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 ABSTRACT 

 

This research describes the synthesis and characterization of cyanometallate 

compounds based on 4d and 5d transition metal ions. Since the discovery of 

[Mn12(CH3COO)16(H2O)4O12] (Mn12OAc) displaying magnetic hysteresis, the pursuit of 

Single Molecule Magnets (SMMs) has been an active field of research owing to their 

potential applications in high-density storage, spintronics, quantum computing, and 

molecular refrigeration technologies. SMM applications are limited by their low operating 

temperatures, however, and strategies for meeting this challenge are being vigorously 

pursued. One approach is to take advantage of strong anisotropic coupling between metal 

ions which can be achieved by using metal ions with large spin-orbit coupling constants 

and electronic orbital degeneracies. In order to expand on this hypothesis from previous 

work with K4[MoIII(CN)7], the synthesis of the [WIII(CN)7]
4- was targeted. Synthetic 

routes towards isolating this moiety were explored, culminating with the synthesis of the 

previously unknown heptacyanotungstate anion in (Bu4N)3[W
IV(CN)7]. This seven-

coordinate homoleptic species, and its molybdenum analogue (Bu4N)3[MoIV(CN)7] which 

was also prepared, constitute the first examples of S = 1 heptacyanometallates in the 

literature. Attempts to incorporate the heptacyanometallate(IV) moieties into polynuclear 

cyanide-bridged structures were undertaken to assess the magnetic exchange interactions 

with other metal spin centers, reactions that inevitably resulted in the decomposition of 

[MIV(CN)7]
3- to the diamagnetic [MIV(CN)8]

4- anion. Incorporation of the S = 1/2 

[MV(CN)8]
3- anion into discrete complexes was also investigated in order to compare the 
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results with the chemistry of [MIV(CN)7]
4-.  The paramagnetic complexes containing 

[MV(CN)8]
3-, indeed, exhibit magnetic exchange coupling. In an effort to further exploit 

the spin-orbit coupling of the heavier transition elements, the incorporation of trigonal 

symmetry into 4d and 5d metal complexes with the tris(3,5-dimethylpyrazoyl)borate 

capping ligand was explored, and starting materials that can be used to prepare 

cyanometallates are reported. 
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NOMENCLATURE 

 

 

(2.2.2)cryptand 4,7,13,16,21,24-Hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane 

AC   Alternating current 

Bu4N
+   Tetrabutylammonium cation 

CH3CN  Acetonitrile 

DAPBH2  2,6-diacetylppyridinebis(benzoylhydrazone) 

DC   Direct current 

DMF   N,N-dimethylformamide 

Et4N
+   Tetraethylammonium cation 

Et2O   Diethyl ether 

MeOH   Methanol 

PY5Me2  2,6-bis(1,1-bis(2-pyridyl)ethyl)pyridine 

SMM   Single Molecule Magnet 

THF   Tetrahydrofuran 

tmphen  3,4,7,8-tetramethylphenanthroline 

Tp*   Tris(3,5-dimethylpyrazoyl)borate 

ZFS   Zero-field splitting 

μB   Bohr magneton 
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CHAPTER I  

INTRODUCTION  

 

Humans first observed magnetism in the 6th century B.C. when the Greeks noted 

the interaction of iron fillings with loadstones.2  Further developments were made in the 

twelfth century with the development of the compass to use the Earth’s magnetic field for 

navigation. A more scientific understanding of magnetism began in the 17th century, with 

Gilbert’s experiments determining that the Earth itself is a magnet.2 The principles of 

magnetism were finally understood in the 20th century when experiments by Ørsted, 

Ampére, Maxwell, and Faraday led to a determination of the relationship between 

electricity and magnetism, and Maxwell’s laws merged the fields of electricity and 

magnetism into a unified quantitative field. With the advent of quantum mechanics in the 

20th century, Van Vleck and Dirac were able to explain magnetism at the molecular level. 

Today, magnets are prevalent throughout society, being used in medical imaging and 

devices, electrical motors, automobiles, computers and other electronics, 

telecommunications, and data storage devices.3 Researchers also have discovered that 

magnetism plays a pivotal role in nature; birds, sea animals, and even bacteria have been 

found to use nanoparticles of magnetite, Fe3O4, to assist with navigation.4-6 Many animals 

produce magnetite, including humans, but the role magnetite plays in the human brain is 

not yet fully understood. Clearly, magnetism plays a crucial role in our lives and there are 

still many new horizons for harnessing this force.  
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Magnetism is a quantum property arising from the electron spin and orbital angular 

momentum.1 When the electrons are paired, there is a diamagnetic response wherein the 

electrons are repelled by a magnetic field, χD; unpaired electrons are attracted to a 

magnetic field, and are broadly termed paramagnetic, χP.  When a material is placed in a 

magnetic field, the field within the material will deviate from the homogeneous field value 

(depending on whether it is paramagnetic or diamagnetic):  

𝐵 =  𝐻0 +  4𝜋𝑀    Equation 1 

Where B is the magnetic induction (the field within the material), M is the intensity of the 

magnetization, and H0 is the homogenous magnetic field applied. Dividing equation 1 by 

H0 yields the volume susceptibility, χV, which is a unitless quantity and has components 

of both the paramagnetic susceptibility and diamagnetic susceptibility: 

𝜒𝑉 =
𝑀

𝐻0
=  𝜒𝑃 +  𝜒𝐷    Equation 2 

The χV can be converted to a mass susceptibility (units cm3/g or emu/g), χg, which is more 

easily measured for materials, by dividing by the density, ρ (g/cm3), of the material: 

𝜒𝑔 =  
𝜒𝑉

𝜌
     Equation 3 

Finally, the mass susceptibility can be converted to a molar susceptibility, χM, by 

multiplying the χg by the molecular weight of the compound (MW); it has units of cm3/mol 

or emu/mol. 

𝜒𝑀 =  𝜒𝑔(𝑀𝑊)    Equation 4 

The molar susceptibility, χM, is independent of the mass or field and should be the same 

for every measurement of the same material; as a result, it makes it easier for comparing 
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magnetic properties of different molecules. Unless otherwise noted, all magnetic 

susceptibilities will be denoted as molar susceptibilities. In 1932, Van Vleck derived a 

general equation for modeling χM and fitting magnetic susceptibility data for molecular 

materials under a variety of conditions7: 

𝜒𝑀 =  
𝑁𝐴 ∑ (

𝐸𝑛
(1)2

𝑘𝐵𝑇
−2𝐸𝑛

(2)
)𝑒𝑥𝑝(

−𝐸𝑛
0

𝑘𝐵𝑇
)𝑛

∑ 𝑒𝑥𝑝(
−𝐸𝑛

0

𝑘𝐵𝑇
)𝑛

   Equation 5 

where NA is Avogardro’s number, kB is Boltzmann’s constant, T is temperature, En
0 is the 

energy of a particular level n in zero field, and En
(1) and En

(2) are the first-order and second-

order Zeeman coefficients.  

Molecular Magnetism 

Molecular magnetism is an interdisciplinary field encompassing research from 

chemistry, physics, and materials science. Molecular magnets have many potential 

applications, including spintronics,8-9 quantum computing,10-13 high density information 

storage,14-15 and magnetic refrigeration.16-19 The nascence of the field traces back to 1952 

with the seminal study of the exchange interaction between copper(II) metal centers in the 

dimer [Cu2(OAc)4(H2O)2].
20 Since this time, significant efforts have been made to explore 

the magnetic properties of molecular materials which have yielded interesting results such 

as multifunctional materials, where the magnetic properties depend on an external 

stimulus such as light or temperature.  

In general, magnets are composed of domains which consist of spins that are 

aligned in the same direction (Figure 1). In the absence of a magnetic field the domains 

will be randomly oriented such that there is no net magnetic moment. The domains are 
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separated by domain walls, or Bloch walls, where the individual spins begin to vary and 

are not aligned with the spins in the domain.21 The width of the domain wall depends upon 

the exchange interaction that keeps the spins aligned; a larger exchange interaction will 

lead to wider domain walls. When a magnetic field is applied, the domains aligned with 

the magnetic field will grow through the domain walls, which begin to align with the field, 

and the result is a net magnetic moment. Typical domain sizes are 10-4 to 10-6 m in size, 

but if the particle shrinks in size, eventually the size of the domain is comparable to the 

size of the Bloch walls, and the particle becomes a single domain. Further reduction of the 

size of the particles leads to decreased magnetic anisotropy (A) of the particle; it depends 

on the decreasing volume (V) of the particle by the formula A = KV, where K is an 

anisotropy constant specific to the material.22 Such particles are termed superparamagnets, 

and the particles can reverse their spin on a short time-scale due to the small amount of 

thermal energy needed (fast paramagnetic relaxation), and application of a magnetic field 

will magnetize the individual magnetic molecules similar to a paramagnet, but produce a 

much larger magnetic susceptibility.22 Superparamagnetism represents the finite limit for 

the bulk magnetic response of a material. 
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Another property of magnets is the ability to exhibit hysteresis in which application 

of an increasing magnitude of a magnetic field leads to saturation of the magnetization, 

MS. Upon removal of the magnetic field, the magnet maintains its magnetization at zero 

field (remnant magnetization, MR) and only the application of a magnetic field in the 

reverse direction will return the magnetization to zero, referred to as the coercive field 

(HC) (Figure 2).3 Magnets can be classified based on the basis of their hysteresis loops: a 

hard magnet requires a large coercive field and results in a ‘fat’ hysteresis loop and a soft 

magnet has a small coercive field and appears as a ‘skinny’ hysteresis loop. A strong 

magnet will reach the saturation point, MS, quickly, while a weak magnet will not saturate 

well or does not saturate or requires very high fields to saturate. Soft magnets are used in 

generators, transformers, and electromagnets due to the enhanced flux that can be 

Applied 

magnetic field 

 

H 

Figure 1: Magnetic domains in a simple paramagnet; application of a magnetic field 

results in domains aligned with the field growing and domains not aligned with the applied 

field shrinking as they begin to align with the field. 
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produced by electrical currents, while hard magnets have a wide variety of uses, including 

device controllers, directing beams (i.e. in televisions), and permanent magnets, which 

includes electronics and recording devices (computers, data storage, audio devices, etc.).3  

For a bulk sample composed of atoms or molecules with non-interacting magnetic spins, 

the magnetic moments will align with an applied magnetic field, and upon removal of the 

magnetic field, the magnetic moments will thermally relax back to random orientations 

such that there is no net magnetic moment; such materials are referred to as paramagnets. 

Paramagnets have a temperature-dependence to their susceptibility, which follows the 

Curie-Weiss law, represented by the equation: 

M
S
 M

R
 

H
C
 

H 

M 

Figure 2: Hysteresis loop of a magnet; red arrows indicate direction of field sweep. 
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𝜒 =  
𝐶

𝑇− 𝜃
      Equation 06 

𝐶 =  
𝑁𝐴𝑔2𝛽2𝑆(𝑆+1)

3𝑘𝐵
    Equation 07 

where g is the Landé g-factor, β is the Bohr magneton constant, and S is the spin of the 

system.23 As the temperature decreases, there is a linear decrease in χ-1 with an intercept 

of θ = 0 (Figure 3) and χT equals the constant C (Figure 4). For interacting magnetic spin 

systems within a molecule or material, there are several types of exchange interactions 

that dictate how the metal centers interact. The three main types are ferromagnetic, 

antiferromagnetic, and ferrimagnetic coupling (Figure 5). Ferromagnetism involves spins 

aligning in a parallel fashion which leads to a positive θ in the χ-1 versus T Curie-Weiss 

plot (Figure 3) while χT will increase with decreasing temperature (Figure 4).  

Figure 3: χ-1 vs temperature for different coupling schemes. 
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χT
 (

em
u
·K

·m
o
l-1
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Antiferromagnetic
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Figure 4: χT vs temperature for different magnetic behaviors.1 

Ferromagnetic Antiferromagnetic Ferrimagnetic 

Figure 5: Types of magnetic behaviors: a) ferromagnetic b) antiferromagnetic c) 

ferrimagnetic 
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Antiferromagnetism involves spins aligning in an anti-parallel manner so that there is a 

cancellation and S = 0, and there will be a negative θ in the χ-1 Curie-Weiss plot (Figure 

3) while χT will decrease with decreasing temperature (Figure 4). Finally, ferrimagnetism  

is a special case of antiferromagnetic coupling where the spins are of unequal magnitude 

such that there is still a net magnetic moment.   

Intermolecular interactions are also possible between nearest neighbors in 

molecular materials, which can result in long-range magnetic ordering and can be 

maintained even after removal of the magnetic field below a critical temperature. When 

the long-range order is a result of spin parallel alignment, the material is a ferromagnet, 

and below the critical temperature, known as the Curie temperature (TC), thermal 

fluctuations are unable to overcome the ordering interaction; above the Curie temperature 

the thermal motions dominate and the material will behave as a paramagnet. When the 

long-range ordering results in an antiparallel spin alignment of equal magnitude, the 

material is described as an antiferromagnet, and when the alignment is of unequal 

magnitude, the material is a ferrimagnet. In both cases, as with ferromagnets, below a 

critical temperature the long-range order dominates over thermal activity; this critical 

temperature is termed the Neel temperature, TN, and above it both antiferromagnets and 

ferrimagnets behave as paramagnets. 

Single Molecule Magnets (SMMs) 

A single molecule magnet (SMM) is an individual molecule that behaves as a 

magnet, and represents the superparamagnetic limit. In the case of canonical SMMs, the 

bistable spin states are separated by a double-well potential (Figure 6), and the magnitude 
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of the energy barrier for the reversal of magnetization (U) between these two spin states 

is related to the ground state electron spin (S) and magnetic anisotropy arising from the 

negative zero field splitting (D), represented by the equations 

𝑈 =  |𝐷|𝑆2      Equation 08 

𝑈 =  |𝐷| (𝑆2 −  
1

4
)     Equation 09 

for integer spin systems (equation 4) and for non-integer spin systems (equation 5), 

respectively.22 These equations follow from the Crystal Field Hamiltonian for spin states, 

which is represented by the equations 

𝐻𝐶𝐹 = 𝐷𝑆𝑧
2 +  𝐸(𝑆𝑥

2 −  𝑆𝑦
2)    Equation 10 

Figure 6: Double well potential for a SMM with a negative D, integer spin system S, 

and barrier U; each well would correspond to the ground spin state, and the red arrows 

correspond to the spins in each well. 
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𝐷 =  𝐷𝑧𝑧 −  
1

2
𝐷𝑥𝑥 −  

1

2
𝐷𝑦𝑦   Equation 11 

 𝐸 =   
1

2
(𝐷𝑥𝑥 − 𝐷𝑦𝑦)    Equation 12 

where D refers to the axial splitting parameter and E is the rhombic field parameter. D will 

be zero only under cubic symmetry conditions (Dxx =Dyy=Dzz), and, in an axial symmetry, 

E will be zero (Dxx =Dyy).
22 It is in this axial symmetry that the spin state energies can be 

expressed by the D parameter, even in the absence of a magnetic field, and this D is 

referred to as the zero-field splitting (ZFS) parameter. While U represents the thermal 

barrier that must be overcome to switch the spin state, the actual measured barrier, Ueff, 

will be lower as a result of relaxation mechanisms such as quantum tunneling through the 

barrier and Raman relaxation. The blocking temperature, TB, has several definitions, but a 

common one is the temperature at which the magnetization relaxation time equals the 

characteristic time of the experiment, or where hysteresis is maintained.24 The 

characteristic time can be calculated, assuming thermal activation, as an Arrhenius plot 

and can be represented by the equation 

𝜏 =  𝜏0𝑒𝑥𝑝 (
𝑈

𝑘𝐵𝑇
)     Equation 13 

where τ0 is the attempt frequency and U is the barrier energy.  

The first molecule found to behave as an SMM is 

[Mn12O12(CH3COO)16(H2O)4]·2CH3COOH·4H2O, or Mn12 acetate, isolated and 

crystallographically characterized by Lis in 1980 and later studied by Sessoli and Gatteschi 

in 1993 and Christou and Hendrickson in 1998 (Figure 7).25-28 The molecule consist of 

eight MnIII outer ions coupled antiferromagnetically to four MnIV ions in the cubane core 
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to give a ground state of S = 10. The molecule exhibits hysteresis below 3.2 K with a 

barrier of 45 cm-1.  Since this time, a number of research groups have focused on trying to 

increase the spin, S, of molecular systems in the expectation of achieving higher blocking 

temperatures, particularly by exploration of manganese-based oxides,29-34 which 

culminated with an S = 83/2 system that exhibits hysteresis below only 1 K (Figure 8).35  

 In 2007, Waldmann pointed out that the zero field splitting term, D, includes an S-

2 term that effectively cancels out the spin component for the barrier height.36 He also 

noted that increasing the spin of the system results in dipolar interactions and that larger 

molecules tend to have local anisotropies pointing in different directions, both of which 

Figure 7: Molecular structure of Mn12(acetate); green ions correspond to MnIII while 

purple ions correspond to MnIV ions; hydrogens atoms are omitted for clarity. 
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are detrimental to SMM behavior. As a result, recent efforts have focused on increasing 

the anisotropy of the molecules to try to achieve better SMMs,37 and there have been a 

number of different approaches to this end. In particular, initial efforts at increasing 

anisotropy have focused on lanthanide ions, owing to the unquenched orbital angular 

momentum of the 4f shell and large spin-orbit coupling constants. The first isolated 

lanthanide SMMs are the double decker compounds (Bu4N)[Ln(Pc)2] (Pc = 

phthalocyanine), where Ln is Dy or Tb; the Dy compound has an effective barrier of 28 

cm-1 while the Tb has an effective barrier of 230 cm-1
 (measurements were made with the 

Tb diluted to minimize quantum tunneling).38 Since then, a number of research groups 

Figure 8: Molecular structure of the Mn19 molecule with an S = 83/2 ground state. 
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have assembled various lanthanide SMMs in different coordination geometries,39-45 with 

the dysprosium(III) ion being particularly effective for engendering SMM behavior.46-52 

Theoretical studies have also been undertaken to predict coordination geometries and 

lanthanide ions that are expected to yield better SMMs.43, 53-56 An interesting result by 

Long and Evans in 2011 is the report of divalent lanthanide compounds bridged by a 

dinitrogen radical, [K(18-crown-6)(THF)2][(Ln(N(SiMe3)2)(THF))2(μ-η2:η2-N2)] (Ln = 

Tb, Ho, Er).  The Tb compound exhibits hysteresis up to 14 K;57 this result opened up a 

new area of radical-bridged lanthanide molecules. While lanthanide-based SMMs have 

been found to have barriers up to 1815 cm-1,48 many do not exhibit hysteresis as a result 

of quantum tunneling of the magnetization. Recent work has led to the current record for 

an SMM, namely [Dy(Cpttt
2)][B(C6F5)4] (Cpttt =1,2,4-tri(tert-butyl)cyclopentadienide) 

with a barrier of 1277 cm-1 and hysteresis up to 60 K.49-50 

In addition to lanthanide ions, research has also focused on 3d transition metal 

mononuclear SMMs that take advantage of large anisotropies as a result of ligand fields 

and unquenched orbital angular moments. The first mononuclear 3d transition metal SMM 

was reported by Freedman and Long in 2010 as [FeII(tpaMes)]- (tpaMes = tris(2-mesityl-

pyrrolyl-α-methyl)amine). The molecule exhibits a trigonal pyramidal geometry that leads 

to an unquenched orbitally degenerate ground state and results in a D value of -39.6 cm-1 

and an energy barrier of 42 cm-1 under an applied field.58 Since then a number of 

mononuclear SMMs have been reported that feature 3d metal ions,59 predominantly with 

Fe,60-64 Ni,65-66 and Co66-69. Theoretical calculations have also led to predictions as to 

which coordination geometries and electronic geometries are expected to yield SMMs,70-
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72 work that has resulted in the isolation of unusual geometries for 3d metal compounds, 

including linear,60-62, 65-66 trigonal planar,71 trigonal pyramidal,58, 63, 73 trigonal prismatic,67, 

69 and pentagonal bipyramidal64, 68. The current record for a 3d transition metal single ion 

magnet is a two-coordinate cobalt imido complex, [CoII(sIPr)(NDmp)] (sIPr = 1,3-bis(2,6-

diisopropylphenyl)-4,5-dihydro-imidizole-2-ylidene and Dmp = 2,6-dimesitylphenyl), 

that was reported in 2017 to have an effective barrier of 413 cm-1.74 

The recent focus on increasing the anisotropy of transition metal SMMs has led to 

the identification of three sources of anisotropy: (1) axial zero-field splitting of the 

magnetic centers (2) exchange anisotropy between metal centers, and (3) dipole-dipole 

interactions. Dipole-dipole interactions are insignificant for achieving larger anisotropies 

(although some complexes utilizing MnII ions have invoked it as an explanation for the 

anisotropy),75 and initial efforts focused on the first source, the ZFS of magnetic centers 

with little success. Recent studies have been directed at using exchange coupling 

anisotropy to increase the anisotropy of SMMs, as outlined later.  

Exchange Coupling 

The ability of transition metals form polynuclear complexes results in a 

superexchange interaction between the metal centers through a bridging ligand. The 

methods of exchange interaction can be classified into four mechanisms: direct exchange, 

indirect exchange, superexchange, and double exchange.22 Direct exchange occurs 

between metal centers that in proximity such that their spins can directly through 

overlapping orbitals which results in antiferromagnetic coupling. Superexchange involves 

magnetic coupling between two metal centers through a diamagnetic ligand (Figure 9), 
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and the exchange interaction depends on the angle between the metal-ligand-metal bond: 

a linear angle results in antiferromagnetic interaction (non-orthogonal overlap), while a 

90° can result in a ferromagnetic interaction as a result of orthogonal orbitals.23 Finally, 

double exchange is a special case of superexchange in which both metal centers are the 

same but in different oxidation states, and thus one spin center has more spin(s) than the 

other.22 The superexchange mechanism is described by Hesienberg, Dirac, Van Vleck 

(HDVV) Hamiltonian,  

Ĥ =  −2𝐽𝑆1𝑆2     Equation 21 

where S1 and S2 are the two interacting spin centers and J is the exchange interaction that 

describes the coupling interaction between the spin centers (in this dissertation, a negative 

J corresponds to antiferromagnetic coupling, while a positive J corresponds to 

ferromagnetic coupling between S1 and S2).  

