, 0.1393 

R1
a, wR2

b (all 

data) 
0.0431, 0.1029 0.0817, 0.1897 0.0593, 0.1492 0.0656, 0.1408 

R1
a = Σ||Fo| − |Fc||/ΣFo|.  wR2

b = [Σw(Fo
2 − Fc

2)2/Σw(Fo
2)2]1/2 
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Table 2 Selected bond lengths (Å) and angles (°) for complex 1-(RR) 
Ru(1)-N(2) 1.994(4) Ru(1)-N(1) 2.008(5) 
Ru(1)-C(38) 2.066(4) Ru(1)-C(37) 2.091(4) 
Mn(1)-N(4) 1.963(5) Mn(1)-N(3) 2.002(4) 
Mn(1)-N(5) 2.325(4) Mn(1)-N(6) 2.354(4) 
N(2)-Ru(1)-N(1) 82.57(17) N(2)-Ru(1)-O(2) 170.53(17) 
N(1)-Ru(1)-O(2) 89.87(16) N(2)-Ru(1)-O(1) 90.93(17) 
N(1)-Ru(1)-O(1) 172.93(17) O(2)-Ru(1)-O(1) 96.86(14) 
C(1)-N(1)-Ru(1) 127.3(4) C(8)-N(1)-Ru(1) 112.9(3) 
C(16)-N(2)-Ru(1) 126.0(4) C(9)-N(2)-Ru(1) 113.9(3) 
N(6)#1-C(37)-Ru(1) 175.4(6) N(5)-C(38)-Ru(1) 174.2(4) 
C(36)-N(4)-Mn(1) 125.0(4) C(29)-N(4)-Mn(1) 112.6(3) 
C(38)-N(5)-Mn(1) 156.4(4) C(37)#2-N(6)-Mn(1) 154.3(4) 
C(23)-N(3)-Mn(1) 124.8(4) C(24)-N(3)-Mn(1) 112.1(3) 

Symmetry transformations used to generate equivalent atoms: #1 x−1, y, z; #2 x+1, y, z  

Table 3 Selected bond lengths (Å) and angles (°) for complex 2-(RR) 
C(89)-Ru(2)#1 2.080(7) C(90)-Ru(1) 2.017(7) 
C(91)-Ru(1) 2.136(6) C(92)-Ru(2)  2.008(7) 
Mn(1)-O(1)  1.986(5) Mn(1)-N(2) 2.019(5) 
Mn(1)-N(1) 2.065(6) Mn(1)-O(2) 2.070(5) 
Mn(1)-N(9) 2.272(6) Mn(1)-N(10) 2.299(6) 
Mn(4)-N(21) 2.236(6) Mn(4)-N(22) 2.297(6) 
Mn(4)-N(13) 2.044(5) Mn(4)-N(14) 1.977(6) 
Mn(3)-N(23) 2.331(6) Mn(3)-N(24) 2.349(7) 
Mn(3)-N(18) 2.010(6) Mn(3)-N(17) 2.016(5) 
N(3)-Ru(1) 2.076(6) N(4)-Ru(1) 2.011(5) 
O(3)-Ru(1) 2.037(4) O(4)-Ru(1) 2.068(4) 
N(10)-C(90)-Ru(1) 174.6(5) N(11)-C(91)-Ru(1) 171.9(5) 
N(24)-C(184)-Ru(4) 167.4(6) N(12)-C(92)-Ru(2) 178.0(5) 
N(22)-C(182)-Ru(3) 176.9(6) N(23)-C(183)-Ru(3) 173.3(6) 
C(7)-N(1)-Mn(1) 124.2(3) C(8)-N(1)-Mn(1) 103.1(3) 
C(10)-N(2)-Mn(1) 119.4(3) C(9)-N(2)-Mn(1) 106.3(3) 
C(89)-N(9)-Mn(1) 171.0(5) C(90)-N(10)-Mn(1) 166.0(4) 
C(1)-O(1)-Mn(1)  128.4(3) C(16)-O(2)-Mn(1)   129.0(3) 
C(183)-N(23)-Mn(3) 158.7(6) C(184)-N(24)-Mn(3) 174.8(6) 
C(29)-O(3)-Ru(1) 119.3(3) C(44)-O(4)-Ru(1) 126.4(3) 
Symmetry transformations used to generate equivalent atoms: #1 x, y, z+1. 