The Heisenberg Hamiltonian (equation 21) assumes isotropic coupling; that is, the 

coupling is the same in the x, y, and z directions. Isotropic coupling leads to S being a 

M1 M2 L 

J M
1
M

2
 

Figure 9: Superexchange coupling scheme through a diamagnetic ligand. 
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good quantum number, and it allows for SMMs to be defined in terms of an isotropic S as 

outlined in equations 8 and 9 above.23 

 In contrast, anisotropic exchange involves directionality, and can be divided into 

two classes: XY and Ising. The Heisenberg exchange equation 21 is  

𝐻 =  −2[𝐽𝑥𝑦(𝑆𝑖𝑥𝑆𝑗𝑥  +  𝑆𝑖𝑦𝑆𝑗𝑦)  +  𝐽𝑧𝑆𝑖𝑧𝑆𝑗𝑧]   Equation 22 

when Jxy = Jz, the isotropic Heisenberg equation, eq. 21, is obtained. When Jxy = 0, the 

Ising limit is obtained and the Hamiltonian collapses to 

𝐻 =  −2𝐽𝑧𝑆𝑖𝑧𝑆𝑗𝑧      Equation 23 

and when Jz = 0 the XY limit is obtained and the Hamiltonian becomes  

𝐻 =  −2𝐽𝑥𝑦(𝑆𝑖𝑥𝑆𝑗𝑥  +  𝑆𝑖𝑦𝑆𝑗𝑦)    Equation 24 

An excellent example demonstrating this concept was published by Wang and Dunbar, in 

which three trinuclear isomers exhibit XY or Ising exchange depending on the 

coordination mode adopted by Mn(SB)Cl2 (SB = Schiff base) with K4[MoIII(CN)7] (Figure 

10).76 The structure of one the compounds, [Mn(LN5Me)]2[MoIII(CN)7] (LN5Me = 2,6-

bis[1,2-(N-methylamino)ethylimino)ethyl]-pyridine) (Figure 10a) involves coordination 

of the Mn capping group with the axial cyanides of the heptacyanomolybdate(III) anion. 

This molecule engages in Ising coupling with Jz = -34 cm-1 and Jxy = -11 cm-1 and exhibits 

SMM behavior with an effective barrier of 40.5 cm-1 and hysteresis to 3.2 K. This is the 

highest barrier for a cyanide based SMM. The other two compounds, 

[Mn(LN3O2)]2[MoIII(CN)7] (LN3O2 = 2,13-dimetyl-6,9-dioxa-3,12,18-

triazabicyclo[12.3.1]octadeca-1(18),2,12,14,16-pentaene) (Figure 10b) and 

[Mn(LDAPSC)]2[MoIII(CN)7] (LDAPSC =2,6-diacetylpyridine bis(semicarbazone))) (Figure  
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b) 

c) 

a) 

Figure 10: Crystal structures and out-of-phase AC susceptibilities for three Mn2Mo 

trinuclear molecules: a) [Mn(N5Me)]2[Mo(CN)7], b) [Mn(N3O2)]2[Mo(CN)7], c) 

[Mn(DAPSC)]2[Mo(CN)7]. Used with permission, copyright American Chemical Society. 
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10c), involve coordination of the Mn and Mo metal centers through the 1, 2 and 1, 3 

cyanide positions in the equatorial plane, respectively, of the heptacyanomolybdate anion. 

These compounds exhibit Jxy of -9 cm-1 and -4 cm-1 and Jz values of -7.5 cm-1 and 0 cm-1, 

respectively. Both compounds are simple paramagnets with no slow paramagnetic 

relaxation or hysteresis as a result of the XY exchange.77 

Theory supports the experimental results, as Mironov performed several 

theoretical calculations supporting the idea that Ising anisotropic coupling between certain 

metal centers should yield a large magnetic anisotropy and result in higher TB SMMs.75, 

78-81 Mironov’s work indicates that Ueff is a result of the energy difference between the 

ground and first excited spin levels, and that, for 3d metal centers, the maximum Ueff would 

not exceed 20 cm-1 and would usually be less than 1 cm-1, which would lead to a maximum 

TB of about 3-5 K.75 The reason for the dependence of Ueff on the energy difference 

between the ground and first excited spin energies is that the quantum tunneling rate 

increases significantly as the excited spin state increases, and thus quantum tunneling 

relaxation occurs before the barrier top is reached. The Ueff based on the difference in 

energy of the spin states is an intrinsic property of the 3d metal center, so increasing the 

size of the compound will not increase Ueff. However, Mironov has suggested that using 

4d or 5d metal centers with orbitally degenerate ground states will result in S no longer 

being a good quantum number (therefore equations 8 and 9 would no longer apply) due to 

spin-orbit coupling. This situation also results in anisotropic coupling which must be 

described by the Ising Hamiltonian instead of the Heisenberg isotropic Hamiltonian. The 

orbitally degenerate magnetic center will yield a spin energy level that is different from 
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the 3d metal ion, including a degenerate ground state and a large energy difference 

between the ground and first excited spin state, which is determined by the Jz of the 

anisotropic exchange coupling. Mironov predicted that the J coupling values for 5d-3d 

metal ion anisotropic exchange should be on the order of tens or hundreds of 

wavenumbers, which would lead to much larger blocking temperatures. In order to 

calculate the spin energy levels for select polynuclear complexes to estimate the Ueff and 

TB, the Hamiltonian was numerically diagonalized using the full basis set of spin 

wavefunctions. The Hamiltonian I is based on having superexchange via a cyanide ligand 

between the 4d or 5d metal center with an orbitally degenerate ground state and a 3d metal 

ion; the superexchange allows one to use the microscopic kinetic exchange theory 

developed by Anderson, although Mironov adjusted for having an orbitally degenerate 

ground state and anisotropic exchange, which were unaccounted for in the original 

theory.80, 82 In particular, charge transfer configurations were used to extract transfer 

parameters, which could then be used to calculate the J values. In one case, the exchange 

between Mn—Mo was analyzed, and the J values were found to be  

𝐽𝑧  =  
1

5
[

−𝑡𝜋
2

𝑈1(1−
𝐼

𝑈1
)

−  
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2
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)
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2𝑡𝜎2𝐼
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2 ]    Equation 25 

𝐽𝑥𝑦  =
𝑡𝜋

2

5
(

1

𝑈2
−  

𝐼

𝑈1
2)       Equation 26 

where tπ and tσ are the transfer parameters for π and σ-bonding, U1 is the Mo→Mn CT 

energy, I is the Hund intraatomic exchange energy between the low and high spin states 

of Mo after charge transfer. Mironov examined the anisotropic coupling using 

[OsIII(CN)6]
3-, [MoIII(CN)7]

4-, and [ReIV(CN)7]
3- anions with 3d metal ions.75, 79 One 
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benefit is that the 4d and 5d orbitals lead to better overlap and thus greater anisotropic 

exchange. Mironov also examined how distortions affect the J values, and, while 

distortions from ideal geometries lead to lower J values, the large spin-orbit coupling 

offsets the decrease as long as the distortions are not severe. For [MoIII(CN)7]
3-, Chibotaru 

calculated that the g tensor of the pentagonal bipyramidal geometry should be very 

anisotropic as a result of the five-fold symmetry and large crystal field gap between the 

ground state and excited orbitals.83 In particular, the ground state e″3 (dxz and dyz orbitals) 

is split via spin-orbit coupling to yield two Kramers doublets which cannot be mixed by 

Zeeman interactions, and so there is no magnetic moment in the equatorial plane. The 

choice of 3d metal ion also affects the Jz and Jxy coupling values; in particular Mironov 

predicted that a 5d-3d anisotropic exchange value of 300-400 cm-1 could be obtained by 

using a 3d metal with a low spin of S = 1/2 or S = 1, which would lead to a blocking 

temperature of 70 to 100 K.78  

Transition Metals and Cyanide Ligand 

Based on Mironov’s predictions that anisotropic coupling leads to higher-

temperature SMMs, transition metal cyanide compounds are ideal for testing his 

theoretical predictions, and, in fact, in his work he proposed several cyanometallate 

compounds that should be ideal for anisotropic exchange. Additionally, cyanide 

compounds have a rich history: the first cyanide compound, Prussian Blue, was discovered 

over three centuries ago by the artist Diesbach and used as a pigment. It was also one of 

the first coordination compounds studied, and since then cyanide compounds have been 

synthesized for almost all the metals of the periodic table. While Prussian Blue was 
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initially used as a dye and pigment, it has also been studied for its structural, optical, and 

magnetic properties; the original compound’s formula is FeIII
4[FeII(CN)6]3·14-16H2O 

(Figure 11), although it is possible to substitute the FeIII cation with other metals which 

can lead to high temperature magnets. The Prussian Blue compound itself was found to 

show ferromagnetic ordering at 5.6 K,84 and this result spawned the field of cyanide-based 

molecular magnetism. Cyanide compounds have also recently found uses for heavy metal 

and radioactive poisoning antidotes, molecular sieves,85-86 hydrogen storage materials,87-

88 gas adsorption,86, 89-90 and as conducting or battery materials,91-94 in addition to 

previously mentioned uses as pigments and magnetic materials.  

 

 

 

Figure 11: Prussian Blue structure; alternating octahedral sites of FeII and FeIII
 ions; 

vacant sites are possible and interstitial sites can be occupied by metal ions or cations.  
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The cyanide ligand, CN-, offers several benefits for bridging transition metals. As 

a diamagnetic ligand, it results in superexchange mechanism; it is also linear, which results 

in predictable coordination geometries, unlike other ligands, such as O2-, that adopt 

varying degrees of bent or linear coordination mode based on the electronic configuration. 

A benefit to this situation is that the exchange interaction between metal centers is 

predictable: orbitals with the same symmetry result in antiferromagnetic coupling, while 

orbitals with orthogonal symmetry yield ferromagnetic coupling (Figure 12), and these 

interactions can be predicted based on the electronic configurations of the metal ions.95 In 

contrast, the exchange coupling for oxo-bridged complexes depends on the bonding angle 

between the metal centers and the oxo bridge, and thus is less controllable. Additionally, 

the cyanide ligand can be monitored by infrared (IR) spectroscopy because of the 

characteristic ν(C≡N) stretching frequency which changes with reference to the free 

cyanide ligand stretching frequency (ν(C≡N) = 2080 cm-1) depending on several factors. 

For transition metal cyanide compounds, the carbon-end of the cyanide ligand binds to the 

metal center first and acts as a σ-donor due to the highest occupied MO being a σ orbital 

with predominantly carbon character. The transition metal can donate electron density into 

π* orbitals, of predominantly N character, as a result of d—π backbonding. The σ-bonding 

results in an increase in the IR stretching mode frequency, while π-backbonding results in 

the stretching frequency shifting to lower frequencies. The cyanide ligand is a much better 

π-acceptor than a σ-donor.96 The stretching frequency also changes as a result of the 

oxidation state, number of cyanides, and metal center electronegativity: a lower   
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Figure 12: Exchange coupling between transition metal ions bridged by a cyanide 

ligand. 
 

 

 

oxidation state leads to a lower frequency as a result of stronger -backbonding, a decrease 

in the number of cyanides results in a shift to higher frequencies due to an increase in the 

positive charge on the metal center which strengthens σ-bonding, and increasing the 

electronegativity on the metal ion results in a higher frequency from greater σ-donation 
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from the cyanides.97 Finally, when the cyanide ligand bridges two transition metals, as in 

superexchange coupling, the IR stretching frequencies will shift to higher frequencies 

compared to terminal cyanide ligands. 

A major advantage of using transition metal cyanide compounds is the ability to 

use a building block approach, namely the transition metal cyanide compounds are 

combined with other metal-ligand systems in certain ratios to synthesize polynuclear 

complexes with a desired geometry (Figure 13).98-99 For example, a hexacyanometallate 

anion reacted with a metal ion that has a pentadentate capping ligand and only one open 

site in a 1:2 ratio should yield a linear trinuclear complex; in contrast, a 

hexacyanometallate anion reacted with a metal ion that two open sites that are cis to each 

other as a result of the capping ligands and in a 2:3 ratio should yield a trigonal bipyramidal 

geometry, while a 1:1 ratio would yield a square geometry (Figure 13). The ability to 

combine cyanometallates having certain geometries and electronic configurations with 

other metal centers with tailored ligands to enforce desired polynuclear geometries can 

dictate the magnetic properties, and represents a powerful tool for testing theoretical 

predictions of magnetism by design as opposed to serendipity. 

Another advantage to the building block approach is the variety of cyanometallate 

geometries and electronic configurations available. Among homoleptic transition metals, 

the possible geometries include trigonal bipyramidal (5 cyanides), octahedral (6 cyanides), 

pentagonal bipyramidal (7 cyanides), and dodecahedral/square prismatic (8 cyanides). The 

3d cyanometallates commonly have octahedral geometries, while the 4d metals can have 

six, seven, or eight cyanides, and the 5d metals are often seven or eight coordinate. 98 
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Figure 13: Building block approach for cyanide-based molecules. The geometry of the 

cyanometallate, geometry of the bridging metal, and the ratio between the two lead to 

different structures. 
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Thus, careful design can lead to the design of cyanometallate compounds with specific 

electronic configurations in order to obtain a desired exchange coupling. For example, 

Ruiz used density functional calculations to predict which Prussian Blue analogues would 

have higher Curie temperatures for ferromagnetic ordering; in particular, they calculated 

theoretical Curie temperatures of 552 K for VII
3[MoIII(CN)6]2, 355 K for 

MoII
3[CrIII(CN)6]2, 480 K for VII

3[MnIII(CN)6]2, and 344 K for VII
3[V

III(CN)6]2.
95 Mironov 

based his calculations on the same principle of predicting the exchange interaction based 

on the geometry and electronic configuration. 

4d and 5d Cyanometallate Compounds 

As outlined above, anisotropic coupling between metal centers is predicted to give 

rise to higher-barrier SMMs, and one method to accomplish this is to use heavier transition 

metals, notably 4d and 5d ions. The larger covalent radii of 4d and 5d metals should result 

in better overlap with the cyanide ligands, leading to stronger superexchange and larger J 

coupling values. Additionally, 4d and 5d metal ions exhibit greater anisotropy as a result 

of g-factor anisotropy and significantly larger spin-orbit coupling compared to the 3d ions. 

The spin-orbit coupling increases with Zeff
4, which is the effective atomic number, 

resulting in much larger effects for 4d and 5d ions compared to 3d ions, which leads to a 

mixing of excited states with ground states which increases the anisotropy. The most 

common geometries for six, seven, and eight coordinate geometries of cyanometallates 

are octahedral, pentagonal bipyramidal, and dodecahedral or square antiprismatic, 

respectively. 
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With regards to cyanide-based compounds, there are a limited number of 4d/5d 

anions available, but the recent rise in molecular magnetism has also sparked a renaissance 

in transition metal cyanide chemistry, with much focus on the synthesis of novel 

cyanometallates.100 Early work by the Long group resulted in the synthesis of the 

Li3[MoIII(CN)6]
101 and (Bu4N)3[ReIV(CN)7]

102 paramagnetic precursors, both of which are 

d3 systems. Additionally, the use of octacyanometallates, with d1 isotropic electron 

configurations have also been used particularly of the NbIV, MoV, and WV ions. Recent 

work in the Dunbar group has focused on the use of the K4[MoIII(CN)7] species, which 

provides a means to test Mironov’s theoretical predictions as an S = 3/2 ion with an 

orbitally degenerate ground state as well. Several groups have used the [OsIII(CN)6]
3- 

moiety, which is an S = 1/2 with a t2g
5 electron configuration. 

 The (Bu4N)3[ReIV(CN)7] compound was first isolated by Bennet and Long in 2003, 

and it adopts a pentagonal bipyramidal geometry, resulting in an S = 1/2 orbitally 

degenerate ground state.102 The anion forms star-like clusters with 

[MII(PY5Me2)(CH3CN)](PF6)2 (MII = Mn, Ni, Co, Cu; PY5Me2 = 2,6-bis(1,1-bis(2-

pyridyl)ethyl)pyridine), with the [MnII(PY5Me2)]4[ReIV(CN)7] compound with an 

effective barrier of 33 cm-1 being the first redox-switchable SMM (Figure 14),103 while 

the [CoII(PY5Me2)]4[ReIV(CN)7] exhibits charge transfer properties.104 Attempts to 

incorporate the [ReIV(CN)7]
3- anion into complexes with MnII(SB) (SB = Schiff base) 

resulted in three-dimensional networks with complicated magnetic properties but no 

hysteresis was observed.105-106 Apart from these few examples with the [ReIV(CN)7]
3- 

anion, the ReIV ion has also been incorporated into heteroleptic building blocks, namely 
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[ReIVCl4(CN)2]
2-, which has been used to synthesize several chain magnets, including a 

MnIIReIV(CN)2 single chain magnet with Ueff = 31 cm-1,107 and a CuIIReIV(CN)2 zigzag 

chain with the largest ferromagnetic exchange coupling reported for a cyanide ligand, with 

J = +29 cm-1.108  

Figure 14: Molecular structure and out-of-phase signal for [(MnIIPY5Me2)4ReIV(CN)7].  

Used with permission, copyright American Chemical Society. 
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The [OsIII(CN)6]
3- anion has been used in several cases as an anisotropic building 

block with its S =1/2 degenerate ground state. The first examples were from the Dunbar 

group, which involved synthesizing Prussian Blue analogues of the formula 

[MII(tmphen)2]3[OsIII(CN)6]2 (MII = Ni and Fe, tmphen = 3,4,7,8-

tetramethylphenanthroline); the Ni complex exhibits ferromagnetic coupling and behaves 

as a ferromagnet with TC = 6.2 K,109-110 while the Fe compound displays interesting 

photomagnetism via a charge-transfer-induced spin transition (CTIST).111 A Prussian 

Blue analog, CoII
3[OsIII(CN)6]2, was also reported to show CTIST and Temperature 

Induced Excited Spin State Trapping (TIESST) and magnetic ordering below 37 K.112   A 

few linear molecules have also been reported: the first was the trinuclear complex 

(Et4N)[MnIII(5-Brsalen)(CH3OH)]2[OsIII(CN)6] (5-Brsalen = N,N’-ethylenebis(5-

bromomsalicylideneiminato)), the first reported osmium based SMM with Ising 

ferromagnetic exchange coupling between the MnIII and OsIII ions ( J = +30.6 cm-1) and 

antiferromagnetic coupling between trimers; the compound exhibits an effective barrier 

of 13 cm-1.113 A comparison to the Fe analogue, which exhibits weaker ferromagnetic 

exchange (J = +5.8 cm-1) and an effective barrier of 1.2 cm-1, supports the hypothesis that 

the spin-orbit coupling and greater overlap from diffuse orbitals of the Os ion results in a 

larger Ising exchange that leads to the higher blocking temperature. Dunbar et al., also 

synthesized a series of linear trinuclear complexes with the formula 

(PPN)[MnIII(salphen)(CH3OH)]2[M
III(CN)6] (PPN = bis(triphenylphosphoranylidene) 

ammonium, salphen = N,N’-bis(salicylidene)1,2-diaminobenzene, and MIII = Fe, Ru, Os); 

all compounds show SMM behavior that can be turned on or off depending on whether 
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there is interstitial methanol or not (desolvation of methanol leads to SMM behavior and 

an open hysteresis loop), and this solvation/desolvation is reversible.114 All three 

compounds exhibit ferromagnetic coupling, with JMnOs = + 7.7 cm-1, JMnRu = +4.0cm-1, and 

JMnFe = +4.5cm-1 for the desolvated complexes; the solvated compounds exhibit increased 

coupling as compared to the desolvated compounds. The AC susceptibility measurements 

revealed increasing effective barriers for the desolvated compounds of 15.4 cm-1 for Fe, 

17.0 cm-1 for Ru, and 29.2 cm-1 for Os, which have higher barriers as compared to the 

solvated compounds. Another example is a heptanuclear complex where six MnIII ions are 

bonded to the [MIII(CN)6]
3- (MIII = Fe, Os) cyanometallate and the exchange coupling is 

much stronger for osmium than for iron and there is SMM slow relaxation for the osmium 

complex.115 A single chain magnet was reported by Vostrikova and co-workers with the 

formula [MnIII(acacen)OsIII(CN)6]∞ (acacen = N,N’-

ethylenebis(acetylacetonylideneaminato)); the molecule has a calculated barrier of 11 cm-

1.116 Finally, the crystal structure of [OsIV(CN)7]
3- was recently reported, but the compound 

is diamagnetic and no further studies have been reported for this anion.117 

The [MoIII(CN)7]
4- anion was first synthesized in the 1930s,118 but, until recently, 

it was only studied from a structural and spectroscopic perspective. Kahn was the first to 

report magnetic materials based on this anion in the 1990s with a series of 2D and 3D 

magnets with antiferromagnetic coupling to the MnII(H2O)x units.119-123 The MnII—MoIII 

coupling was initially thought to be ferromagnetic, although it was later found to be 

antiferromagnetic on the basis of neutron diffraction studies and DFT calculations; the 

non-cancellation of spins results in ferrimagnetic ordering, explaining the initial magnetic 
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observations.124 The materials also contain multiple phases,120, 123 which further 

complicates interpretation of the magnetic properties, nevertheless the results support 

Mironov’s theoretical predictions about anisotropic exchange coupling. Since this time 

there have been several other 2D and 3D complexes based on this anion, but the most 

notable result is VII
2[MoIII(CN)7]·(pyrimidine)2·2H2O reported in 2010 with a Curie 

temperature of 110 K,125 supporting theoretical calculations by Ruiz that MoIII ions can be 

used to form high TC magnets. Other recent results include several zigzag chains that 

consist of linkage isomers of MoIII and MnII ions;126-128 one of the chains has an energy 

barrier of 48 cm-1, which results from anisotropic Ising exchange. More recently, chains 

have been reported by Wang including two FeIIMoIII compounds with different topologies 

that both show magnetic ordering below 65 K.129  

The Dunbar group has also worked extensively with the [MoIII(CN)7]
4- moiety, 

isolating the first discrete complexes with the anion. The first example was reported in 

2010 when the docosanuclear complex 

[MnII(dpop)(H2O)2]2[[MoIII(CN)7]8[MnII(dpop)]10[MnII(dpop)(H2O)]4]·xH2O (dpop = 

2,13-dimethyl-3,6,9,12,18-pentaazabicyclo-[12.3.1]octadeca-1(18),212,14,16-pentaene), 

or [MoIII
8MnII

14] was synthesized. 130 The complex, which is a large loop with two cross-

links and four terminal MnII(dpop) appendages, has an S = 31 ground state which is the 

largest value reported for a cyanide compound. The MoIII—MnII coupling is 

predominantly antiferromagnetic, although no coupling constant could be extracted due 

to the complicated structure. The [MoIII
8MnII

14] molecule exhibits spin glass behavior but 

no SMM behavior. A similar 2D structure using the same building blocks but in different 
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ratios exhibits a crystal-to-crystal transformation based on dehydration; the magnetic 

properties switch from a soft magnet to a hard magnet with dehydration.131 In 2013 a series 

of linear trinuclear compounds were reported with Mn(SB) (SB = Schiff base) and the 

[MoIII(CN)7]
4- anion and all three compounds exhibit antiferromagnetic coupling (Figure 

11).76 Two complexes have the Mn ions bonded through the equatorial cyanides of the 

heptacyanomolybdate, and they behave as simple paramagnets with no SMM behavior. 

The third has the Mn ions bonded through axial cyanides to the Mo ion, resulting in Ising 

anistropic exchange and SMM behavior with an effective barrier of 40.5 cm-1 and 

hysteresis to 3.2 K. Finally, a reversible on-off switching of SMM behavior was observed 

for a trinuclear [MnII(L)(H2O)]2[MoIII(CN)7]·2H2O (L = N,N’-bis[(1H-imidazol-4-

yl)methylene]-2,2-dimethylpropane-1,3-diamine) complex, for which the switching 

depends on the crystal-to-crystal transformation as a result of dehydration of the water 

molecules; the solvated compound exhibits SMM behavior and a barrier of 45 cm-1, 

whereas dehydration leads to simple paramagnetic behavior.132 Both complexes display 

antiferromagnetic coupling between metal centers, and the Ising anistropic exchange 

between the metal ions also contributed to the SMM in the hydrate compound. 

 The hexacyanomolybdate anion has been isolated in several oxidation states, but 

the [MoIII(CN)6]
3- anion has been the most studied. The Long group first reported its 

synthesis and characterization in 2001,101 which they used to prepare a discrete star-like 

complex with the formula [VII(PY5Me2)]4[MoIII(CN)6](PF6)5
133 which contains two 

terminal cyanides that are cis to each other.  The magnetic properties reveal 

antiferromagnetic coupling with a J value of -61 cm-1 and a S = 9/2 ground state. Several 
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compounds have also been obtained by loss of a cyanide ligand from the [MoIII(CN)7]
4- 

anion, resulting in the formation of [MoIII(CN)6] in situ. The first examples were reported 

by the Dunbar group, namely the two pentanuclear trigonal bipyramidal complexes of 

formula [MII(tmphen)2]3[MoIII(CN)6]2 (MII = Co, Ni); both complexes exhibit 

ferromagnetic coupling although no exchange constants were reported as a result of the 

complexity of the system and neither compound showed SMM behavior.134 The most 

interesting result is the  trigonal bipramidal complex, [VII(tmphen)2]3[MoIII(CN)6]2 also 

reported by Dunbar et al., which exhibits antiferromagnetic coupling and has the largest 

recorded antiferromagnetic exchange coupling constant of -114 cm-1 for a cyanide 

molecule.135 

The octacyanometallates have been much more extensively studied compared to 

the hepta- and hexacyanometallates owing to their ease of synthesis and the stability of 

the anions.136 In particular, the MoV and WV ions are the most prevalent, although NbIV is 

also known albeit less studied. In all cases, the anions have a d1 electronic configuration. 

Most polynuclear complexes involve extended structures, including 1D chains, 2D grids 

and layers, and 3D networks; few discrete molecules are known.100, 137-139 The extended 

systems can vary drastically based on synthetic conditions, including choice of ligand, 

solvent, and reactant ratios.  Most examples involved use of the MnII ion, although other 

3d and 4f ions have also been studied. Among the molecules, the most common structure 

is the MII
9M′V6 pentadecanuclear architecture (MII =  Mn, Co, and Ni; M′ = Mo and W; 

Figure 15c);140-142 the Mn compound does not exhibit SMM behavior but the Co and Ni 

compounds are SMMs; the Co—MV  coupling is antiferromagnetic while the Ni—MV  
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a) 

b) 

c) 

Figure 15: Molecular structures of various geometries utilizing the octacyanometallate 

anion: a) square M2[M′(CN)8] geometry, b) M4[M′(CN)8]2 complex, and c) 

M9[M′(CN)8]6 structure. 
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coupling is ferromagnetic. The other common geometries are tetranuclear squares (or 

rectangles to be more precise) MII
2M′2 (M

II = Mn and M′ = [WV(CN)8]
3-; Figure 15a)143 

and the hexanuclear complexes MII
4M′2 (M

II = Mn, Fe, and Co; M′ = NbIV, MoV, and WV
 

octacyanide) with an octahedral structure (Figure 15b).144-146 The Mn4Nb2 compound has 

an S = 9 ground state as a result of antiferromagnetic coupling and exhibits a 

magnetocaloric effect, while the FeII
4NbIV

2 exhibits antiferromagnetic interactions in 

addition to a spin crossover (SCO) transition and a light-induced excited spin state 

trapping (LIESST) effect.145 The CoII
4NbIV

2 has complicated magnetic properties and no 

analysis of the magnetic data were attempted.145 Finally, the [WV(CN)6(bpy)]- anion (bpy 

= 2,2′-bipyridine) has also been used as a metalloligand and adopts a similar geometry to 

its homoleptic analogue. Bimetallic and trimetallic complexes have been synthesized, 

including 1D and 2D polymers with both 3d and 4f metals.147-150 

Summary of work presented in dissertation 

In the present work, synthesis and characterization studies were carried out to 

determine the effect of 4d and 5d anisotropy as a result of orbital degeneracy and spin-

orbit coupling on anisotropic exchange coupling between metal centers in polynuclear 

complexes. In Chapter II, the synthesis and characterization of new 

heptacyanometallate(IV) anions for Mo and W are reported along with attempts to reduce 

these compounds to the trivalent state. Chapter III details the synthesis of polynuclear 

complexes using the heptacyanometallate(IV) anions from Chapter II with various 

moieties, including 3d and 4f metal ions. Chapter IV describes the synthesis and 

characterization of compounds prepared from [MII(PY5Me2)(CH3CN)]2+ and 
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(Bu4N)3[M
V(CN)8] (M

II =Mn, Fe, Ni, Co, and Cu; MV = Mo, W). Chapter V details the 

synthesis and characterization of 4d and 5d compounds with the Tp* ligand (Tp* =tris(3,5-

dimethyl-1-pyrazolyl)borate), which enforces a trigonal geometry on the metal center.  

Chapter VI concludes with a summary of the work presented herein and an outlook on the 

future of molecular magnetism.  
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CHAPTER II  

NEW HEPTACYANOMETALLATE(IV) ANIONS* 

 

Introduction 

The field of transition-metal cyanide chemistry, and, indeed, coordination 

chemistry, dates back to the discovery of Prussian Blue, Fe4[Fe(CN)6]3·14–16H2O, by 

Diesbach and Dippel over three centuries ago. The field has enjoyed a remarkable rebirth 

in the past two decades owing, in large measure, to the prominent role of cyanide 

complexes as building blocks for molecular materials including single molecule magnets 

(SMMs).151 Of particular interest in the vein of new directions in the field is the synthesis 

of new paramagnetic 4d and 5d homoleptic cyanometallates.100 These compounds engage 

in stronger magnetic interactions with other spin centers compared to 3d analogues as a 

result of more diffuse valence orbitals and exhibit much higher magnetic anisotropy owing 

to increased spin-orbit coupling and mixing of the ground state with low-lying excited 

states. In addition, the heavier elements also tolerate a wider range of oxidation states than 

their 3d congeners, a situation that allows for more facile tuning of the electronic 

configuration. Interest in this topic in the Dunbar group was piqued by theoretical 
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calculations that predict 4d and 5d cyanometallates with orbital degeneracy in the ground 

state are promising candidates for the design of high blocking temperature SMMs owing 

to highly anisotropic exchange coupling.79, 152 In particular, the isoelectronic anions 

[MoIII(CN)7]
4- and [ReIV (CN)7]

4- were identified as important examples owing to the 

orbital degeneracy resulting from a d3 electronic configuration in a pentagonal 

bipyramidal geometry.75 The only known 3d heptacyanometallate is [VIII(CN)7]
4- which 

was structurally characterized in 1972.153 

The known homoleptic cyanotungstate species are K4[W
IV(CN)8] and 

(cat)3[W
V(CN)8] (cat = Na, K, Ag, Cs, and Bu4N), with the former anion being 

diamagnetic and the latter one being paramagnetic with S=1/2. 136, 154-155 These anions 

have been extensively studied for their structural, chemical and magnetic properties. 

Previous reports of sub-coordinate tungsten cyanide species include K4[W
II(CN)6] via 

reduction with H2 by Yoo and coworkers in 1963, and exposure to air was reported to 

yield the K3[W
III(CN)6] salt.156 These compounds were later found to be K2[W(CN)5H2O] 

with an unknown impurity as determined by elemental analysis.157 The 

K5[W(CN)7H]·2H2O and K5[W(CN)7]·H2O species reported by Soares and Griffth in 

1981 were characterized by NMR, IR, and Raman spectroscopies as well as elemental 

analysis.158 The preparation of K5[W(CN)7H]·2H2O was reported to occur from the 

reaction of K3W2Cl9 with excess aqueous KCN under UV radiation for an unspecified 

time; attempts to reproduce the synthesis led only to the K[WIV(CN)8] species, as 

confirmed by our group as well as Long and coworkers.159 In all of these earlier 

publications, the lack of crystallographic evidence leaves doubt as to the exact formulae 
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and structures of these products, and, in any case, the syntheses have proven to be 

unreproducible. 

As mentioned in the introduction to this dissertation, the [WIII(CN)7]
4- moiety is 

predicted to yield improved SMMs as compared to its molybdenum analogue. Efforts 

directed at synthesizing this target are described in this chapter. The resulting compounds 

were characterized by a number of physical methods. Specifically, the synthesis and 

characterization of the [MIV(CN)7]
3- anion is reported for both molybdenum and tungsten. 

Experimental 

Unless otherwise stated, all reactions were performed in a drybox or on the 

Schlenk-line under an inert atmosphere. The solvent CH3CN (Sigma Aldrich) was pre-

dried over 3Å molecular sieves and distilled over 3Å sieves under nitrogen and Et2O was 

passed through an activated alumina column (MBraun solvent system). Anhydrous THF 

(Sigma Aldrich), anhydrous N,N-dimethylformamide (DMF, Alfa Aesar), and anhydrous 

propylene carbonate (PC, Sigma Aldrich) were used as received. All solvents were stored 

over molecular sieves in the glovebox. The reagents WCl6 (Aldrich Chemical Company), 

Cp2Co (Beantown Chemical), (CpMe)2Co (Sigma Aldrich), were purchased and used as 

received. The starting materials (Bu4N)3[W(CN)8],
160 (Bu4N)3[Mo(CN)8],

160 

K(benzophenone),161 and KC8
162 were prepared by literature methods. 

Synthesis 

[WVICl3O(THF)]2-μ-O·2THF (1) 

A 100 mL Schlenk flask was charged with 0.5410 g (1.36 mmol) of WCl6 and ~40 

mL of dry CH2Cl2 were added to another Schlenk flask; both flasks were set up on the 
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Schlenk-line under N2, and the flask with WCl6 was cooled to -40 ºC in a liquid 

nitrogen/acetonitrile slush bath. To the chilled flask was added two of 20 mL portions of 

THF which resulted in color changes to green and then red-brown; dichloromethane was 

added after five minutes of stirring and the solution was warmed to room temperature 

which resulted in an emerald green solution and precipitate. The flask was pumped into 

the glovebox, and X-ray quality crystals were grown in the freezer from slow vapor 

diffusion of diethyl ether into the filtrate. 

(Bu4N)3[WIV(CN)7] (2) 

A vial was charged with 2.21 g (2.02 mmol) of (n-Bu4N)3[W
V(CN)8] and 0.38 g 

(2.03 mmol) of Cp2Co. Addition of 10 mL of CH3CN with stirring resulted in the 

formation of a yellow-green solution with a green precipitate. The reaction was stirred 

overnight and filtered to give a yellow-green filtrate and a green precipitate. The filtrate 

was transferred to a large vial and diethyl ether was added to precipitate any remaining 

cobaltocenium by-product. The solution was then filtered to yield a yellow filtrate which 

was then set up for slow vapor diffusion with diethyl ether to yield crystals of the product. 

The crystals were collected by filtration and washed with diethyl ether. Yield: 1.225 g 

(55%). Elemental analysis: calculated C55N10H108W1: C 60.42, H 9.96, N 12.81; found C 

60.21, H 10.03, N 12.72. 

(Cp2Co)4[WIV(CN)8]·3CH3CN (3) 

This compound was obtained as a by-product of the synthesis of 2. A dark green 

powder was obtained when 2 was filtered the first time. The second filtration typically 

yielded a lighter green precipitate. In a reaction with 0.8495 g (0.7589 mmol) of 
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(Bu4N)3[W
V(CN)8] and 0.1444 g (0.7635 mmol) of Cp2Co in CH3CN, 0.0924 g of a green 

by-product was obtained. An X-ray quality crystal was obtained in the second crop during 

crystallization of 2. Mass of product: 0.0924 g, yield: 9.6 %.  

 (Bu4N)3[MoIV(CN)7] (4) 

A vial was charged with 0.538 g (0.522 mmol) of (n-Bu4N)3[MoV(CN)8] and 

dissolved in ~10 mL of CH3CN to give a yellow solution. The addition of 0.103 g (0.5446 

mmol) of Cp2Co resulted in the formation of a dark green precipitate and a dark yellow 

solution. The reaction was stirred for a week and then filtered to give a dark yellow-brown 

filtrate and a green precipitate. The filtrate was transferred to a vial and diethyl ether was 

added to precipitate any remaining Cp2Co by-product. The solution was filtered once 

again to yield a brownish white cloudy filtrate with no precipitate. The filtrate was then 

transferred to large vials for slow vapor diffusion. The resulting crystals of 4 were 

collected by filtration; yield: 0.3593 g (69%). Elemental analysis: calculated 

C55N10H108Mo1: C 65.70, H 10.83, N 13.93; found C 65.61, H 10.82, N 13.73. 

(Cp2Co)4[MoIV(CN)8] (5) 

 This compound was obtained as a by-product of the synthesis of 4. A dark green 

powder was isolated when 4 was filtered the first time and the second filtration typically 

yielded a lighter green precipitate. For a reaction using 0.5615 g (0.5443 mmol) of 

(Bu4N)3[MoV(CN)8] and 0.1070 g (0.5658 mmol) of Cp2Co in CH3CN, 0.1064 g of green 

by-product was obtained from the first filtration and 0.0269 g in the second filtration. Mass 

of product: 0.1333 g, yield: 20.1 %.  
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(Bu4N)3[WIV(CN)7] + KC8 (6) 

 A vial was charged with 0.1376 g (0.1258 mmol) of (Bu4N)3[W
IV(CN)7] and a 

magnetic stir bar. Addition of  ~10 mL CH3CN produced a colorless solution upon stirring; 

addition of 0.0235 g (0.1738 mmol, 1.38 equivalents) of KC8 produced a black suspension 

(due to the graphite) and a yellow solution which was stirred overnight. The suspension 

was then filtered through Celite® to yield a yellow filtrate.  A portion of the filtrate was 

set up for slow vapor diffusion with Et2O to grow X-ray quality crystals and the rest of the 

filtrate was stored in a vial. X-ray quality crystals were obtained, and the product was 

determined to be the starting material 2. 

(Bu4N)3[WIV(CN)7] + Cp2Co (7) 

A vial was charged with 0.203 g (1.07 mmol) of Cp2Co and 0.554 g (0.495 mmol) 

of (Bu4N)3[W
IV(CN)8]. Addition of 15 mL of CH3CN with stirring yielded a red solution 

and a turquoise crystalline precipitate. The reaction was filtered to collect a dark green-

blue precipitate and a red-brown filtrate. The filtrate was set up for slow vapor diffusion 

with Et2O. X-ray quality crystals were obtained, and the product was determined to be the 

starting material 2. 

(Bu4N)3[WIV(CN)7] + (CpMe)2Co (8) 

 A vial was charged with 0.154 g (0.466 mmol) of Cp*2Co and a magnetic stir bar. 

Another vial containing 0.500 g (0.4576 mmol) of (Bu4N)3[W
IV(CN)7] was dissolved in 

CH3CN to give a colorless solution which was added to the vial containing Cp*2Co. The 

resulting dark yellow filtrate with a violet-green precipitate was stirred for two hours after 

which time it was filtered through a fine frit. The filtrate was golden in color and the 
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precipitate was dark violet-black. A slow vapor diffusion was set up with an aliquot of the 

filtrate and Et2O which yielded X-ray quality crystal.  The product was determined to be 

the starting material 2. 

(Bu4N)3[WIV(CN)7] + K(benzophenone) + Bu4NPF6 (9) 

A solution of K(benzophenone) was prepared in a vial which was charged with 

0.053 g (1.358 mmol) of potassium metal and 0.101 g (0.5526 mmol) of benzophenone. 

Addition of ~5 mL THF resulted in the formation of a dark blue solution which was stirred 

overnight. Another vial was charged with ~10 mL of CH3CN and stored in a drybox cold 

well which was chilled liquid N2. Another vial was charged with 0.513 g (0.4689 mmol) 

of (Bu4N)3[W
IV(CN)7] and 4 mL of chilled CH3CN was added to yield a colorless solution. 

Then 0.178 g (0.4604 mmol) of Bu4NPF6 was added to the chilled solution of 

(Bu4N)3[W
IV(CN)7]. The solution of K(benzophenone) in THF was slowly added via 

pipette to the solution of (Bu4N)3[W
IV(CN)7] resulting in a color change to yellow and 

then blue-green. The solution was stirred for ~45 minutes and then filtered over Celite®. 

A yellow filtrate and a red-brown precipitate were obtained. The filtrate was transferred 

to a vial, and an aliquot was removed for slow vapor diffusion with Et2O. X-ray quality 

crystals were obtained, and the product was determined to be the starting material 2. 

(Bu4N)3[WIV(CN)7] + Na/Hg + Bu4NI (10) 

A narrow diameter Schlenk tube was charged with 0.2000 g (0.1829 mmol) of 

(Bu4N)3[W
IV(CN)7] and 0.0615 g (0.1665 mmol) of Bu4NI. The addition of ~ 15 mL 

CH3CN gave a nearly colorless solution with a slight red tinge. The solution was 

transferred via cannula under an argon pressure to a flask containing the Na/Hg amalgam. 
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Stirring resulted in a yellow solution and an off-white precipitate. The solution was 

transferred by cannula needle to a new Schlenk tube and dried in vacuo, yielding a yellow 

solid. The dried yellow solid was then transferred to the drybox, and extracted with THF 

to give a yellow solution. The solution was filtered and a small amount of yellow 

precipitate was collected from the yellow filtrate which was treated with Et2O to produce 

a yellow precipitate. An aliquot of the filtrate was used for slow vapor diffusion with Et2O. 

The remaining precipitate in the Schlenk tube was extracted with CH3CN and filtered to 

yield a light-yellow solution. An aliquot was used for slow vapor diffusion with Et2O. X-

ray quality crystals were obtained, and the product was determined to be the starting 

material 2. 

X-ray Crystallography 

A green crystal of 1 was mounted on a Nylon loop using Paratone® oil and placed 

in a N2 cold stream at 110 K. The data were collected on a Bruker APEX II diffractometer 

(MoKα radiation λ = 0.71073 Å) equipped with a CCD detector. The data sets were 

recorded as three ω-scans and integrated using the Bruker APEXII software package. A 

colorless single crystal of 2 was mounted on a nylon loop using Paratone® oil and placed 

in a N2 cold stream at 110 K. The data were collected on a Bruker APEX II diffractometer 

(MoKα radiation λ = 0.71073 Ǻ) equipped with a CCD detector. The data sets were 

recorded as four ω-scans and integrated using the Bruker APEXII software package. A 

green crystal of 3 that forms during the synthesis of 2 was mounted using paraffin oil on 

a cryo-loop and placed in a N2 cold stream at 120 K. The data were collected on a Bruker 

D8 Quest Eco diffractometer (MoKα radiation λ = 0.71073 Ǻ) equipped with a Photon50 
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CMOS detector. The data sets were recorded as four ω-scans and integrated using the 

Bruker APEX3 software package. A colorless crystal of 4 was mounted using paraffin oil 

on a cryo-loop and placed in a N2 cold stream at 110 K. The data were collected on a 

Bruker D8 Quest Eco diffractometer (MoKα radiation λ = 0.71073 Ǻ) equipped with a 

Photon50 CMOS detector. For all compounds, the multi-scan absorption correction was 

performed within the Bruker APEXII software using SADABS (v2014/5) or within the 

Bruker APEX3 software using SADABS (v2015/10).163-164 Solution and refinement of the 

crystal structures were carried out using SHELXT165 and shelXle (a graphical interface 

for the SHELX suite of programs), respectively.166 Structure solution by direct methods 

resolved positions of all heavy atoms and most of the lighter atoms. The remaining non-

hydrogen atoms were located by alternating cycles of least-squares refinements and 

difference Fourier maps. For 2 and 4, one of the n-butyl groups of a tetrabutylammonium 

cation was refined as disordered in two positions using PART instruction. Hydrogen atoms 

were placed at calculated positions. The final refinements were performed with anisotropic 

thermal parameters for all non-hydrogen atoms. Images of the molecular structures were 

rendered using DIAMOND software for crystal structure visualization.167 A summary of 

pertinent information relating to unit cell parameters, data collection, and refinement is 

provided in Table 1. The corresponding crystallographic information file was deposited 

with the Cambridge Structural Database: (2) CCDC-1449065, (3) CCDC- 1478643. 

Physical Methods 

IR spectra for 2 were recorded on a Nicolet iN10 FT-IR microscope; for the single 

crystal a Linkam thermostat was sealed under argon atmosphere to prevent decomposition; 
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Table 1: Crystallographic data and experimental details for compounds 1, 2, 3, and 4. 