Page 17 of 23 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



 

 18 

Table 4 Structural and Magnetic Parameters for some cyano-bridged RuIII-MnIII 
Complexesa 

Complexes dMn-N/ Å Ru-C-N(deg) Mn-N-C(deg) Jexp/cm−1 ref 
Ru(salen)CN2[Mn(L)] 2.292-2.307 169.9-170.6 143.1-144.3 1.34 4c 
{[Ru(Q)2](μ-CN)2[Mn 
(salcy)]}n 

2.286-2.302 174.3-176.6 149.6-154.2 −0.75 4e 

(R,R)[Ru(5-Cl-Salcy)(
CN)2Mn(salen)]n 

2.306-2.355 170.3-178.0 147.3-167.8 −8.37, −8.80 14 

[Ru(salen)(CN)2Mn(R,
R-salcy)]n 

2.325-2.354 174.2-175.4 156.4- 154.3 −0.40, −1.32 This paper 

[Ru(salen)(CN)2Mn(R,
R-salphen)]n 

2.331-2.349 168.9-178.0 158.7-174.8 
166.0-171.0 

−1.25, −1.87 This paper 

aAbbreviations used for the ligands: salen = N,N’-ethylenebis(salicylideneiminato) dianion; 

L=N,N’-(1-methylethylene)bis(2-hydroxynaphthalene-1-carbaldehydene -iminate)dianion; Q = 

8-hydroxyquinoline; salcy= N,N’-(1,2-cyclohexanediylethylene)bis (salicylideneiminato)dianion; 

salphen = N,N’-(1,2-diphenylethylene) bis(salicylideneiminato) dianion. 

 

 

 

 

 

 

     

Fig. 1 Left: VCD (top) and IR absorption (bottom) spectra of 1-(RR) and 1-(SS). 

Right: VCD (top) and IR absorption (bottom) spectra of 2-(RR) and 2-(SS). 
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Fig. 2 Perspective view of one-dimensional zigzag infinite chains of 1-(RR) and 

1-(SS), respectively. Hydrogen atoms are omitted for clarity.  

 
 

Fig. 3 Perspective view of one-dimensional zigzag infinite chains of 2-(RR) and 

2-(SS), respectively. Hydrogen atoms are omitted for clarity.  

 

Fig. 4 Perspective drawing of the crystallographically structural of unit of 1-(RR) 
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showing the atom numbering. Hydrogen atoms are omitted for clarity. 

 

Fig. 5 Perspective drawing of the crystallographically structural of unit of 2-(RR) 

showing the atom numbering. Hydrogen atoms are omitted for clarity. 

 

 
Fig. 6 Temperature dependence of the χMT product for 1-(RR) at 1KOe. The red solid 
line represents the best fits of the data. (Inset) Thermal dependence of the magnetic 
susceptibility at T≤10 K. 
 

 

Fig. 7 Field dependence of magnetization at 1.9 K for 1-(RR). (Inset) dM/dH vs H 
plot. 
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.  

Fig. 8 Temperature dependence of the magnetization for 1 at 10 Oe. ZFC (■) and FC 

(●) 

 

 
Fig. 9 Temperature dependence of the in-phase χ' (top) and out-of-phase χ'' (bottom) 

at different frequencies in 2 Oe ac field oscillating at 1-999 Hz with zero applied dc 

field for 1-(RR). 

 

 

Fig. 10 Temperature- and field- sweep rate-dependent magnetic hysteresis loops for 

powder of 1-(RR) measured at the indicated conditions. 
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Fig. 11 Temperature dependence of the χMT product for 2-(RR) at 1 kOe. The red solid 

line represents the best fits of the data. (Inset) Field dependence of the magnetization 

of 2-(RR) at 1.9 K. 
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Graphic Abstract 

 

Two pairs of one-dimesinal enantiomers based on the chiral Mn
III

 Schiff-base 

complexes and the dicyanoruthenate building block, [Ru(salen)(CN)2]
−
, have been 

synthesized and structurally characterized. Vibrational circular dichroism (VCD) and 

circular dichroism (CD) spectra confirm their enantiomeric properties. Magnetic 

studies show that antiferromagnetic couplings are operative between Ru
III

 and Mn
III

 

centers bridged by cyanide. 1-(RR) shows the interesting metamagnetic behavior with 

a critical field of about 7.2 kOe at 1.9 K. Magnetostructural correlation for some 

typical cyano-bridged heterobimetallic Ru
III

−Mn
III

 compounds is discussed. 
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