 

Compound 1 2 3 4 

Molecular Weight 916.80 1093.36 2386.97 1005.341 

Temperature (K) 110 110 120 110 

Crystal System Monoclinic Monoclinic Triclinic Monoclinic 

Space Group Pn P21/c P-1 P21/c 

a (Å)  10.087(8) 22.9799(16) 11.6766(16) 23.0019(13) 

b (Å)  11.396(11) 22.999(16) 12.0115(16) 23.0491(14) 

c (Å) 12.642(9) 23.007(16) 17.794(2) 22.9723(13) 

α (°)  90 90 92.691(3) 90 

β (°) 111.31(8) 90.440(9) 91.949(3) 90.133(2) 

γ (°) 90 90 114.929(3) 90 

V (Å3) 1354(2) 12159(15) 2256.7(5) 12179.3(12) 

Z 2 8 1 8 

Color Blue-green Colorless Green Colorless 

ρcalc (g/cm3) 2.249 1.195 1.1756 1.097 

μ (mm) 9.114 1.941 4.026 0.256 

F(000) 868 4656 1177 4400 

Crystal Size (mm) 0.05 x 0.1 x 

0.15 

0.180 x 

0.200 x 

0.350 

0.07 x 0.15 

x 0.20 

0.128 x 0.189 

x 0.523 

Radiation MoKα (λ = 

0.71073) 

MoKα (λ = 

0.71073) 

MoKα (λ = 

0.71073) 

MoKα (λ = 

0.71073) 

Index Range -13≤h≤13 

-14≤k≤14 

-16≤l≤16 

-29≤h≤29 

-29≤k≤29 

-29≤l≤29 

-14≤h≤14 

-15≤k≤15 

-21≤l≤22 

-29≤h≤29 

-29≤k≤29 

-29≤l≤29 

2θ range (°) 3.574 to 

55.414 

2.504 to 

53.964 

6.168 to 

54.388 

3.952 to 

27.586 

Reflections collected 15178 134366 17374 572068 

Unique reflections 6566 26277 9749 25200 

Parameters/restraints 281, 2 1234, 51 599, 4 1234, 51 

R1
a, wR2

b [I > 2σ(I)] 0.0378, 

0.0742 

0.0370, 

0.0772 

0.0619, 

0.1201 

0.0424, 

0.1053 

R1
a, wR2

b (all data) 0.0519, 

0.0807 

0.0492, 

0.0812 

0.0813, 

0.1266 

0.0518, 

0.1133 

GooFc (F2) 0.954 1.113 1.110 1.000 

Largest diff. peak, 

hole, (e Å-3) 

1.01, -1.16 2.42, -1.41 2.120, -

1.934 

1.1, -1.9 

 

aR = Σ ||Fo| - |Fc||/ Σ|Fo|. 
bwR = {Σ [w(Fo

2 – Fc
2)2]/ Σ [w(Fo

2)]2}1/2. cGoodness-of-fit 

= {Σ [w(Fo
2 – Fc

2)2]/(n-p)}1/2, where n is the number of reflections and p is the total number 

of parameters refined. 
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the solution of 2 was measured as a thin film of an anhydrous, oxygen-free 

dichloromethane solution of 2 which was placed between two polished single crystal KBr 

windows; all other infrared spectra were recorded on a Nicolet Nexus 470 FT-IR E.S.P 

spectrophotometer as Nujol® mulls between KBr plates unless otherwise noted. Electronic 

absorption spectra of 2 in acetonitrile were measured using a Perkin Elmer Lambda 35 

double beam spectrophotometer in sealed quartz cuvettes; all other electronic absorption 

spectra were recorded on a Shimadzu UV-1601PC spectrophotometer. Electrochemical 

data were collected using a H-CH Instruments analyzer in dry solvents. The working 

electrode was a BAS Pt disk electrode, the reference electrode was Ag/AgCl, and the 

counter electrode was a Pt wire. Cyclic voltammetric measurements were performed at 

room temperature in specified solvents with approximately 0.1 M tetra-n-butylammonium 

hexafluorophosphate ([n-Bu4N][PF6]) as the supporting electrolyte. The E1/2 values were 

referenced to the Ag/AgCl electrode without correction for the junction potentials [E1/2 = 

(Ep,a + Ep,c)/2]. Ferrocene was added at the end of measurements as an additional reference 

for the FeCp2/[FeCp2]
+ couple. Elemental analysis was performed by Atlantic Microlabs, 

Inc., Norcross, GA. Magnetic measurements were performed on a Quantum Design 

MPMS-XL SQUID magnetometer equipped with a 7T superconducting magnet in the 

temperature range 1.8 to 300 K; the diamagnetic contribution of the plastic bag used as a 

sample holder was subtracted from the raw data, and core diamagnetism of the sample 

was corrected for using Pascal’s constants.168 

 

 



 

49 

 

Results and Discussion 

Syntheses 

The synthetic goal was to isolate the [WIII(CN)7]
4- moiety as the 5d congener to 

the known [MoIII(CN)7]
4- anion. By moving to the 5d analogue, the larger spin-orbit 

coupling and more diffuse orbitals that engage in enhanced covalent interactions are 

expected to lead to increased anisotropic exchange coupling, and hence improved SMM 

behavior. The initial strategy focused on using the WCl6 starting material and reducing it 

from the hexavalent to the trivalent oxidation state followed by replacement of the 

chlorides with cyanide ligands. The first step of this reaction is to reduce WCl6 with 

slightly more than three equivalents of the strong reducing agent KC8. Dissolving the 

WCl6 in THF leads to a series of color changes from red-burgundy to yellow to orange 

and then yellow-green before finally becoming an olive-green color.  Upon addition of the 

KC8, there is a rapid color change of the original solution to dark red, although it is 

somewhat difficult to ascertain the solution color due to the black graphite suspended in 

solution. After stirring for 3 days, the reaction was filtered through Celite® to yield a 

burgundy-brown filtrate. The filtrate was dried under vacuum, and redissolved in THF 

with stirring which generates a blue gel-like solid, an indication that a polymer has formed. 

Altering the reaction conditions by either changing the solvent (dichloromethane, 

acetonitrile), the amount of cyanide reagent (none, six, excess equivalents), or temperature 

(23 °C or -40 °C) does not change the formation of the blue precipitate. When the reaction 

was performed at -40 °C, however, green crystals were obtained that were suitable for X-

ray diffraction, suggesting that the WCl6 is acting as a catalyst for polymerization of THF. 
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This is consistent with previous literature results which reported that WCl6 acts as a Lewis 

acid to oligomerize THF.169 Solving the structure yielded [WVICl3O(THF)]2-μ-O·2THF 

(1).  

 Given the results of reactions using WCl6, a new starting material and synthetic 

route was devised. To this end, the octacyanotungstate anions, [WIV/V(CN)8]
4/3-, were 

chosen with the reasoning being that it would be easier to remove a cyanide rather than to 

reduce the W center and then replace six chlorides with six or seven cyanides. The 

tetravalent potassium salt, K4[W
IV(CN)8], was chosen initially since it is easily 

synthesized and is similar to the molybdenum analogue.  Attempts at reduction of 

K4[W
IV(CN)8] with KC8 in organic solvents such as THF or CH3CN, however, resulted in 

no reaction due the fact that the potassium salt is insoluble in organic solvents and does 

not react, even in the presence of KC8. In order to circumvent this issue, the cation was 

changed to the tetrabutylammonium cation, which, after oxidation, resulted in the 

(Bu4N)3[W
V(CN)8] starting material. This compound is soluble in acetonitrile but not 

THF, therefore reactions of (Bu4N)3[W
V(CN)8] with KC8 were conducted in CH3CN but 

yielded no reaction, likely as a result of solvent reduction. Reduction with cobaltocene 

Cp2Co, however, led to the formation of a green crystalline precipitate, with concomitant 

changes in the solution from color from colorless to yellow. The solution was filtered to 

yield a yellow solution and subjected to slow vapor diffusion with diethyl ether which 

yielded colorless crystals of (Bu4N)3[W
IV(CN)7] (2).  The green precipitate was found to 

actually be (Cp2Co)4[W
IV(CN)8] (3) and not the expected Cp2CoCN, which explains why 

yields vary between 30 to 65%. 
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On the basis of electrochemistry (vide infra), it was thought that a reduction to 

[WIII(CN)7]
4- should be possible. The first several reactions focused on using reducing 

agents Cp2Co (7), (CpMe)2Co (8), and KC8 (6) in acetonitrile which have increasing 

reducing strength.  All three reductions result in a color change of the solution from 

colorless to yellow; white-colorless crystals were obtained from slow vapor diffusion. X-

ray diffraction revealed that the product is the starting material (Bu4N)3[W(CN)7]. In the 

case of Cp2Co and (CpMe)2Co, it was thought that the reagents were not sufficiently strong 

to effect the reduction, while in the case of KC8, the reduction potential of approximately 

-3 V (vs Ag/AgCl) is too strong and reduces the solvent. The focus then shifted to include 

tetrabutylammonium salts, initially to ensure there was another cation to induce 

crystallization and later to try to replicate the electrochemical conditions. Switching to 

alternative reducing agents161 such as K(benzophenone) (9) or Na/Hg amalgam (10) were 

also unsuccessful in that only starting material was obtained. Switching to different 

solvents such as DMF were also unsuccessful.  

The results obtained from attempting to incorporate the (Bu4N)3[W
IV(CN)7] into 

polynuclear structures indicate that the [WIV(CN)7]
3- anion is unstable and decomposes to 

the more thermodynamically stable [WIV(CN)8]
4- anion (see Chapter III). Whether it is a 

result of an unstable electronic configuration or molecular geometry is not certain. The 

molybdenum analogue was synthesized in order to compare the 4d and 5d analogues with 

regards to stability. The synthesis of (Bu4N)3[Mo(CN)7] follows the same route via 

reduction with Cp2Co in acetonitrile to yield (4) and (Cp2Co)4[Mo(CN)8] (5), the latter of 

which was removed via filtration to yield the former as a yellow filtrate. The compound 
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can be isolated in similar yields by crystallizing from diethyl ether, and its chemistry is 

similar to the tungsten congener. 

Single Crystal X-ray Diffraction Studies 

X-ray diffraction data for crystals of 1 revealed that the compound crystallizes as 

green crystals in the Pn space group. The molecule consists of two tungsten metal ions 

each in a distorted meridional octahedral geometry with three chloride ligands, and three 

oxygen ligands (Figure 16). A summary of bond distances and angles is presented in Table 

2. The three W-Cl bond distances are 2.3578(43) Å, 2.3678(51) Å, and 2.3824(69) Å, 

consistent with previously reported WVI—Cl bond distances.170  The terminal and bridging 

W—O bond distances are 1.6887(123) Å and 2.3678(51) Å respectively and the W—O 

distance for the tetrahydrofuran adduct is 2.3015(88) Å which are in accord with the 

literature for a terminal oxide, a bridging oxide, and a dative bond, respectively.170-171 The 

separation between the tungsten atoms is 3.7644(23). The W1—O1—W2 bond angle is 

177.992(738)° which is close to a linear geometry. The cis bond angles around the 

tungsten centers are distorted from 90° and vary between 81.607(263)° and 

100.594(612)°.  The trans angles are 164.119(400)°, 164.528(144)°, and 177.521(531)°, 

which deviate significantly from 180° in an ideal octahedral geometry.  

X-ray crystallographic analysis of a single crystal of 2 reveals that the anion in (n-

Bu4N)3[W
IV(CN)7] adopts a slightly distorted pentagonal bipyramidal (PBP) geometry, as 

depicted in Figure 17, similar to both the [MoIII(CN)7]
4- and [ReIV(CN)7]

3- analogues.102, 

172 Relevant bond distances and bond angles are listed in Table 3. The W-C bond lengths 

vary between 2.148(4) and 2.172(4) Ǻ, longer than the W—C distances of 2.118–2.154 Ǻ  
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Table 2: Bond distances and angles for [WCl3O(THF)]2-μ-O·2THF (1). O1 is the 

bridging oxygen, O2 is the terminal oxo, and O3 corresponds to the THF oxygen bonded 

to tungsten. 

Bond Distance (Å) or Angle (°) [WCl3O(THF)]2-μ-O·2THF 

W1—W2 3.7644(23) 

W1—O1 2.3678(51) 

W1—O2 1.6887(123) 

W1—O3 2.3015(88) 

W1—Cl1 2.3824(69) 

W1—Cl2 2.3578(43) 

W1—Cl3 2.3678(51) 

W1—O1—W2 177.992(738) 

Cl1—W1—O1 164.119(400) 

Cl1—W1—O3 82.303(299) 

Cl1—W1—O2 95.286(546) 

Cl1—W1—Cl2 88.110(159) 

Cl1—W1—Cl3 88.337(171) 

O1—W1—O3 81.817(467) 

O1—W1—O2 100.594(612) 

O1—W1—Cl2 89.858(353) 

O1—W1—Cl3 89.479(357) 

O2—W1—O3 177.521(531) 

O2—W1—Cl2 97.436(451) 

O2—W1—Cl3 97.781(476) 

O3—W1—Cl2 83.098(253) 

O3—W1—Cl3 81.607(263) 

Cl2—W1—Cl3 164.628(144) 
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Figure 16: Molecular structure of [WCl3O(THF)]-μ-O·2THF (1); orange = 

tungsten, green = chloride, red = oxygen, and grey = carbon. 

Figure 17: Molecular structure of the pentagonal bipyramidal anion 

[WIV(CN)7]
3- (2) 
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Table 3: Bond distances and angles for (Bu4N)3[W(CN)7] (2) 

Select Atoms Bond Distance (Å) Select Atoms Bond Angle (°) 

W1—C1 2.172(4) C2—W1—C1 177.07(15) 

W1—C2 1.162(4) C2—W1—C4 82.77(16) 

W1—C3 2.157(4) C2—W1—C6 89.57(16) 

W1—C4 2.163(4) C2—W1—C7 85.41(16) 

W1—C5 2.148(4) C3—W1—C1 82.41(15) 

W1—C6 2.167(4) C3—W1—C2 97.04(15) 

W1—C7 2.171(4) C3—W1—C4 72.08(15) 

N1—C1 1.143(5) C3—W1—C6 145.48(15) 

N2—C2 1.149(5) C3—W1—C7 74.25(14) 

N3—C3 1.148(5) C4—W1—C1 99.76(15) 

N4—C4 1.154(5) C4—W1—C6 142.44(16) 

N5—C5 1.151(5) C4—W1—C7 142.48(14) 

N6—C6 1.148(5) C5—W1—C1 86.05(15) 

N7—C7 1.148(5) C5—W1—C2 96.15(15) 

  C5—W1—C3 139.96(14) 

  C5—W1—C4 72.35(15) 

  C5—W1—C6 72.02(15) 

  C5—W1—C7 144.54(14) 

  C6—W1—C1 89.29(16) 

  C6—W1—C7 72.57(15) 

  C7—W1—C1 91.68(14) 

  N1—C1—W1 177.9(4) 

  N2—C2—W1 177.5(4) 

  N3—C3—W1 177.2(3) 

  N4—C4—W1 177.5(4) 

  N5—C5—W1 177.8(4) 

  N6—C6—W1 179.4(4) 

  N7—C7—W1 178.6(4) 

 

 

 

in Na3[W
V(CN)8].

173 The bond lengths are also slightly longer than those reported for 

MoIV—CN in K4[MoIV(CN)8] whose average is 2.163 Ǻ as expected.174 The C-N triple 

bond distances in 1 range from 1.142(5) to 1.155(5) Å which is typical for C—N bonds in 

cyanometallates. The W—C bonds are also longer than those of the (n-Bu4N)3[ReIV(CN)7] 
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and K4[ReIII(CN)7]·2H2O analogues; these vary from 2.064–2.123 Ǻ to 2.077–2.099 Ǻ, 

respectively.102 The axial C-W-C bond angles are 178.54(13)° and 177.06(15)° and the  

cyanide ligands in the equatorial plane are distorted from planarity (between +10° and -

8°). Similar distortions are noted in K4[MoIII(CN)7]·H2O and (n-Bu4N)3[ReIV(CN)7].
102, 175 

Colorless blocks of (n-Bu4N)3[MoIV(CN)7], 4, were grown from acetonitrile and 

diethyl ether by slow vapor diffusion. The compound crystallizes in the P21/c space group 

with two molecules in the asymmetric unit.  The structure adopts a distorted pentagonal 

pyramidal geometry, as shown in Figure 18, which is similar to the MoIII, WIV, and ReIV 

analogues; bond angles and distances are list4ed in Table 4. The MoIV—C bond distances 

Figure 18: Crystal structure of [MoIV(CN)7]
3- (4) with a pentagonal bipyramidal 

geometry. 
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vary between 2.1478(26) Å and 2.1825(26) Å and are similar to those reported for 

[MoIV(CN)8]
4-.175 The axial bond distances (2.1765(28) Å and 2.1825(26) Å) are slightly 

longer than the equatorial bond distances (2.1478(26) Å to 2.1663(28) Å), which was not 

observed with the [WIV(CN)7]
3- congener. The C—N triple bond distances for 

[MoIV(CN)7]
3- for [MoIV(CN)7]

3- vary between 1.1459(28) Å to 1.1578(39) Å, which is 

 

 

Table 4: Bond distances and angles for (Bu4N)3[Mo(CN)7] (4) 

Select Atoms Bond Distance (Å) Select Atoms Bond Angle (°) 

Mo1—C1 2.1765(28) C2—Mo1—C1 176.708(101) 

Mo1—C2 2.1825(26) C2—Mo1—C4 89.552(103) 

Mo1—C3 2.1478(26) C2—Mo1—C6 82.452(96) 

Mo1—C4 2.1663(28) C2—Mo1—C7 100.266(98) 

Mo1—C5 2.1618(29) C3—Mo1—C1 97.066(99) 

Mo1—C6 2.1648(26) C3—Mo1—C2 85.321(95) 

Mo1—C7 2.1654(28) C3—Mo1—C4 71.840(103) 

N1—C1 1.1492(40) C3—Mo1—C6 139.426(107) 

N2—C2 1.1551(36) C3—Mo1—C7 72.636(101) 

N3—C3 1.1545(36) C4—Mo1—C1 89.045(105) 

N4—C4 1.1553(37) C4—Mo1—C6 146.096(103) 

N5—C5 1.1578(39) C4—Mo1—C7 142.122(105) 

N6—C6 1.1552(35) C5—Mo1—C1 85.188(107) 

N7—C7 1.1459(38) C5—Mo1—C2 91.552(101) 

  C5—Mo1—C3 144.426(107) 

  C5—Mo1—C4 72.71(11) 

  C5—Mo1—C6 74.627(102) 

  C5—Mo1—C7 142.374(108) 

  C6—Mo1—C1 97.089(100) 

  C6—Mo1—C7 71.769(98) 

  C7—Mo1—C1 82.645(103) 

  N1—C1—Mo1 177.369(251) 

  N2—C2—Mo1 177.375(230) 

  N3—C3—Mo1 177.642(229) 

  N4—C4—Mo1 179.301(245) 

  N5—C5—Mo1 178.632(257) 

  N6—C6—Mo1 177.013(226) 

  N7—C7—Mo1 177.5448(247) 
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similar to the [WIV(CN)7]
3- anion and typical for transition-metal cyanide bond 

distances.173, 176 The C—Mo—C axial angles are 176.708(101)° and 177.982(97)°. 

Adjacent angles for the equatorial cyanides (i.e. C4-Mo-C5) vary between 71.840(103)° 

and 74.627(102)° (an ideal pentagon would be 72°), and the cyanides are distorted from 

the equatorial plane at angles of -7.4° and +7.1°; such distortions were observed in the 

[WIV(CN)7]
3-, [ReIV(CN)7]

3-, and [MoIII(CN)7]
3- anions as well. 

The compound (Cp2Co)4[W(CN)8] was also analyzed by single crystal X-ray 

diffraction, performed on the green crystals that precipitated from the reaction. The anion 

adopts a square antiprismatic geometry (Figure 19), with the W—C bond lengths varying 

between 2.1482(80) and 2.1867(102) Å which is consistent with previously measured 

[WIV(CN)8]
4- ions. The C-N bond lengths vary between 1.1388(168) and 1.1665(159) Å, 

in agreement with previous measurements for cyanides bonded to transition metals. The 

bond angles are also consistent with a square antiprismatic geometry and are in accord 

with literature values (Table 5). 

Infrared Spectroscopy 

In the solid state, 1 exhibits two sharp and strong ν(CN) stretches at 2110 and 2079 

cm-1 (Figure 5a) confirming that the geometry of the [WIV(CN)7]
3- anion is close to an 

ideal pentagonal bipyramid (IR selection rules for D5h allow for only two vibrations: A2’’ 

and E1’). The two main features are accompanied by weak shoulders/peaks at 2121(sh), 

2091 and 2068 cm-1 which is not unexpected due the slight structural distortion from ideal 

D5h symmetry. It is also not unusual for solid-state splitting effects to be observed. The IR 

spectrum recorded in dichloromethane solution is similar to that of the solid with two main  
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Figure 19: Molecular structure of (Cp2Co)4[W
IV(CN)8]·3CH3CN. 
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Table 5: Bond distances and angles for (Cp2Co)4[W(CN)8] (3) 

Select Atoms Bond Distance (Å) Select Atoms Bond Angle (°) 

W1—C1 2.1482(80) C1—W1—C2 73.841(390) 

W1—C2 2.1671(123) C1—W1—C3 76.028(328) 

W1—C3 2.1783(93) C1—W1—C4 143.770(411) 

W1—C4 2.1697(110) C1—W1—C5 116.183(432) 

W1—C5 2.1628(106) C1—W1—C6 139.916(371) 

W1—C6 2.1867(102) C1—W1—C7 72.262(411) 

W1—C7 2.1622(119) C1—W1—C8 77.884(337) 

W1—C8 2.1524(84) C2—W1—C3 76.065(347) 

N1—C1 1.1575(114) C2—W1—C4 78.953(409) 

N2—C2 1.1388(168) C2—W1—C5 72.672(401) 

N3—C3 1.1456(131) C2—W1—C6 142.703(384) 

N4—C4 1.1389(148) C2—W1—C7 113.612(410) 

N5—C5 1.1564(152) C2—W1—C8 142.801(332) 

N6—C6 1.1584(146) C3—W1—C4 74.523(358) 

N7—C7 1.1665(159) C3—W1—C5 140.730(377) 

N8—C8 1.1519(130) C3—W1—C6 120.031(328) 

  C3—W1—C7 141.958(355) 

  C3—W1—C8 74.011(306) 

  C4—W1—C5 76.659(461) 

  C4—W1—C6 74.485(386) 

  C4—W1—C7 142.116(445) 

  C4—W1—C8 113.099(380) 

  C5—W1—C6 76.038(442) 

  C5—W1—C7 73.937(430) 

  C5—W1—C8 143.061(348) 

  C6—W1—C7 75.646(388) 

  C6—W1—C8 73.937(430) 

  C7—W1—C8 79.215(382) 

  N1—C1—W1 179.357(929) 

  N2—C2—W1 178.701(936) 

  N3—C3—W1 177.780(776) 

  N4—C4—W1 177.037(1075) 

  N5—C5—W1 178.409(991) 

  N6—C6—W1 178.268(889) 

  N7—C7—W1 179.784(958) 

  N8—C8—W1 178.833(742) 
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ν(CN) bands at  2112 and 2082 cm-1 and slightly shifted weak features. These results 

indicate that the complex maintains a distorted pentagonal bipyramidal geometry in 

solution (Figure 20a). The ν(CN) stretches are lower in frequency than the corresponding 

stretches of (n-Bu4N)3[W(CN)8] which appear at 2139 cm-1 and 2129 cm-1. This shift is 

consistent with the decrease in oxidation state resulting in stronger π-backbonding and 

weaker σ-bonding. The ν(CN) frequencies are close to the values reported by Griffith et 

al. for K5[W
II(CN)7]

158 (a compound whose composition remains to be verified) and to the 

A2″ and E1′ stretches reported for the pentagonal bipyramidal K4[MoIII(CN)7].
172 It is 

noteworthy that exposing 1 to air results in the appearance of a new band located at 2144 

cm-1 (Figure 20b), attributed to oxidation. 

Similarly, the (Bu4N)3[MoIV(CN)7] salt also shows two sharp ν(CN) stretching 

frequencies in the solid state at 2112 cm-1 and 2092 cm-1 and less intense stretches at 2104 

cm-1 and 2050 cm-1 (Figure 21). This is consistent with a pentagonal bipyramidal geometry 

with the IR-allowed selection rules for A2″ and E1′.
101-102 The weaker stretches are the 

result of distortions from an ideal D5h symmetry as well as solid-state effects, including 

cation interactions. In a CH2Cl2 solution, the stretching frequencies are nearly the same at 

2113 cm-1 and 2092 cm-1, with several weaker features at 2070 cm-1 and 2055 cm-1, 

suggesting the [MoIV(CN)7]
3- remains pentagonal bipyramidal in solution.172 Compared to 

(Bu4N)3[MoV(CN)8], the CN stretches are lower in frequency as a result of weaker σ-

bonding and increased π-backbonding owing to a lower oxidation state, although the 

stretches are not as intense as a result of weaker force constants due to a lower atomic 

weight of molybdenum as compared to tungsten. Compared to [MoIII(CN)7]
4-, the stretches 
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Figure 20: Infrared spectra of (2). (a) Compound 2 as both single crystals and in a 

CH2Cl2 solution. (b) Change in CN stretches over time upon exposure to oxygen. 

Reprinted with permission from reference 176. 
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are similar. Exposure to oxygen does not lead to rapid decomposition as discerned by the 

infrared spectrum. The infrared spectrum of (Cp2Co)4[W
IV(CN)8] exhibits a strong 

cyanide stretching vibration at 2089 cm-1 with a shoulder at 2104 cm-1, and the 

(Cp2Co)4[MoIV(CN)8] shows one broad cyanide stretching frequency at 2091 cm-1. A 

summary of the cyanide stretches is listed in Table 6. 

 

 

 

 

 

Figure 21: Infrared spectrum of 4 in a Nujol mull. 
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Table 6: Infrared ν(CN) stretching frequencies for 2, 3, 4, 5, and starting reagents.  

Compound ν (CN) (cm-1) 

(Bu4N)3[W
IV(CN)7] (2) 2110, 2079 

(Bu4N)3[W
V(CN)8] 2129, 2139 

(Bu4N)3[MoIV(CN)7] (4) 2112, 2092 

(Bu4N)3[MoV(CN)8] 2123, 2139 

(Cp2Co)4[W
IV(CN)8] (3) 2089, 2104 

(Cp2Co)4[MoIV(CN)8] (5) 2091 

 

 

Electronic Spectroscopy 

The electronic absorption spectrum of 2 in CH3CN solution (Figure 22a) exhibits 

a weak feature at 391 nm (ε = 9.9M-1·cm-1) which corresponds to the lowest spin-allowed 

e1″ → e2′ d–d transition and is similar to the corresponding absorptions reported for the 

heptacyanometallates (n-Bu4N)3[ReIV(CN)7]
102 in CH3CN and K4[MoIII(CN)7]·2H2O in 

water.172 There are also several features below 350 nm attributed to metal-to-ligand charge 

transfer (MLCT) and higher d–d transitions. It is noted that exposing the solution of 2 to 

air leads to an irreversible color change to orange and the appearance of a new absorption 

at 447 nm with concomitant decrease in intensity of absorption bands below 350 nm 

(Figure 22b).  

The electronic absorption spectrum of 4 in CH3CN is depicted in Figure 23. The 

compound exhibits two absorptions in the UV region, namely 278.3 nm (ε = 1466 M-1·cm-

1) and 327.9 nm (ε = 1591 M-1·cm-1) corresponding to MLCT transitions as in the case of 

the tungsten analogue. There is a broad peak from ~ 360 to 410 nm, which corresponds to 

the d-d transitions as ε values are 93 to 45 M-1·cm-1 in this range, but no distinct maxima 

are observed. For the sake of comparison, the K4[MoIII(CN)7]·2H2O electron absorption 
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spectrum in deoxygenated water has two strong bands at 216 nm and 289 nm with a 

prominent shoulder at 402 nm.172 The 402 shoulder was assigned as the lowest spin-

allowed e1″→e2′ with the higher energy bands being d→π*(CN) and d-d transitions. 

Exposure to oxygen does not result in a noticeable color change, and the electron 

absorption spectrum appears essentially unchanged after 48 hours except for a decrease in 

the absorbance for the MLCT peaks. 

Electrochemical Studies 

The synthesis of the (Bu4N)3[M
IV(CN)7] anions of Mo and W was a mixed success: while 

the desired pentagonal bipyramidal geometry was obtained, the metal centers are in the 

tetravalent oxidation state, resulting in an isotropic d2 electronic configuration rather than 

the desired trivalent oxidation state with an orbitally degenerate ground state. A one-

electron reduction would be expected to yield the desired oxidation state, and to determine 

the potential at which this occurs, electrochemical measurements were performed. In 

particular, cyclic voltammetry (CV) is a useful tool for determining such a potential and 

whether it exists. 

For compound 2, cyclic voltammetry is shown in Figure 24. Initially, the product exhibited 

a reversible reduction at -1.29 V which, naturally, was thought be the reduction to the 

[WIII(CN)7]
4- anion. Numerous attempts to reduce the compound chemically were 

unsuccessful, as highlighted above. One hypothesis is that the cobaltocenium byproduct 

is present as an impurity, but the presence of a quasi-reversible feature led to further 

examination, as detailed below.  
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Figure 22: Electronic absorption spectra of 2 in CH3CN before and after exposure to O2. 

Reprinted with permission from reference 176. 
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Figure 23: Electron absorbance spectrum of 4. Spectra were collected in CH3CN with a 

0.6899 mM solution. 
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Figure 24: Cyclic voltammogram of 2 in CH3CN with 0.1 M Bu4NPF6 as the supporting 

electrolyte. Potentials are referenced to Ag/AgCl electrode; the scan rate is 0.2 V/s.  

Reprinted with permission from, copyright 2008 American Chemical Society.
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Given that the [MoIII(CN)7]
4-, [MoII(CN)7]

5-, and [MoIII(CN)6]
3- anions are known, the 

reduction of 4 was of particular interest, especially with respect to the [MoIII(CN)7]
4- or 

[MoIII(CN)6]
3- species both of which are known to exist.100 Initial CV measurements 

revealed a quasi-reversible reduction at -1.13 V, Figure 25, with a peak separation between 

cathodic (Ep,c = -1.18 V) and anodic (Ep,a = -1.09 V) potentials of 90 mV, which is 

significantly more than the 59 mV expected for an ideal reversible reduction. Repeated 

studies led to similar E1/2 values with even greater peak separations, suggesting quasi-

reversibility. These results are attributed to the reduction to the [MoIII(CN)6]
3- anion with 

loss of cyanide.  

 

 

 

Figure 25: Cyclic voltammogram of 4 in CH3CN with 0.1 M Bu4NPF6 as the supporting 

electrolyte. Potentials are referenced to the Ag/AgCl electrode; the scan rate is 0.05 V/s. 
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On the basis of the literature, it is well-known that the [FeII/III(CN)6]
2/3- redox 

couple has a 2 V range over which the reduction can occur depending on the choice of 

solvent.177 In order to probe whether the same situation holds true for the [MIV(CN)7]
3- 

species, reductions were measured in different solvents. The results would also would 

indicate whether the reductions observed earlier were based on the metal center or due to 

cobaltocene impurities that are undetected as finely divided particulates on the surface of 

the crystals (as the cobaltocene reduction potential should not change with solvent). The 

heptacyanometallates are soluble in CH2Cl2, CH3CN, DMF, and propylene carbonate 

(PC); the reductions were measured in these solvents and the results are reported in Table 

7. Additionally, the [MV(CN)8]
3- (M = Mo, W) anions were also measured to provide a 

control, as the [MV(CN)8]
4/3- redox couple is reported in the literature.178-180 With the 

exception of CH2Cl2, in which the compounds decompose after the reduction, the solvents 

led to stable reduction products and it was found that the reduction potentials varied with 

solvent. Propylene carbonate led to the lowest reduction potential, usually being 0.1 V less 

reducing than CH3CN, while DMF led to 0.15 to 0.2 V more negative reduction potentials 

than CH3CN. The molybdenum reductions are lower than the tungsten analogues by 

approximately 0.15 V and 0.25 V for the heptacyanometallates and octacyanometallates, 

respectively. Curiously, the octacyanometallates only show the reversible [M(CN)8]
3/4- 

reduction in their CVs, and the lack of an irreversible reduction indictes that the 

[MIV(CN)7]
3- analogue would not be accessible with cobaltocene. It is also interesting to 

note that the reductions appeared to be quasi-reversible, as there are large separations 

between peak potentials.  
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Table 7: Electrochemical reduction potentials, E1/2, as a function of solvent. E1/2 are 

reported for each compound in V with reference to Ag/AgCl, with the ΔE (= Ep,c – Ep,a) 

given in parenthesis in mV. 

Compound [MoIV(CN)7]
3- [MoV(CN)8]

3- [WIV(CN)7]
3- [WV(CN)8]

3- 

PC  -1.00 (222) -0.21 (184) -1.14 (359) -0.47 (134) 

CH3CN -1.10 (184) -0.32 (286) -1.30 (246) -0.60 (393) 

DMF -1.30 (113) -0.51 (118) -1.47 (134) -0.77 (116) 

 

 

 

To further probe the degree of reversibility of the electrochemistry, CVs were 

performed for the four compounds at variable scan rates. For a reversible reduction, the 

peak potential will not change as a function of scan rate, whereas it will shift with scan 

rate for a quasi-reversible reduction. The reductions at different scan rates were performed 

in CH3CN with at least 0.15 M of Bu4NPF6 as the supporting electrolyte. The scan rates 

were varied from 0.02 V/s to 0.5 V/s. For compound 4, there is an obvious shift of the 

anodic peak potential with scan rate, shifting to more oxidizing potentials as the scan rate 

increases (Figure 26); at increased scan rates it is difficult to discern a cathodic peak 

potential, but it is clear that the peak separation increases which indicates quasi-

reversibility. In contrast, (Bu4N)3[MoV(CN)8] shows a significantly smaller shift in peak 

potentials with scan rates (Figure 27), which confirms the reversible reduction between 

the [MoV(CN)8]
3- and [MoIV(CN)8]

4-. 

Compound 2 also has an obvious shift of the anodic peak potential with scan rate 

and shifts to more oxidizing potentials as the scan rate increases similar to 4. In addition, 

increasing the scan rate results in large peak separations between cathodic and anodic peak 

potentials, an indication of quasi-reversibility (Figure 28). In contrast, the 
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(Bu4N)3[W(CN)8] exhibits much smaller shifts in peak potentials with scan rates (Figure 

29), although there is a larger shift at higher scan speeds, which confirms the reversible 

reduction between the [WV(CN)8]
3- and [WIV(CN)8]

4-. 

 

 

 

 

Figure 26: Cyclic voltammogram of (Bu4N)3[MoIV(CN)7] in CH3CN at various scan 

rates with 0.192 M Bu4NPF6 as the supporting electrolyte. Potentials are referenced to 

Ag/AgCl. 
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Figure 27: Cyclic voltammogram  of (Bu4N)3[MoV(CN)8] in CH3CN at various scan 

rates with 0.186 M Bu4NPF6 as the supporting electrolyte. Potentials are referenced to 

Ag/AgCl. 

 

 

Figure 28: Cyclic voltammogram  of (Bu4N)3[W
IV(CN)7] in CH3CN at various scan 

rates with 0.183 M Bu4NPF6 as the supporting electrolyte. Potentials are referenced to 

Ag/AgCl. 
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Figure 29: Cyclic voltammogram  of (Bu4N)3[W
V(CN)8] in CH3CN at various scan rates 

with 0.210 M Bu4NPF6 as the supporting electrolyte. Potentials are referenced to 

Ag/AgCl. 

 

 

Magnetic Measurements 

The magnetic properties of 2 were measured in the solid state using a MPMS-XL 

SQUID magnetometer. The χT value at room temperature is 0.77 emu·K·mol-1 (Figure 

30), which is less than the spin-only value of 1.00 emu·K·mol-1 expected for an S=1 

system assuming the d-orbital splitting presented in Figure 22b and a g-factor of 2.0. The 

χT value steadily decreases to zero as the temperature is lowered (Figure 30) which is 

ascribed to a significant zero field splitting (zfs) with large positive D value. The best fit 

using the Hamiltonian in Equation 27: 

�̂� = 𝐷𝑆𝑧
2 + 𝐸(𝑆𝑥

2 − 𝑆𝑦
2) +  𝜇𝐵𝜇0𝐻𝑧𝑔𝑆   Equation 27 
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 (where D and E are the axial and rhombic crystal field parameters, S = 1 is the spin of the 

system, g is the g-factor and Hz is the applied magnetic field) leads to the following 

parameters: g = 1.9(1), D = 330(10) cm-1, E = 110(5) cm-1. The magnetization at 1.8 K 

(Figure 30, inset) has a maximum value of 0.04 μB at 7 T without saturation, indicating 

that the ground state is non-magnetic. The best fit parameters from the magnetization 

dependence: g = 2.0(1), D = 430(10) cm-1, and E = 41(5) cm-1 are consistent with those 

obtained from the χT versus T fitting. Simultaneous fitting of both χT vs.T and M vs. H 

did not lead to satisfactory results (Figure 31). The reduced magnetization (M versus HT-

1) plot is shown in Figure 32. The best fit parameters are similar to those obtained from 

the M vs. H dependence: g = 2.0(1), D = 430(10) cm-1, and E = 38(5) cm-1. The obtained 

D value is very large, but not entirely unreasonable for a pentagonal bipyramidal 5d metal 

ion complex.181 It is unlikely that the magnetic properties of 2 arise from spin-orbit 

coupling since the orbital angular momentum for a d2 pentagonal bipyramidal complex 

should be quenched. Nevertheless, we concede that the large inherent spin-orbit coupling 

of 5d elements may still play a role owing to the slight distortion from the ideal pentagonal 

bipyramidal geometry. Our attempts to include the orbital contribution in the fits led to 

severe overparametrization and were unsuccessful, leading to poor results and/or non-

physical, negative g values. All fittings were performed using the PHI program.182 

Mironov has also performed Ligand-Field (LF) calculations on the [WIV(CN)7]
3- 

anion utilizing the Hamiltonian in equation 28183:  

�̂� =  ∑
𝑒2

|𝒓𝒊−𝒓𝒋|
+  𝜁5𝑑 ∑ 𝒍𝑖𝒔𝒊𝑖 + 𝑉𝐿𝐹 + 𝜇𝐵(𝑘𝑳 + 2𝑺)𝑯𝑖>𝑗    Equation 28 
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Figure 30: Variable DC susceptibility (H = 0.1 T) and magnetization (inset; T = 1.8 K) 

plots for 2. Solid lines are the best fits to the experimental data. Reprinted with 

permission from reference 176.  

 

 

 

where the first, second, third, and fourth terms account for the Coulomb repulsion energy, 

spin-orbit coupling, LF Hamiltonian, and Zeeman interactions, respectively. The 

calculated Racah parameters for the Coulomb term are B = 400 cm-1 and C = 1800 cm-1, ζ 

is the spin-orbit coupling constant for tungsten, l and s are the angular momentum and 

spin operators, VLF is calculated using angular overlap parameters, µB is Bohr magnetons, 

k is the orbital reduction factor and H is the magnetic field. The calculations for χMT 

resulted in a D value of 280 cm-1 and an E value of 0.14 cm-1. While the large positive D  



 

76 

 

 

Figure 31: χMT versus T and 1.8 K magnetization plots for 2. (a) χMT vs T (main, H = 

0.1 T)  and (b) M vs H at 1.8 K for 2. Solid lines are best fit to both sets simultaneously. 

Reprinted with permission from reference 176. 
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Figure 32: Reduced magnetization (M vs H/T) for 2 measured at 1, 2, 3, 4, and 5 T 

(violet to red points) between 1.8 and 20 K. Solid lines are the best fit using the 

following parameters. Reprinted with permission from reference 176. 

 

 

value agrees with our magnetic fitting, there is a significant difference in the E values 

obtained. 

Magnetic studies were also performed on compound 4 in the solid state. The χMT 

value at 300 K was found to be 1.13 emu·K·mol-1 (Figure 18), which is higher than the 

expected 1.00 emu·K·mol-1 for an S = 1 system with g = 2.0. As the temperature decreases, 

there is a gradual decrease in χMT until 30 K and then a sharp decrease towards zero, the 

result of zero field splitting (ZFS). This is in contrast to 2, for which there is a constant 

gradual decrease from 0.77 emu·K·mol-1. Fitting the data for 4 to equation 27 yields g = 
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1.96, D = 30 cm-1, and E = 15 cm-1.  The 2 K magnetization data (Figure 19) exhibit a 

maximum value of 0.47 μB at 7 T without saturation, and the fitted magnetization 

parameters yielded g = 1.01, D = 10 cm-1, and E = 5 cm-1; this is significantly different 

from other fits of the susceptibility of both magnetization and susceptibility. These results 

confirm that the ground state is ms = 0. It is worth noting that D is an order of magnitude 

smaller for 4 as compared to 2. Simultaneous fitting of χMT and magnetization yields 

acceptable results with g = 1.96, D = 32.6 cm-1, and E = 0.1 cm-1 (Figure 20). Fitting of 

the reduced magnetization, Figure 21, leads to parameters g = 1.74, D = 115 cm-1, and E 

= 100 cm-1 when g can vary, while fixing g at 1.9 leads to D = 716 cm-1 and E = 700 cm-

1. The former case is more likely than the latter and, although g is not expected to be lower 

than 1.9, the value of 1.74 is not entirely unreasonable. Additionally, the separated isofield 

lines indicates the presence of magnetic anisotropy. Overall, the calculated values for 4 

suggest that the D value is significantly less than 2, lending support to the idea that moving 

to 5d metal ions will lead to larger ZFS. 
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Figure 33: Variable-temperature dc susceptibility plot for 4 from 300 to 2 K. Solid line 

represents best fit with g = 1.96, D = 30 cm-1, and E = 15 cm-1. 

 

 

 

 

Figure 34: Magnetization versus H plot at 2 K for 4. Green line represents best fit with 

parameters g = 1.01, D = 10 cm-1, and E = 5 cm-1. 
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Figure 35: Simultaneous fitting of both χT susceptibility and 2 K magnetization of 4. (a) 

χT susceptibility and (b) magnetization at 2 K. 
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Figure 36: Reduced magnetization of 4. Colors represent different isofield lines with 

best fit parameters g = 1.01, D = 10 cm-1, and E = 5 cm-1. 

 

 

 

Conclusions 

The synthesis of new heptacyanometallate(IV) compounds for molybdenum and 

tungsten were achieved by reduction of [MV(CN)8]
3- with cobaltocene in acetonitrile. The 

compounds were characterized by X-ray crystallography, IR and electronic absorption 

spectroscopies, cyclic voltammetry, and SQUID magnetometry. The X-ray data revealed 

that [MIV(CN)7]
3- (M = Mo, W) adopt a pentagonal bipyramidal geometry and the 

magnetic studies indicate the ground state is S = 1 with a non-magnetic ms = 0 ground 

state due to positive zero-field splitting. This conclusion is supported by the large D values 
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for Mo (30 cm-1) and W (330 cm-1).  It is also worth noting that moving from the 4d to 5d 

metal center results in an order of magnitude increase in D. The cyclic voltammograms 

show a quasi-reversible reduction for both heptacyanometallates which is expected to 

indicate a reduction to the [MIII(CN)6]
3- compound with loss of a cyanide but all attempts 

to reduce the compounds to the desired trivalent oxidation state were unsuccessful. While 

the original target [WIII(CN)7]
4- was not obtained, importantly, the [MIV(CN)7]

3- 

compounds are the first examples of S = 1 heptacyanometallates and polynuclear 

complexes incorporating these anions remain interesting targets. 
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CHAPTER III  

POLYNUCLEAR COMPLEXES BASED ON HEPTACYANOMOLYBDATE(IV) 

AND HEPTACYANOTUNGSTATE(IV) ANIONS 

 

Introduction 

As previously outlined in the introduction chapter, anisotropic exchange is 

obtained via coupling through the axial cyanides of heptacyanometallates with large spin-

orbit coupling parameters and orbital degeneracy, both of which are operative for the MoIII 

and ReIV ions. Both ions have been incorporated into a number of different polynucear 

architectures, but it is important to note that it is common to observe decomposition to 

octacyanometallate ions, or in the case of Mo, the loss of a cyanide ligand with formation 

of the hexacyanomolybdate anion. Another issue is that coupling to paramagnetic metal 

ions in equatorial cyanides for both [MoIII(CN)7]
4- and [ReIV(CN)7]

3- reduces the effect of 

the desired anisotropic exchange coupling.77, 138 These issues notwithstanding, the 

heptacyanometallate moiety remains a viable route for taking advantage of anisotropic 

exchange in the development of SMMs with improved properties. 

The synthesis and characterization of the (Bu4N)3[M
IV(CN)7] salts described in the 

previous chapter offers an opportunity to study the exchange coupling for S = 1 spin 

systems, which has not been investigated. Such information will provide valuable 

information regarding the importance of orbital degeneracy for engendering anisotropic 

coupling. In particular, the trinuclear complexes obtained with MnCl2(LN5) and 



 

84 

 

K4[Mo(CN)7]
76- and the [M4(PY5Me2)4Re(CN)7]

5+ molecules 104 are excellent templates 

for probing exchange interactions, in order to compare to the previous examples. 

Experimental 

 All reactions were performed in a drybox or on a Schlenk-line under an inert 

atmosphere unless otherwise stated. The solvents CH3CN (Sigma Aldrich) and CH3OH 

(MeOH, KOPTEC) were pre-dried over 3Å molecular sieves; CH3CN was then distilled 

over 3Å sieves under nitrogen, while MeOH was distilled over Mg powder activated with 

I2. Diethyl ether (Et2O, EMD Millipore) was passed through an activated alumina column 

(MBraun solvent system). Anhydrous THF (Sigma Aldrich) and anhydrous N,N-

dimethylformamide (DMF, Alfa Aesar) were used as received.  All solvents were stored 

over molecular sieves in a drybox. The reagents (Bu4N)3[Mo(CN)7], (Bu4N)3[W(CN)7],
176 

PY5Me2 ligand,184 [Mn(LN5)(H2O)],76 [Mn(PY5Me2)(CH3CN)](PF6)2,
103 

[Ni(PY5Me2)(CH3CN)](PF6)2,
104 [Co(PY5Me2)(CH3CN)](PF6)2,

104 and 

[Cu(PY5Me2)(CH3CN)](PF6)2
104 were prepared according to literature methods, while 

3,4,7,8-tetramethylphenanthroline (Alfa Aesar) was used as received. 

Synthesis 

[FeII(PY5Me2)(CH3CN)](CF3SO3)2 (11) 

A vial was charged with 0.0623 g (0.1759 mmol) of Fe(CF3SO3)2 and 0.0781 g 

(0.176 mmol) of the PY5Me2 ligand. Addition of 8 mL of CH3CN resulted in a yellow-

red slurry that was stirred for 24 hours during which time the solution turned red. The 

solution was transferred to larger vials for slow vapor diffusion with diethyl ether, and X-

ray quality crystals were obtained within 24 hours. The product was collected on a frit as 
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dark red crystals, washed with diethyl ether, and dried under vacuum. Mass of product: 

0.1117 g, yield: 75.72 %.  

[ZnII(PYPY5Me2)(CH3CN)](PF6)2 (12) 

A vial was charged with 0.1049 g (0.2364 mmol) of PY5Me2 ligand and 0.0954 g 

(0.2366 mmol) of [Zn(CH3CN)4](BF4)2; addition of 7 mL of CH3CN with stirring resulted 

in a yellow solution. After stirring for 48 hours, the solution is colorless/faint yellow. The 

solution was transferred to two larger vials for slow vapor diffusion with diethyl ether. X-

ray quality crystals were obtained within 3 days, and the crystals were collected on a 

medium frit, washed with diethyl ether, and dried under vacuum. The compound was then 

transferred to a vial. Mass of product: 0.1249 g, yield: 72.91 %.  

{[MnII(LN5)]2[MoIV(CN)8]}∞ (13) 

A vial was charged with 0.025 g (0.0248 mmol) of (Bu4N)3[Mo(CN)7] and 

dissolved in 1.30 mL of CH3CN to give a colorless solution. Separately, a vial was charged 

with 0.018 g (0.0449 mmol) of MnCl2 dissolved in 1.78 mL of CH3OH to give a yellow 

solution. The solution of (Bu4N)3[Mo(CN)7] was added with stirring to the solution of 

Mn(LN5), which resulted in the formation of a red-brown precipitate. A 1 mL aliquot was 

removed for slow vapor diffusion with diethyl ether which produced yellow needles 

suitable for X-ray diffraction. 

{[MnII(LN5)]2[WIV(CN)8]}∞ (14) 

A small vial was charged with 0.069 g (0.0631 mmol) of (Bu4N)3[W(CN)7] and 

dissolved in 3 mL of CH3CN; a separate vial was charged with 0.055 g (0.137 mmol) of 

MnCl2(LN5) and a solution of 1.67 mL volume of CH3CN and 1.69 mL of deoxygenated 
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H2O were added to give a yellow solution. Approximately 6 mL of CH3CN were added as 

a buffer layer, and then the solution of (Bu4N)3[W(CN)7] was carefully added as a layer 

to give a cloudy interface. The solution was stored in the dark and red needles suitable for 

X-ray diffraction formed after two days. 

{[SmIII(tmphen)2(DMF)2][WV(CN)8]}∞ (15) 

A vial was charged with 0.017 g (0.0466 mmol) of SmCl3·6H2O and 0.024 g 

(0.1016 mmol) of tmphen ligand; addition of 2.0 mL H2O, 2.53 mL of MeOH, and 3.18 

mL of DMF with stirring gave a colorless/light orange solution. Separately, 0.051 g 

(0.0466 mmol) of (Bu4N)3[W(CN)7] was dissolved in 2.30 mL of H2O, 1.27 mL of DMF, 

and 3.03 mL of MeOH to give a colorless solution. The solution of (Bu4N)3[W(CN)7] was 

added to the solution of SmCl3(tmphen)2 resulting in a dark yellow and then orange 

solution with no precipitate. Crystals were grown via slow vapor diffusion of the reaction 

solution with diethyl ether. Mass of product: 0.022 g, yield: 57.1%. 

{[DyIII(tmphen)2(DMF)2][WV(CN)8]}∞ (16) 

A vial was charged with 0.016 g (0.0431 mmol) of DyCl3·6H2O and 0.018 g 

(0.0762 mmol) of tmphen ligand; addition of 3.2 mL of H2O, 3.03 mL of MeOH, and 3.28 

mL of DMF with stirring gave a colorless solution. Separately, 0.037 g (0.0338 mmol) of 

(Bu4N)3[W(CN)7] was dissolved in 2.75 mL DMF and 2.28 mL MeOH to give a colorless 

solution. The solution of (Bu4N)3[W(CN)7] was added to the solution of DyCl3(tmphen)2, 

resulting in a dark yellow and then an orange solution with no precipitate. Crystals were 

grown via slow vapor diffusion diethyl ether into the reaction solution. 

[MnII(PY5Me2)]4[WIV(CN)8](PF6)4] (17) 
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A vial was charged with 0.0115 g (0.0105 mmol) of (Bu4N)3[W(CN)7] which was 

dissolved in 0.80 mL of CH3CN to give a colorless solution. Separately, a thin vial was 

charged with 0.0362 g (0.0436 mmol) of [Mn(PY5Me2)(CH3CN)](PF6)2 and dissolved in 

0.97 mL of CH3CN to give a colorless solution with manual stirring. The solution of 

(Bu4N)3[W(CN)7] was then slowly added via pipette to the solution of Mn(PY5Me2)
2+, 

resulting in a light yellow and then orange solution. The vial was placed in a jar with THF 

for slow vapor diffusion. After 6 weeks, a yellow precipitate was collected on a frit, 

washed with THF to remove the Bu4NPF6 by-product, and washed with diethyl ether and 

dried under vacuum. Mass of product: 0.0197 g, yield: 53.7 % (based on 

C143H126N37Mn4WP4F24). 

[FeII(PY5Me2)]4[WIV(CN)8](PF6)4] (18) 

A vial was charged with 0.0155 g (0.0141 mmol) of (Bu4N)3[W(CN)7] and 

dissolved in 0.73 mL of CH3CN to give a colorless solution. Separately, a second vial was 

charged with 0.0472 g (0.0562 mmol) of [Fe(PY5Me2)(CH3CN)](CF3SO3)2 and dissolved 

in 1.86 mL of CH3CN to give a dark red solution. The solution of (Bu4N)3[W(CN)7] was 

then slowly added via pipette to the solution of Fe(PY5Me2)
2+, resulting in a lighter red 

solution and a precipitate that redissolved upon stirring. The vial was placed in a jar with 

diethyl ether for slow vapor diffusion. After 3 weeks, dark red crystals along with an 

orange precipitate was collected on a frit, washed with THF to remove the Bu4NPF6 by-

product, then washed with diethyl ether and dried under vacuum. Mass of product: 0.0121 

g, yield:  25.6% (based on C143H126N37Fe4WP4F24). 

[CoII(PY5Me2)]4[MoIV(CN)8](PF6)4] (19) 
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A vial was charged with 0.0101 g (0.0101 mmol) of (Bu4N)3[Mo(CN)7] and 

dissolved in 2.43 mL of CH3CN to give a colorless solution. Separately, a vial was charged 

with 0.0275 g (0.0328 mmol) of [Co(PY5Me2)(CH3CN)](PF6)2 and dissolved in 3.37 mL 

of CH3CN to give a gold-brown solution with manual stirring. The solution of 

(Bu4N)3[Mo(CN)7] was then slowly added via pipette to the solution of Co(PY5Me2)
2+ 

resulting in a layer with a white, cloudy precipitate. The vial was placed in a jar with 

diethyl ether for slow vapor diffusion. After 4 months, red crystals and a red-grey 

precipitate were observed, which was collected on a frit, washed with THF to remove 

Bu4NPF6 byproduct, and redissolved in CH3CN to give a dark red solution for 

crystallization. Attempts to recrystallize led to yellow and white powder precipitates, 

which were washed with THF and diethyl ether, and then dried under vacuum. Mass of 

product: 0.0253 g, yield: 74.9 %.  

[CoII(PY5Me2)]4[WIV(CN)8](PF6)4] (20) 

A vial was charged with 0.0473 g (0.0432 mmol) of (Bu4N)3[W(CN)7] and 

dissolved in 1.25 mL of CH3CN to give a colorless solution. Separately, a vial was charged 

with 0.1421 g (0.1704 mmol) of [Co(PY5Me2)(CH3CN)](PF6)2 and dissolved in 4.10 mL 

of CH3CN to give an orange solution with manual stirring. The solution of 

(Bu4N)3[W(CN)7] was then added via pipette to the solution of Co(PY5Me2)
2+, resulting 

in a layer with a dark red solution with some precipitate. The vial was placed in a jar with 

diethyl ether for slow vapor diffusion. After four months, green crystals were collected on 

a frit, washed with THF to remove the Bu4NPF6 by-product, and dried under vacuum. 
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Mass of product: 0.0670 g, yield: 53.6 %. Elemental analysis: Theoretical C: 50.16, H: 

3.58, N: 13.37; actual C: 47.21, H: 3.40, N: 12.16. 

[NiII(PY5Me2)]4[MoIV(CN)8](PF6)4] (21) 

A vial was charged with 0.0215 g (0.0213 mmol) of (Bu4N)3[Mo(CN)7] and 

dissolved in 2.61 mL of CH3CN to give a colorless/pale yellow solution. Separately, a vial 

was charged with 0.0702 g (0.0842 mmol) of [Ni(PY5Me2)(CH3CN)](PF6)2 and dissolved 

in 3.47 mL of CH3CN to give a light pink solution with manual stirring. The solution of 

(Bu4N)3[Mo(CN)7] was then slowly added via pipette to the solution of Ni(PY5Me2)
2+, 

resulting in a layer with white, cloudy precipitate. The vial was placed in a jar with diethyl 

ether for slow vapor diffusion. After 3 weeks, orange crystals had formed which were 

collected on a frit, washed with THF to remove the Bu4NPF6 byproduct, washed with 

diethyl ether and dried under vacuum. Mass of product: 0.0294 g, yield: 47.7 %.  

[NiII(PY5Me2)]4[WIV(CN)8](PF6)4] (22) 

A vial was charged with 0.0683 g (0.0624 mmol) of (Bu4N)3[W(CN)7] and 

dissolved in 2.51 mL of CH3CN to give a colorless solution. Separately, a vial was charged 

with 0.2087 g (0.2504 mmol) of [Ni(PY5Me2)(CH3CN)](PF6)2 and dissolved in 3.97 mL 

of CH3CN to give a light pink solution with manual stirring. The solution of 

(Bu4N)3[W(CN)7] was then slowly added via pipette to the solution of Ni(PY5Me2)
2+, 

resulting in an orange-red solution with precipitate that redissolved upon stirring. The vial 

was placed in a jar with diethyl ether for slow vapor diffusion. After 2 weeks, orange 

crystals had formed which was collected on a frit, washed with THF to remove Bu4NPF6 
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by-product, then washed with diethyl ether and dried under vacuum. Mass of product: 

0.1685 g, yield: 86.3%.  

[CuII(PY5Me2)]4[WIV(CN)8](PF6)4] (23) 

A vial was charged with 0.0384 g (0.0351 mmol) of (Bu4N)3[W(CN)7] and 

dissolved in 1.43 mL of CH3CN to give a colorless solution. Separately, another vial was 

charged with 0.1169 g (0.1394 mmol) of [Cu(PY5Me2)(CH3CN)](PF6)2 and dissolved in 

3.44 mL of CH3CN to give a blue solution with manual stirring. The solution of 

(Bu4N)3[W(CN)7] was then added via pipette to the solution of Cu(PY5Me2)
2+ with 

stirring, resulting in a darker blue solution. The vial was placed in a jar with diethyl ether 

for slow vapor diffusion. After 4 months, the resulting blue product was collected on a 

frit, washed with THF to remove the Bu4NPF6 by-product, washed with diethyl ether, and 

dried under vacuum. Mass of product: 0.1075 g, yield: 90.6 (% (based on 

C143H126N37Cu4WP4F24). 

X-ray Crystallography 

Crystals of compounds 11, 12, 13, 15, and 21 were mounted on a Nylon loop using 

Paratone® oil and placed in a N2 cold stream at 110 K. The data were collected on a Bruker 

D8 Quest Eco diffractometer (MoKα radiation λ = 0.71073 Ǻ) equipped with a Photon50 

CMOS detector. The data sets were recorded as four ω-scans and integrated using the 

Bruker APEX3 software package. Compound 14 was mounted on a Nylon loop in 

Paratone® oil, placed in a N2 cold stream at 110 K, and the data were collected on a Bruker 

APEX II diffractometer (MoKα radiation λ = 0.71073 Å) equipped with a CCD detector. 

For all the data sets, the multi-scan absorption correction was performed within the Bruker 
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APEXII software using SADABS (v2014/5) or within the Bruker APEX3 software using 

SADABS (v2015/10).163-164 Solution and refinement of the crystal structures were carried 

out using SHELXT and shelXle (a graphical interface for the SHELX suite of programs), 

respectively or Olex programs.165-166, 185 Single crystal diffraction data for compounds 16 

and 19 were collected at 110 K at the ChemMatCars beamline 15-ID-B at the Advanced 

Photon Source (APS), Argonne National Lab. The data collection strategy consisted of 

obtaining three ω-scans with one full-sphere and two half-spheres for a total of 1440 

frames with a 0.5º width. Integration was performed with the Bruker-APEXII software 

package, and the absorption correction (SADABS) was based on fitting a function to the 

empirical transmission surface as sampled by multiple equivalent measurements. 

Compound 20 was collected at the Advanced Light Source at Lawrence Berkeley National 

Lab. The data collection strategy consisted of obtaining five ω-scans, integration was 

performed with the Bruker-APEXII software package, and the absorption correction 

(SADABS) was based on fitting a function to the empirical transmission surface as 

sampled by multiple equivalent measurements. Structure solution by direct methods 

resolved positions of all heavy atoms and most of the lighter atoms. The remaining non-

hydrogen atoms were located by alternating cycles of least-squares refinements and 

difference Fourier maps. The final refinements were performed with anisotropic thermal 

parameters for all non-hydrogen atoms. Images of the molecular structures were rendered 

using DIAMOND software for crystal structure visualization.167 A summary of pertinent 

information relating to unit cell parameters, data collection, and refinement is provided in 

Table 8. 
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Physical Methods 

IR spectra were recorded on a Nicolet Nexus 470 FT-IR E.S.P spectrophotometer 

Nujol® mulls of the samples between two KBr paltes unless otherwise noted. Elemental 

analysis was performed by Atlantic Microlabs, Inc., Norcross, GA. Magnetic 

measurements were performed on a Quantum Design MPMS-XL SQUID magnetometer 

equipped with a 7T superconducting magnet over the temperature range 1.8 to 300 K; the 

diamagnetic contribution of the plastic bag used as a sample holder was subtracted from 

the raw data, and core diamagnetism of the sample was corrected for using Pascal’s 

constants.168 

Results and Discussion 

Syntheses 

Initial syntheses focused on the use of the MnCl2(LN5) compound, which had 

previously been used in reactions with K4[Mo(CN)7] to obtain a linear trinuclear 

compound with the highest Ueff barrier for a cyanide compound. Reaction of the 

MnCl2(LN5) with (Bu4N)3[W(CN)7] in a 2:1 ratio in H2O/CH3CN resulted in the formation 

of red crystals of 14, which was determined to be a 2D polymeric chain of alternating Mn 

and W ions bridged by cyanide ligands. The heptacyanotungstate(IV) anion also acquires 

another cyanide ligand, resulting in the diamagnetic octacyanotungstate(IV) species. 

In an attempt to prevent the decomposition to the octacyanometallate(IV) anion 

and the formation of 2D networks, the capping ligand PY5Me2 ligand was used. The Long 

group successfully employed this ligand in reactions with (Bu4N)3[Re(CN)7], which is 

isomorphous with the molybdenum and tungsten starting materials. The syntheses of the  
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Table 8: Crystallographic data and experimental details for compounds 11 – 16 and 19 – 

21. 
Compound 11 12 13 14 15 

MW (g/mol) 920.69 723.58 1142.92 1226.80 826.9 

Temperature  110 110 110 110 110 

Crystal System Monoclinic Triclinic Hexagonal Hexagonal Monoclinic 

Space Group P21/n P1b P3221 P3121 P2/c 

a (Å)  12.4725(6) 12.8118(7) 19.0407(6) 19.030(3) 19.155(5) 

b (Å)  15.7642(7) 15.6259(8) 19.0407(6) 19.030(3) 21.150(5) 

c (Å) 19.9465(8) 15.9553(9) 12.4554(5) 12.413(2) 14.821(4) 

α (°)  90 93.394(2) 90 90 90 

β (°) 90.910(2) 91.011(2) 90 90 111.673(8) 

γ (°) 90 106.121(2) 120 120 90 

V (Å3) 3921.4(3) 3061.3(3) 3910.7(3) 3893.1(12) 5580(2) 

Z 4 4 3 3 6 

Color Red Colorless Yellow Red Orange 

ρcalc (g/cm3) 1.559 1.570 1.456 1.570 1.477 

μ (mm) 0.578 0.885 0.782 2.758 3.223 

F(000) 1888.0 1472.0 1782.0 1866.0 2446.0 

Crystal Size (mm) 0.100 x 

0.219 x 

0.252 

0.106 x 

0.199 x 

0.333 

0.076 x 

0.088 x 

0.429 

0.050 x 

0.060 x 

0.200 

0.069 x 

0.08 x 

0.220 

Radiation MoKα (λ = 

0.71073) 

MoKα (λ = 

0.71073) 

MoKα (λ = 

0.71073) 

MoKα (λ = 

0.71073) 

MoKα (λ = 

0.71073) 

 

Index Range 

-16≤h≤16 

-20≤k≤20 

-25≤l≤25 

-16≤h≤16 

-20≤k≤20 

-20≤l≤20 

-24≤h≤24 

--24≤k≤24 

-16≤l≤16 

-22≤h≤22 

-22≤k≤22 

-14≤l≤14 

-22≤h≤22 

-25≤k≤25 

-17≤l≤17 

2θ range (°) 4.616 – 

55.178 

4.112 – 

55.188 

4.098 – 

55.066 

2.472 -

50.218 

4.480 – 

50.178 

Reflections collected 62642 149205 46540 38014 82469 

Unique reflections 9057 14175 6023 4612 9911 

Parameters/restraints 546, 0 871, 0 331, 0 331, 0 609, 0 

R1, wR2 [I > 2σ(I)] 0.0492, 

0.1019 

0.0471, 

0.1355 

0.0546, 

0.1297 

0.0344, 

0.0866 

0.0709, 

0.2039 

R1, wR2 (all data) 0.0730, 

0.1129 

0.0757, 

0.1565 

0.0634, 

0.1358 

0.0376, 

0.0953 

0.0895, 

0.2229 

GooF (F2) 1.015 1.059 1.080 1.136 1.043 

Largest diff. peak, 

hole, (e Å-3) 

-0.63, 0.61 -0.79, 0.92 -0.96, 1.04 -0.78, 1.37 -2.54, 4.02 

 

aR = Σ ||Fo| - |Fc||/ Σ|Fo|. 
bwR = < Σ [w(Fo

2 – Fc
2)2]/ Σ [w(Fo

2)]2}1/2. cGoodness-of-fit = < Σ 

[w(Fo
2 – Fc

2)2]/(n-p)}1/2, where n is the number of reflections and p is the total number of 

parameters refined. 
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Table 8 Continued 

 

aR = Σ ||Fo| - |Fc||/ Σ|Fo|. 
bwR = {Σ [w(Fo

2 – Fc
2)2]/ Σ [w(Fo

2)]2}1/2. cGoodness-of-fit = {Σ 

[w(Fo
2 – Fc

2)2]/(n-p)}1/2, where n is the number of reflections and p is the total number of 

parameters refined. 

 

Formula 16 19 20 21 

Molecular Weight 651.71 3342.45 3011.83 2935.04 

Temperature (K) 110 110 110 110 

Crystal System Monoclinic Triclinic Triclinic Triclinic 

Space Group P2/c P1b P1b P1b 

a (Å) 19.1500(6) 17.1052(19) 17.1894(9) 17.497(4) 

b (Å) 20.9911(7) 22.172(3) 20.1086(11) 20.812(5) 

c (Å) 14.7681(5) 22.593(2) 21.9737(12) 22.100(6) 

α (°) 90 97.437(2) 86.177(3) 83.379(6) 

β (°) 112.258(1) 104.911(2) 83.283(3) 82.055(6) 

γ (°) 90 109.247(2) 73.203(3) 73.372(6) 

V (Å3) 5494.1(3) 7598.5(14) 7217.0(7) 7613(3) 

Z 8 2 2 2 

Color Orange Pink Red Orange 

ρcalc (g/cm3) 1.576 1.461 1.386 1.280 

μ (mm) 3.505 0.644 1.374 0.689 

F(000) 2588.0 3420.0 3032.0 2986.0 

Crystal Size (mm) 0.08 x 0.23 x 

0.36 

0.184 x 0.184 x 

0.196 

0.050 x0.080 

x0.100 

0.103 x 0.189 x 

0.292 

Radiation APS 

Synchrotron 

APS 

Synchrotron 

 ALS  

Synchrotron 

MoKα (λ = 

0.71073) 

Index Range -24≤h≤24 

-27≤k≤27 

-19≤l≤19 

-22≤h≤22 

-28≤k≤28 

-29≤l≤29 

-15≤h≤16 

-19≤k≤19 

-21≤l≤20 

-17≤h≤17 

-20≤k≤20 

-22≤l≤22 

2θ range (°) 3.008 – 55.070 4.820 – 54.970 4.058 – 40.668 4.098 – 42.052 

Reflections 

collected 

222690 184068 23240 98561 

Unique reflections 12610 33332 12354 16176 

Parameters/restrai

nts 

678, 0 1923, 0 1652, 0 1597, 3 

aR1, 
bwR2 [I > 

2σ(I)] 

0.0534, 0.1604 0.1791, 0.5024 0.1563, 0.4028 0.2322, 0.5611 

R1, wR2 (all data) 0.0666, 0.1740 0.1885, 0.5078 0.2024, 0.4355 0.2891, 0.5989 
cGooF (F2) 1.033 2.220 1.649 2.577 

Largest diff. peak, 

hole, (e Å-3) 

-2.49, 3.26 -1.322, 4.963 -1.215, 3.329 -1.272, 3.418 
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starting materials [MII(PY5Me2)(CH3CN)](PF6)2 (M
II = Mn, Ni, Co, Cu) were carried out 

following literature methods,104 and procedures were developed for the Fe and Zn 

analogues. In the case of Fe, the previous report was of the [Fe(PY5Me2)]
2+ compound,186 

but the reaction involved the use of hydrated perchlorate salts;187 attempts to replicate the 

normal synthetic route were unsuccessful. As an alternative, the reaction of FeII(CF3SO3)2 

was reacted with the PY5Me2 ligand in CH3CN to give in dark red solution, which, when 

crystallized from diethyl ether, gave red crystals of 11. Similarly, reacting 

[ZnII(CH3CN)4](BF4)2 with the PY5Me2 ligand results in white crystals of compound 12. 

These results indicate that the starting material for [MII(PY5Me2)(CH3CN)]X2 can be 

synthesized for a variety of 3d metals and different anions X- by using fully solvated 

starting materials with acetonitrile as the solvating ligand. 

The reaction of [MII(PY5Me2)(CH3CN)]X2 with (Bu4N)3[W
IV(CN)7] was 

performed by first dissolving the (Bu4N)3[W
IV(CN)7] in CH3CN and then adding four 

equivalents of [MII(PY5Me2)(CH3CN)]2+ in CH3CN. The use of four equivalents of 

[MII(PY5Me2)(CH3CN)]2+ results in better yields of the product and attempts to vary the 

stoichiometry by using a 2:1 ratio of [MII(PY5Me2)(CH3CN)] to (Bu4N)3[W
IV(CN)7] in 

order to obtain a product with only axial coordination merely resulted in the formation of 

the pentanuclear complex in a lower yield.  The cations in the resulting salts 

[MII(PY5Me2)]4[W
IV(CN)8]X4, (M = Mn, 17; Fe, 18, Co, 20; Ni, 22; and Cu, 23), are star-

like complexes. Moreover, there is still decomposition to [WIV(CN)8]
4-, resulting in a 

diamagnetic central ion. Attempts to prevent this outcome by varying the solvents (CH2Cl2 

or DMF for the reaction, or THF for the crystallizing solvent) produced the same result, 
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as did performing the reaction at -30 °C. It is important to point out that the Long group 

reported that reactions of (Bu4N)3[ReIV(CN)7] were initially performed at -42 °C to avoid 

spontaneous reduction of (Bu4N)3[ReIII(CN)7],
104 but it was found that, with the exception 

of Cu, the reactions could all be carried out at ambient temperatures. The 

[CuII(PY5Me2)]4[ReIV(CN)7] compound was only stable at low temperature according to 

the Long group. In contrast, the [WIV(CN)7]
3- reactions performed at -30 °C still 

decomposed; colder temperatures could forestall the decomposition but this remains 

untested. Of the reactions 17, 18, 20, 22, and 23, only the Co (20) and Ni (22) products 

produced crystals that were discernable from the starting materials. In the case of Mn (17), 

Fe (18), and Cu (23), the products were either powders or crystals formed were similar in 

color to the starting material, making characterization difficult. This was confirmed by a 

red crystal of 18; the preliminary diffraction data showed the crystal to have the structure 

[FeII(PY5Me2)]4[W
IV(CN)8]

4+, but when crystals from the same reaction were sent to 

Argonne National Laboratory for synchrotron diffraction, the crystals turned out to be 

starting material 11. 

 The reactions of LnIII(tmphen)2Cl3 (LnIII = Sm, Dy; tmphen = 3,4,7,8-

tetramethylphenanthroline) with (Bu4N)3[W
IV(CN)7] in a 1:1 ratio were performed in 

CH3CN/MeOH/DMF to determine whether charge-balancing the tris-anionic charge of 

(Bu4N)3[W
IV(CN)7] with a trivalent lanthanide ion would prevent the decomposition to 

[WIV(CN)8]
4-. Previous work with Ln(tmphen)2Cl3 and K4[MoIII(CN)7] resulted in cyanide 

loss to form a series of 1D chains that contain the [MoIII(CN)6]
3- anion. The reactions with 

[WIV(CN)7]
3- resulted in a 1D chain for both Sm (15) and Dy (16), with alternating 



 

97 

 

lanthanide and tungsten metal ions bridged by the cyanide ligand. The products contain 

the [WV(CN)8]
3- ion, however, on the basis of the absence of a cation for charge balancing.  

To determine whether the decomposition of [WIV(CN)7]
3- is due to inherent 

thermodynamic instability or a result of the reaction conditions, the [MoIV(CN)7]
3- 

analogue was synthesized and reactions were carried out under similar conditions. 

Reaction of MnIICl2(LN5) with (Bu4N)3[MoIV(CN)7] in a 2:1 ratio in a mixture of 

CH3CN/MeOH produces yellow needles for 13. The product was found to be a 2D 

network of alternating Mn and Mo ions, namely [MnII(LN5)]2[MoIV(CN)8]}∞.  The main 

point is that the heptacyanomolybdate anion decomposes to octacyanomolybdate(IV). 

Likewise, reactions of [MII(PY5Me2)(CH3CN)]X2 with (Bu4N)3[MoIV(CN)7] also yields 

star-like complexes with the [MoIV(CN)8]
4- ion in the center. These findings indicate that 

the (Bu4N)3[M
IV(CN)7] salts, while able to be isolated and crystallized, are unstable in the 

presence of cationic metal reagents precursors which trigger loss of a cyanide to form 

[MIV(CN)8]
4-. It remains to be determined whether the heptacyano derivatives will 

maintain their integrity at very low temperatures. Similar to the tungsten reactions, the 

molybdenum reactions were performed with the 3d metals Mn, Fe, Co, Ni, and Cu, but 

only the Co (19) and Ni (21) reactions produced crystals that could be characterized via 

crystallography. 

Single Crystal X-ray Diffraction 

Compound 11 crystallizes as red blocks in the monoclinic space group P21/n; the 

asymmetric unit contains [FeII(PY5Me2)(CH3CN)](CF3SO3)2·CH3CN (Figure 37). The Fe 

metal center adopts a slightly distorted octahedral geometry, coordinating to the PY5Me2 
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ligand in five sites with CH3CN occupying the sixth position. The Fe—N1(axial) bond 

distance is 1.970(2) Å, the Fe—Nequatorial bond distances vary from 1.997(2) to 2.021(2) Å 

and the Fe—NCCH3 bond distance is 1.941(2) Å. Similar results were reported for 

[FeII(PY5Me2)(CH3CN)](ClO4)2·H2O.186-187 The bond angles between the equatorial nand 

axial nitrogen donors vary between 88.07(8) to 90.41(8) °, the cis equatorial N—Fe—N 

bond angles range from 82.47(8) to 97.97(8) °, the trans equatorial N—Fe—N bond angles 

are 178.42(9) ° and 177.44(9) ° and the axial N1—Fe—NCCH3 bond angle is 177.26 °. 

The new triflate salt exhibits significantly less distortion from the ideal octahedral 

geometry as compared to the perchlorate salt. The angles indicate slight deviations from 

the octahedral geometry and the Fe metal ion lies 0.02 Å above the equatorial plane. Select 

bond distances and bond angles are reported in Table 11. 

Compound 12 crystallizes as white-colorless blocks in the triclinic space group P-

1 and the asymmetric unit contains two molecules of [ZnII(PY5Me2)(CH3CN)](BF4)2 

(Figure 38). The Zn metal center adopts a slightly distorted octahedral geometry. The 

Zn—N1(axial) bond distance is 2.104(3) Å, the Zn—Nequitorial bond distances vary between 

2.119(3) to 2.191(4) Å, and the Zn—NCCH3 bond distance is 2.174(4) Å. These results 

mostly agree with a previously reported [ZnII(2PYN2Q)(CH3CN)](ClO4)2·CH3CN, 

although the Zn—NCCH3 bond distance in that structure is 2.07 Å, which is significantly 

shorter.188 Additionally, the bond angles between the equatorial and axial nitrogen donors 

vary between 86.11(14) to 88.60(14) °, the cis equatorial N—Zn—N bond angles range 

from 82.62(14) to 95.66(13) °, and the trans equatorial N—Zn—N bond angles are 

171.48(13) ° and 176.26(14) °; the axial N1—Zn—NCCH3 bond angle is 176.19(14) °. 
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Figure 37: Molecular structure of compound 11. Hydrogen atoms are omitted for the sake 

of clarity. 

 

 

Table 9: Select bond distances and bond angles for compound 11. 

Select Bond  Bond Distance (Å) Select Bond  Bond Angle (°) 

Fe—N1 1.970(2) N1—Fe—N2 90.41(8) 

Fe—N2 2.009(2) N1—Fe—N3 90.05(8) 

Fe—N3 2.007(2) N1—Fe—N4 88.07(8) 

Fe—N4 2.021(2) N1—Fe—N5 89.07(8) 

Fe—N5 1.997(2) N2—Fe—N4 178.42(9) 

Fe—N6 1.941(2) N3—Fe—N2 82.47(8) 

N6—C30 1.142(3) N3—Fe—N4 97.97(8) 

  N6—Fe—N1 177.26(9) 

  N6—Fe—N2 92.20(9) 

  N6—Fe—N3 91.11(9) 

  N6—Fe—N4 89.31(9) 

  N6—Fe—N5 89.87(9) 

  N5—Fe—N2 95.14(8) 

  N5—Fe—N3 177.44(9) 

  N5—Fe—N4 84.40(8) 

  C30—N6—Fe 178.0(3) 
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This compound exhibits significantly more distortion from an ideal octahedral geometry 

as compared to both the zinc perchlorate salt and the iron triflate analogue.188 Additionally, 

the Zn metal ion lies 0.11 Å above the equatorial plane formed by the equatorial N atoms. 

Select bond distances and bond angles are reported in Table 10. 

 

 

 

 

Figure 38: Molecular structure of compound 12. Hydrogen atoms and solvent molecules 

are omitted for the sake of clarity. 
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Table 10: Select bond distances and bond angles for compound 12. 

Select Bond  Bond Distance (Å) Select Bond  Bond Angle (°) 

Zn—N1 2.104(3) N1—Zn—N3 88.60(14) 

Zn—N3 2.138(4) N1—Zn—N4 86.13(13) 

Zn—N4 2.169(4) N1—Zn—N5 87.97(13) 

Zn—N5 2.119(3) N1—Zn—N6 176.19(14) 

Zn—N6 2.174(4) N1—Zn—N2 86.11(14) 

Zn—N2 2.191(4) N3—Zn—N4 95.66(13) 

N6—C30 1.133(6) N3—Zn—N6 90.05(14) 

  N3—Zn—N2 80.61(14) 

  N4—Zn—N6 97.55(14) 

  N4—Zn—N2 171.48(13) 

  N5—Zn—N3 176.26(14) 

  N5—Zn—N4 82.62(14) 

  N5—Zn—N6 93.47(14) 

  N5—Zn—N2 100.64(14) 

  N6—Zn—N2 90.15(14) 

  C30—N6—Zn 170.0(4) 

 

 

 

In the case of compound 13, the yellow needles crystallize in the hexagonal space 

group P3221, and the asymmetric unit contains the [MnII(LN5)MoIV(CN)4] fragment with 

the remainder of the compound being generated by symmetry (Figure 39). The Mo—CN 

bond distances vary from 2.151(8) to 2.183(7) Å and the C—N bond distances range 

between 1.137(10) to 1.157(9) Å, consistent with the previously reported [MoIV(CN)7]
3- 

starting material. The Mn—N bond distances are 2.247(6) and 2.261(6) Å, consistent with 

previously reported bond distances for manganese-molybdenum compounds.121, 138 The 

[MoIV(CN)8]
4- anion adopts a square antiprismatic geometry, as evidenced by the bond 

angles.  The Mo—CN bond angles vary between 176.7(6) to 179.7(9) °, and the C—N—

Mn and axial N—Mn—N bond angles are 154.5(6) ° and 166.6(3) °, respectively. Select 
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bond distances and bond angles are reported in Table 11. In the ab plane, the 2D 

architecture forms a hexagonal network with [MoIV(CN)8]
4- anions at the vertices with the 

smaller triangles between the vertices being composed of the MnII(LN5) cations. The void 

space inside the hexagon being is filled with solvent molecules (Figure 40).  

Compound 14 forms red needles that crystallize in the hexagonal space group 

P3121. The asymmetric unit contains the [MnII(LN5)W
IV(CN)4] fragment similar to its 

molybdenum analogue (Figure 41). The W—CN bond distances range from 2.160(9) to 

2.183(8) Å and the C—N bond distances are between 1.137(10) and 1.152(12) Å, 

consistent with the previously reported [WIV(CN)7]
3- starting material. The Mn—N bond 

distances are 2.256(7) and 2.239(7) Å, which are similar to reported bond distances for 

manganese(II)-tungsten(IV) compounds.189 The [WIV(CN)8]
4- ion adopts a square 

antiprismatic geometry, as evidenced by the bond angles; additionally, the W—CN bond 

angles vary between 176.4(7) to 178.9(10) ° with the C—N—Mn and axial N—Mn—N 

bond angles being 160.1(7) ° and 166.8(3) °, respectively. Select bond distances and bond 

angles are reported in Table 12. As in the case of the Mo analogue, the 2D structure forms 

a hexagonal network in the ab plane with [WIV(CN)8]
4- anions at the vertices and the 

smaller triangles between vertices being composed of the MnII(LN5) cations. Solvent 

molecules occupy the space inside the hexagonal rings (Figure 42). 

Orange crystals of 15 crystallize in the space group P2/c with 

[SmIII(tmphen)(DMF)][WV(CN)8] as the asymmetric unit.  The compound forms a 1D 

helical chain of alternating Sm and W metal ions (Figure 43). The W—C bond distances 

vary from 2.137(15) to 2.177(16) Å and the C—N bond distances range from 1.134(16)  



 

103 

 

 

Figure 39: Molecular structure of 13. Hydrogen atoms and solvent molecules are 

omitted for the sake of clarity.  The LN5 ligand atoms are displayed as a wire model. 

 

 

 

Figure 40: Compound 13 parallel to the c axis viewing the ab plane. Blue triangles are 

formed by Mn ions and the orange hexagon shows the void formed by the Mo ions. 
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Table 11: Select bond distances and bond angles for compound 13. 

Select Bond  Bond Distance (Å) Select Bond  Bond Angle (°) 

Mo—C1 2.179(7) C1—Mo1—C1′ 115.6(4) 

Mo—C2 2.153(7) C1—Mo1—C3 145.0(3) 

Mo—C3 2.183(7) C1′—Mo1—C3′ 145.0(3) 

Mo—C4 2.151(8) C1′—Mo1—C3 78.9(3) 

Mn1—N1 2.247(6) C1—Mo1—C3′ 78.9(3) 

Mn2—N2 2.261(6) C3′—Mo1—C3 108.0(4) 

Mn1—N5 2.299(7) C2—Mo1—C1′ 138.5(3) 

Mn1—N6 2.366(7) C2′—Mo1—C1 138.5(3) 

Mn1—N7 2.328(7) C2—Mo1—C1 78.3(2) 

Mn1—N8 2.346(7) C2′—Mo1—C1′ 78.2(2) 

Mn1—N9 2.410(10) C2—Mo1—C3 71.5(2) 

C1—N1 1.141(9) C2′—Mo1—C3 73.6(2) 

C2—N2 1.157(9) C2′—Mo1—C3′ 71.5(2) 

C3—N3 1.137(10) C2—Mo1—C3′ 73.6(2) 

C4—N4 1.155(11) C2—Mo1—C2′ 118.5(3) 

  C4′—Mo1—C1 73.9(3) 

  C4—Mo1—C1′ 73.9(3) 

  C4′—Mo1—C1′ 69.7(3) 

  C4—Mo1—C1 69.7(3) 

  C4—Mo1—C3′ 83.0(3) 

  C4′—Mo1—C3 83.0(3) 

  C4′—Mo1—C3′ 144.0(3) 

  C4—Mo1—C3 144.0(3) 

  C4—Mo1—C2′ 78.2(3) 

  C4—Mo1—C2 143.4(3) 

  C4′—Mo1—C2′ 143.4(3) 

  C4′—Mo1—C4 108.4(5) 

  C1—N1—Mn 160.4(7) 

  N1—C1—Mo 179.5(8) 

  N2—C2—Mo 176.7(6) 

  N3—C3—Mo 178.4(7) 

  N4—C4—Mo 179.7(9) 

  C2—N2—Mn′ 154.5(6) 

  N1—Mn1—N2′ 166.6(3) 
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Table 12: Select bond distances and bond angles for compound 14. 

Select Bond  Bond Distance (Å) Select Bond  Bond Angle (°) 

W—C1 2.164(8) C1—W1—C1′ 117.7(4) 

W—C2 2.181(8) C1′—W1—C3′ 71.8(3) 

W—C3 2.183(8) C1′—W1—C3 73.3(3) 

W—C4 2.160(9) C1—W1—C3′ 73.3(3) 

Mn1—N1 2.256(7) C1—W1—C3 71.8(3) 

Mn2—N2 2.239(7) C1—W1—C2′ 139.3(3) 

Mn1—N5 2.296(8) C1′—W1—C2′ 78.1(3) 

Mn1—N6 2.331(8) C1—W1—C2 78.1(3) 

Mn1—N7 2.352(8) C1′—W1—C2 139.3(3) 

Mn1—N8 2.412(10) C3—W1—C3′ 109.3(4) 

Mn1—N9 2.353(8) C2′—W1—C3 78.6(3) 

C1—N1 1.152(11) C2′—W1—C3′ 144.6(3) 

C2—N2 1.137(10) C2—W1—C3′ 78.6(3) 

C3—N3 1.140(11) C2—W1—C3 144.6(3) 

C4—N4 1.152(12) C2′—W1—C2 115.6(4) 

  C4′—W1—C1′ 143.2(3) 

  C4—W1—C1′ 78.1(3) 

  C4—W1—C1 143.6(3) 

  C4′—W1—C1 78.1(3) 

  C4′—W1—C3′ 143.6(3) 

  C4—W1—C3′ 81.9(3) 

  C4′—W1—C3 81.9(3) 

  C4—W1—C3 143.6(3) 

  C4—W1—C2′ 73.9(4) 

  C4—W1—C2 70.5(3) 

  C4′—W1—C2′ 70.5(3) 

  C4′—W1—C2 73.9(4) 

  C4′—W1—C4 110.0(6) 

  C1—N1—Mn 154.4(6) 

  N1—C1—W 176.4(7) 

  N2—C2—W 178.0(7) 

  N3—C3—W 177.8(7) 

  N4—C4—W 178.9(10) 

  C2—N2—Mn′ 160.1(7) 

  N2′—Mn1—N1 166.8(3) 
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Figure 41: Compound 14 molecular structure. Hydrogen atoms and solvent molecules 

omitted for clarity.  The LN5 ligand atoms are displayed as a wire model. 

 

 

 

Figure 42: Structure of 14 parallel to the c axis viewing the ab plane. Blue triangles are 

formed by Mn ions and the orange hexagon shows the void formed by the W ions. 
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to 1.163(19)Å, which is consistent with previously reported WV—C—N bond distances. 

The SmIII—NC distance is 2.480(10) Å, which is slightly shorter than the 2.53–2.57 Å 

reported for [SmIII(tmphen)2(DMF)2][W
V(CN)8] reported by Qian et al.190 The 

[WV(CN)8]
3- anion adopts a square antiprismatic geometry with the W—CN bonds to the 

Sm ions forming a V-shape at opposite faces of the square antiprismatic geometry. Tthe 

CN—Sm—NC bond angle is 145.8(5) °. Select bond distances and bond angles are 

reported in Table 13. The extended structure is very similar to that reported by Qian et al, 

with the 1D helixes running along the 21 screw axis.   The packing arrangement results in 

the presence of cavities of 8 Å x 8 Å that allow for solvent molecules to occupy the 

channels (Figure 44). The tmphen ligands participate in π-stacking interactions between 

chains at a distance of 3.85 Å, which is slightly larger than the 3.65 Å value reported by 

Qian;190 the interchain distance is 9.3 Å. The lack of a tetrabutylammonium cation 

indicates that the tungsten ion has been oxidized from +4 to +5.  

Compound 16 is isomorphous with 15. The space group is P2/c with 

[DyIII(tmphen)(DMF)][WV(CN)8] as the asymmetric unit; the compound also forms a 1D 

helical chain of alternating Dy and W metal ions (Figure 45). The W—C bond distances 

vary from 2.125(10) to 2.179(9) Å and the C—N bond distances range between 1.137(12) 

to 1.182(13) Å, consistent with WV—C—N bond distances previously reported. The Dy—

NC bond distances are 2.423(5) and 2.417(6) Å, which is shorter than the 2.52 to 2.54 Å 

distance reported for a Dy-WV chain by Przychodzen et al.191 The [WV(CN)8]
3- anion, 

which is pentavalent as deduced by charge balance considerations, adopts a square  
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Figure 43: Molecular structure of compound 15. Hydrogen atoms and solvent molecules 

omitted for clarity; tmphen and DMF ligands on the Sm ion are presented as wire 

models. 

 

Figure 44: View of 15 parallel to the c axis and perpendicular to the ab plane. 
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Table 13: Select bond distances and bond angles for compound 15. 

Select Bond  Bond Distance (Å) Select Bond  Bond Angle (°) 

W—C1 2.154(13) C1—W1—C6 72.9(5) 

W—C2 2.134(13) C1—W1—C8 144.0(5) 

W—C3 2.137(15) C1—W1—C4 80.4(5) 

W—C4 2.168(14) C1—W1—C5 72.7(5) 

W—C5 2.173(16) C7—W1—C1 107.1(5) 

W—C6 2.177(16) C7—W1—C6 72.4(7) 

W—C7 2.140(18) C7—W1—C8 78.5(5) 

W—C8 2.166(14) C7—W1—C4 142.7(6) 

Sm—N1 2.480(10) C7—W1—C5 73.7(6) 

Sm—N1′ 2.480(10) C8—W1—C6 75.4(6) 

Sm—N9 2.576(10) C8—W1—C4 117.2(5) 

Sm—N10 2.581(10) C8—W1—C5 140.2(5) 

Sm—O1 2.352(8) C2—W1—C1 145.3(5) 

C1—N1 1.134(16) C2—W1—C6 139.0(6) 

C2—N2 1.149(17) C2—W1—C7 79.2(6) 

C3—N3 1.163(19) C2—W1—C8 70.4(5) 

C4—N4 1.154(19) C2—W1—C3 113.8(5) 

C5—N5 1.15(2) C2—W1—C4 75.6(5) 

C6—N6 1.15(2) C2—W1—C5 76.8(5) 

C7—N7 1.14(2) C3—W1—C1 81.3(5) 

C8—N8 1.149(18) C3—W1—C6 77.8(6) 

  C3—W1—C7 144.5(6) 

  C3—W1—C8 75.8(5) 

  C3—W1—C4 72.0(5) 

  C3—W1—C5 139.9(6) 

  C4—W1—C6 142.2(6) 

  C4—W1—C5 74.0(6) 

  C5—W1—C6 120.7(7) 

  C1—N1—Sm 169.6(10) 

  N1—C1—W 177.3(11) 

  N2—C2—W 174.0(12) 

  N3—C3—W 178.3(13) 

  N4—C4—W 179.2(14) 

  N5—C5—W 179.3(15) 

  N6—C6—W 176.8(19) 

  N7—C7—W 174.6(16) 

  N8—C8—W 176.4(13) 

  N1′—Sm—N1 145.8(5) 
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antiprismatic geometry based on the bond angles. The W—CN unit coordinates to the Dy 

ions at opposite vertices of the alternating squares of the octacyanotungstate center, with 

a CN—Dy—NC bond angle of 144.9(3) ° which is similar to the Sm analogue. Select 

bond distances and bond angles are reported in Table 14 As in the case of the Sm analogue, 

the 1D chain is helical along the 21 screw axis, with an interchain distance of ~13.9 Å.  In 

the ab plane there is a void between chains of approximately 8 Å x 9 Å, which houses 

solvent molecules (Figure 46). The tmphen ligand forms π-stacks between chains at 3.91 

Å, slightly longer than the 3.85 Å separation observed for the Sm compound.  

 

 

 

Figure 45: Compound 16 molecular structure. Hydrogen atoms and solvent molecules are 

omitted for the sake of clarity.  The tmphen and DMF ligands on the Dy ion are presented 

as wire models. 
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Figure 46: View of 16 parallel to the c axis and perpendicular to the ab plane. 
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Table 14: Select bond distances and bond angles for compound 16. 

Select Bond  Bond Distance (Å) Select Bond  Bond Angle (°) 

W—C1 2.135(7) C1—W1—C6 143.1(3) 

W—C2 2.135(7) C1—W1—C8 82.4(3) 

W—C3 2.179(9) C1—W1—C4 73.5(3) 

W—C4 2.142(10) C1—W1—C5 107.0(3) 

W—C5 2.141(10) C7—W1—C1 71.7(3) 

W—C6 2.164(8) C7—W1—C6 75.7(3) 

W—C7 2.171(9) C7—W1—C8 78.3(4) 

W—C8 2.125(10) C7—W1—C4 120.6(4) 

Dy1—N1 2.423(5) C7—W1—C5 72.1(4) 

Dy2—N2 2.417(6) C8—W1—C6 74.4(3) 

Dy—N9 2.521(5) C8—W1—C4 140.7(3) 

Dy—N10 2.525(5) C8—W1—C5 143.7(4) 

Dy—O1 2.294(5) C2—W1—C1 146.6(3) 

C1—N1 1.162(9) C2—W1—C6 70.0(3) 

C2—N2 1.158((10) C2—W1—C7 138.9(3) 

C3—N3 1.153(12) C2—W1—C8 112.3(3) 

C4—N4 1.182(13) C2—W1—C3 75.6(3) 

C5—N5 1.142(13) C2—W1—C4 77.1(3) 

C6—N6 1.137(12) C2—W1—C5 79.2(3) 

C7—N7 1.157(12) C3—W1—C1 81.3(3) 

C8—N8 1.179(13) C3—W1—C6 117.0(3) 

  C3—W1—C7 142.3(4) 

  C3—W1—C8 72.3(3) 

  C3—W1—C4 73.8(4) 

  C3—W1—C5 142.8(4) 

  C4—W1—C6 140.3(3) 

  C4—W1—C5 74.2(4) 

  C5—W1—C6 78.2(4) 

  C1—N1—Dy 170.1(6) 

  N1—C1—W 177.5(6) 

  N2—C2—W 173.9(7) 

  N3—C3—W 178.9(8) 

  N4—C4—W 179.1(9) 

  N5—C5—W 175.5(10) 

  N6—C6—W 177.8(10) 

  N7—C7—W 174.1(11) 

  N8—C8—W 178.3(8) 

  N1′—Dy—N1 144.9(3) 
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Compound 19 crystallizes as pink crystals in the space group P-1, with the 

asymmetric consisting of [(CoIIPY5Me2)4MoIV(CN)8](PF6)4·4THF·4CH3CN. The 

compound forms a star-like cluster similar to the Re analogue104 and the [MoIV(CN)8]
4- 

anion is in a distorted square antiprismatic geometry based on the bond angles (Figure 47). 

The bond distances range from 2.122(9) to 2.196(10) Å for Mo—CN and 1.136(13) to 

1.172(12) Å for C—N. The Co—NC distances are from 2.025(8) to 2.046(8) Å, although 

the fourth Co—NC bond is 1.928(8) Å. These data are consistent with previously reported 

MoIV—CoII compounds;192 and, unlike the Re compound, there does not appear to be 

charge transfer resulting in a CoIII ion as deduced from the bond distances. The C—N—

Co bond angles range between 162.5(8) to 178.4(3) °, while the Mo—C—N bond angles 

vary from 176.6(8) to 178.9(9) °, resulting in deviations from linear bonds between the 

Mo and Co metal ions. Select bond distances and bond angles are reported in Table 15. 

 

 

Figure 47: Molecular structure of 19. Hydrogen atoms and solvent molecules are 

omitted for the sake of clarity. The PY5Me2 ligand is shown as a wire model. 
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Table 15: Select bond distances and bond angles for compound 19. 

 

Select Bond  Bond Distance (Å) Select Bond  Bond Angle (°) 

Mo—C1 2.135(8) C1—Mo1—C6 76.2(4) 

Mo—C2 2.127(10) C1—Mo1—C8 145.3(3) 

Mo—C3 2.122(9) C1—Mo1—C4 94.1(4) 

Mo—C4 2.141(10) C1—Mo1—C5 75.8(3) 

Mo—C5 2.175(10) C7—Mo1—C1 71.3(3) 

Mo—C6 2.196(10) C7—Mo1—C6 128.9(4) 

Mo—C7 2.175(10) C7—Mo1—C8 74.1(3) 

Mo—C8 2.184(9) C7—Mo1—C4 75.9 

Co1—N1 2.025(8) C7—Mo1—C5 131.0(4) 

Co2—N2 2.027(8) C8—Mo1—C6 129.5(4) 

Co3—N3 1.928(8) C8—Mo1—C4 75.8(4) 

Co4—N4 2.046(8) C8—Mo1—C5 128.8(4) 

Co—Nax 1.989 - 2.119 C2—Mo1—C1 95.7(3) 

Co—Neq 2.112 - 2.229 C2—Mo1—C6 71.1(3) 

C1—N1 1.165(12) C2—Mo1—C7 74.0(4) 

C2—N2 1.152(13) C2—Mo1—C8 76.2(4) 

C3—N3 1.172(12) C2—Mo1—C3 94.7(3) 

C4—N4 1.148(13) C2—Mo1—C4 143.4(4) 

C5—N5 1.163(14) C2—Mo1—C5 145.3(4) 

C6—N6 1.136(13) C3—Mo1—C1 143.8(3) 

C7—N7 1.157(13) C3—Mo1—C6 74.6(4) 

C8—N8 1.149(13) C3—Mo1—C7 144.8(3) 

  C3—Mo1—C8 70.8(3) 

  C3—Mo1—C4 98.0(4) 

  C3—Mo1—C5 76.1(4) 

  C4—Mo1—C6 145.5(4) 

  C4—Mo1—C5 71.3(4) 

  C5—Mo1—C6 74.2(4) 

  C1—N1—Co1 162.5(8) 

  C2—N2—Co2 166.5(8) 

  C3—N3—Co3 178.4(3) 

  C4—N4—Co4 165.4(8) 

  Nax—Co—NMo 178.3 - 179.3 

  N1—C1—Mo 177.1(8) 

  N2—C2—Mo 176.6(8) 

  N3—C3—Mo 176.8(9) 

  N4—C4—Mo 177.4(9) 

  N5—C5—Mo 178.6(10) 

  N6—C6—Mo 178.8(9) 

  N7—C7—Mo 178.9(9) 

  N8—C8—Mo 177.2(9) 
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Compound 20 crystallizes in the space group P-1, and the asymmetric unit contains 

[(CoIIPY5Me2)4W
IV(CN)8](PF6)4. The compound forms the same star-like cluster as 

described above for [(CoIIPY5Me2)4MoIV(CN)8] (Figure 48) with the [WIV(CN)8]
4- anion 

being in a more distorted square antiprismatic geometry. The W—CN bond distances 

range from 1.99(3) to 2.28(4) Å, the C—N bond distances from 1.06(4) to 1.33(6) Å, 

which are significantly more spread out than previously observed, which is likely a limit 

of the crystal quality during data collection ALS. The Co—NC bond distances are between 

1.92(3) to 2.01(2) Å, which is consistent with previously measured WIV—CoII 

compounds.193 The C—N—Co bond angles are between 171(3) to 179(2) °, while the 

W—C—N bond angles vary from 171(2) to 178(2) °, resulting in slight deviations from 

linearity between the W and Co metal ions. Select bond distances and bond angles are 

reported in Table 16. 

 

 

Figure 48: Molecular structure of 20. Hydrogen atoms and solvent molecules are 

omitted for the sake of clarity clarity. The PY5Me2 ligand is shown as a wire model. 
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Table 16: Select bond distances and bond angles for compound 20. 

Select Bond  Bond Distance (Å) Select Bond  Bond Angle (°) 

W—C1 2.15(3) C1—W1—C6 74.7(9) 

W—C2 2.16(3) C1—W1—C8 148.2(10) 

W—C3 2.02(3) C1—W1—C4 96.2(10) 

W—C4 1.99(3) C1—W1—C5 72.3(10) 

W—C5 2.19(3) C7—W1—C1 75.4(10) 

W—C6 2.25(4) C7—W1—C6 74.8(10) 

W—C7 2.28(4) C7—W1—C8 129.3(10) 

W—C8 2.14(3) C7—W1—C4 73.9(12) 

Co1—N1 2.01(2) C7—W1—C5 130.7(11) 

Co2—N2 1.92(3) C8—W1—C6 126.6(9) 

Co3—N3 1.98(3) C8—W1—C4 76.1(11) 

Co4—N4 1.98(4) C8—W1—C5 75.9(10) 

Co—Nax 1.918 - 2.03  C2—W1—C1 93.9(10) 

Co—Neq 2.05 – 2.16 C2—W1—C6 68.2(9) 

C1—N1 1.08(3) C2—W1—C7 143.0(10) 

C2—N2 1.13(3) C2—W1—C8 76.7(10) 

C3—N3 1.22(3) C2—W1—C3 97.6(13) 

C4—N4 1.28(4) C2—W1—C4 143.0(12) 

C5—N5 1.33(6) C2—W1—C5 75.9(11) 

C6—N6 1.13(4) C3—W1—C1 141.8(11) 

C7—N7 1.06(4) C3—W1—C6 76.2(11) 

C8—N8 1.19(3) C3—W1—C7 73.5(13) 

  C3—W1—C8 70.0(11) 

  C3—W1—C4 96.1(12) 

  C3—W1—C5 145.8(11) 

  C4—W1—C6 148.7(12) 

  C4—W1—C5 73.6(12) 

  C5—W1—C6 128.6(11) 

  C1—N1—Co1 179(2) 

  C2—N2—Co2 171(3) 

  C3—N3—Co3 171(3) 

  C4—N4—Co4 172(2) 

  Nax—Co—NW 174.2 – 178.1 

  N1—C1—W 178(2) 

  N2—C2—W 176(3) 

  N3—C3—W 176(3) 

  N4—C4—W 171(2) 

  N5—C5—W 177(3) 

  N6—C6—W 175(3) 

  N7—C7—W 175(3) 

  N8—C8—W 177(2) 
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Compound 21 crystallizes as orange crystals in space group P1b, and the 

asymmetric unit contains [(NiIIPY5Me2)4MoIV(CN)8](PF6)4. The compound also forms a 

star-like cluster with the [MoIV(CN)8]
4- anion in a geometry between distorted square 

antiprismatic and dodecahedral. (Figure 49). The Mo—CN bond distances range from 

2.08(3) to 2.17(3) Å, the C—N bond distances from 1.09(3) to 1.22(3) Å, and the Ni—

NC bond distances between 1.96(2) to 2.05(3) Å, consistent with previously measured 

MoIV—NiII compounds.194-195 The C—N—Ni bond angles range between 163(2) to 

175.0(18) °, while the Mo—C—N bond angles vary from 169(2) to 180(3) °, resulting in 

deviations between linearity of the Mo and Ni metal ions. Select bond distances and bond 

angles are reported in Table 17. 

 

 

 

Figure 49: Molecular structure of 21. Hydrogen atoms and solvent molecules were 

omitted for the sake of clarity.  The PY5Me2 ligand is shown as a wire model. 
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Table 17: Select bond distances and bond angles for compound 21. 

Select Bond  Bond Distance (Å) Select Bond  Bond Angle (°) 

Mo—C1 2.14(3) C1—Mo1—C6 73.6(10) 

Mo—C2 2.08(3) C1—Mo1—C8 146.6(10) 

Mo—C3 2.11(4) C1—Mo1—C4 96.2(9) 

Mo—C4 2.16(3) C1—Mo1—C5 70.8(9) 

Mo—C5 2.16(3) C7—Mo1—C1 75.1(9) 

Mo—C6 2.15(3) C7—Mo1—C6 74.4(9) 

Mo—C7 2.17(3) C7—Mo1—C8 128.1(9) 

Mo—C8 2.15(3) C7—Mo1—C4 71.7(8) 

Ni1—N1 2.02(2) C7—Mo1—C5 129.7(9) 

Ni2—N2 2.05(3) C8—Mo1—C6 131.2(9) 

Ni3—N3 1.979(19) C8—Mo1—C4 73.9(8) 

Ni4—N4 1.96(2) C8—Mo1—C5 75.8(10) 

Ni—Nax 2.06 – 2.104 C2—Mo1—C1 96.6(9) 

Ni—Neq 2.07 – 2.142 C2—Mo1—C6 68.9(10) 

C1—N1 1.14(3) C2—Mo1—C7 143.2(10) 

C2—N2 1.18(3) C2—Mo1—C8 77.6(10) 

C3—N3 1.20(3) C2—Mo1—C3 94.6(9) 

C4—N4 1.16(3) C2—Mo1—C4 145.0(9) 

C5—N5 1.13(3) C2—Mo1—C5 77.3(10) 

C6—N6 1.18(3) C3—Mo1—C1 142.3(10) 

C7—N7 1.22(3) C3—Mo1—C6 77.2(10) 

C8—N8 1.09(3) C3—Mo1—C7 74.5(8) 

  C3—Mo1—C8 71.1(10) 

  C3—Mo1—C4 76.4(9) 

  C3—Mo1—C5 146.9(10) 

  C4—Mo1—C6 146.0(9) 

  C4—Mo1—C5 76.4(9) 

  C5—Mo1—C6 126.8(9) 

  C1—N1—Ni1 165(2) 

  C2—N2—Ni2 163(2) 

  C3—N3—Ni3 172(2) 

  C4—N4—Ni4 175.0(18) 

  Nax—Ni—NMo 175.0 - 178.3 

  N1—C1—Mo 169(2) 

  N2—C2—Mo 170(2) 

  N3—C3—Mo 176(2) 

  N4—C4—Mo 175.3(18) 

  N5—C5—Mo 180(3) 

  N6—C6—Mo 175(2) 

  N7—C7—Mo 179(2) 

  N8—C8—Mo 175(3) 
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Finally, attempts to crystallize 22 resulted in orange crystals, but attempts to obtain 

diffraction data were unsuccessful although diffraction of an orange crystal did yield a 

unit cell similar to the Mo analogue. 

Infrared Spectroscopy 

Infrared spectra were collected for compounds 11 and 12. For 

[FeII(PY5Me2)(CH3CN)](CF3SO3)2, the compound exhibits stretches at 2273 cm-1, 1586 

and 1811 cm-1, and 1028 cm-1, corresponding to acetonitrile, pyridyl, and CF3SO3
- 

stretching frequencies, respectively. The Zn analogue has stretching frequencies of 2276 

cm-1 (CH3CN), 1597 and 1580 cm-1 (pyridyl), and a broad stretching vibration at 1050 cm-

1 (BF4
-). 

 For the PY5Me2 star-like complexes, the infrared spectra of the compounds 

typically contain either two peaks or one broad peak for cyanide stretching vibrations, as 

summarized in Table 18. For the molybdenum complexes, both Co and Ni products were 

measured, and each exhibit two stretching vibrations. The lower stretching vibration for 

both is at 2118 cm-1 and corresponds to the terminal cyanide on the [MoIV(CN)8]
4- center, 

while the higher stretching frequency modes at 2130 cm-1 for Co and 2149 cm-1 for Ni are 

assigned to the bridging cyanides connected to the [M(PY5Me2)]
2+ units. For tungsten, the 

lower frequency cyanide stretching vibration is between 2105 to 2122 cm-1, which 

corresponds to the terminal ν(CN) stretching frequency. The higher frequency cyanide 

vibration is between 2130 to 2200 cm-1 and corresponds to the bridging cyanide to the 3d 

metal center except for the Fe and Co complexes. In the case of the Fe and Co compounds, 
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only one broad peak is observed in the range 2000 to 2250 cm-1, which may indicate the 

two cyanide vibrations are close enough to overlap with each other. 

 

 

 

 

Table 18: Summary of ν(CN) stretching frequencies for [(MPY5Me2)4M′(CN)8]
4+ ( M = 

Mn, Fe, Co, Ni, Cu; M′ = Mo, W) complexes. 

 

 

 

 

 

Electrochemical Studies 

 The cyclic voltammogram of 11 in CH3CN exhibits a reversible oxidation at +1.18 

V (Figure 50), which corresponds to the FeII/III oxidation couple, consistent with what was 

previously reported.187, 196 Attempts to determine the FeII/I reduction couple were 

unsuccessful, including changing the solvent to THF in order to reach more reducing 

voltages. 

Element Mn Fe Co Ni Cu 

Mo NA NA 2118, 2130 2118, 2149 NA 

W 2105, 2142 2120 2119 2125, 2134 2122, 2200 

ReIV 2031, 2098 NA 2056, 2102  2089, 2120  2256, 2287  
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Figure 50: Cyclic voltammogram of 11 in CH3CN with 0.1 M Bu4NPF6 as the 

supporting electrolyte. 

 

 

 

Magnetic Measurements 

Compound 11 is diamagnetic when according to the variable-temperature DC 

susceptibility, indicating that the FeII center has a low spin ground state t2g
6, corresponding 

to S = 0. This is consistent with the PY5Me2 ligand being a strong-field ligand that 

enforces the low-spin electronic configuration, and it agrees with similar complexes 

previously reported.196 

Compound 19 behaves as four Co S = 3/2 spin centers, given that the 

[MoIV(CN)8]
4- anion is diamagnetic. The χMT value at 300 K is 10.75 emu·K·mol-1, which   

is higher than the expected value of 7.52 emu·K·mol-1 for four independent S = 3/2 spin 
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centers; as temperature decreases χMT decreases to 5.96 emu·K·mol-1 at 2 K. The gradual 

decrease in χMT vs T (Figure 51) is a result of spin-orbit coupling from the CoII ion, which 

was observed for the [CoII(PY5Me2)(CH3CN)](PF6)2 starting material as well.104 The 2 K 

magnetization data (Figure 52) exhibits near saturation at 7 T with a value of 8.27 μB, 

which would correspond to eight unpaired electrons; this is lower than the expected value 

of 12 μB, which may be due to both ZFS and spin-orbit coupling effects. The reduced 

magnetization data (Figure 53) contain overlapping isofield lines, suggesting the 

compound is magnetically isotropic. 

 

 

Figure 51: Variable-temperature DC susceptibility plot of 19. 
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Figure 52: Magnetization data at 2 K for compound 19. Solid lines are a guide for the eye. 

 

 

 

Figure 53: Reduced magnetization data for compound 19. Solid lines are a guide for the 

eye. 
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Compound 20 behaves similarly to its molybdenum analogue; the compound has 

four CoII S= 3/2 spin centers connected by a diamagnetic [WIV(CN)]4- center, resulting in 

spin-independent centers. The variable-temperature DC susceptibility data exhibit a χMT 

value at 300 K of 9.35 emu·K·mol-1, which is higher than the expected value of 7.52 

emu·K·mol-1 for four S = 3/2 independent spin centers. As the temperature is lowered, 

χMT decreases to 5.55 emu·K·mol-1 at 2 K (Figure 54); both values are slightly lower than 

the molybdenum analogue, and the decrease is due to spin-orbit coupling and ZFS. The 2 

K magnetization data (Figure 55) shows near saturation at 7 T with a value of 7.35 μB, 

which corresponds to approximately seven unpaired electrons and is less than the expected 

value of 12; this likely results from ZFS and spin-orbit coupling. The reduced 

magnetization data (Figure 56) consist of overlapping isofield lines, indicating that the 

compound is magnetically isotropic as well. 

 

 

Figure 54: Variable temperature DC susceptibility plot for 20. 
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Figure 55: Magnetization data at 2 K for compound 20. Solid lines are a guide for the 

eye. 

 

 

 

Figure 56: Reduced magnetization data for 20 from 2 to 5 K and 1 to 7 T. Solid lines are 

a guide for the eye. 
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Compound 21 contains four NiII cationic molecules coordinated to the diamagnetic 

[MoIV(CN)8]
4- anion resulting in four S =1 independent spin centers. The χMT value at 300 

K is 4.87 emu·K·mol-1 which gradually decreases to 3.92 emu·K·mol-1 at 2 K (Figure 57); 

this value is consistent with four equivalents of the starting material 

[NiII(PY5Me2)(CH3CN)](PF6)2 which has a reported χMT value of 1.2 emu·K·mol-1 at 300 

K.104 The slight decrease in χMT as the temperature is lowered may be due to ZFS. The 2 

K magnetization data (Figure 58) begin to reach saturation at 7 T with a value of 7.81 μB, 

which is slightly below the expected value for eight unpaired electrons from four NiII spin 

centers. The reduced magnetization data (Figure 59) exhibit overlapping isofield lines, 

indicating the compound is magnetically isotropic as expected. 

 

 

 

Figure 57: Variable-temperature DC susceptibility plot for 21. 

0

1

2

3

4

5

6

0 50 100 150 200 250 300

χ
T

 (
em

u
∙K

∙m
o
l-1

)

Temperature (K)



 

127 

 

 

Figure 58: Magnetization data at 2 K for 21. Solid lines are a guide for the eye. 

 

 

 

Figure 59: Reduced magnetization data for 21 from 2 to 5 K and 1 to 7 T. Solid lines are 

a guide for the eye. 
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Compound 22 behaves in a similar manner to its molybdenum analogue; four 

divalent nickel groups are bound to the diamagnetic [WIV(CN)8]
4- center which yields a 

molecule with four S =1 independent spin centers. The χMT value at 300 K is 4.57 

emu·K·mol-1 which gradually decreases to 3.21 emu·K·mol-1 at 2 K (Figure 60). These 

data are consistent with four equivalents of the starting material 

[NiII(PY5Me2)(CH3CN)](PF6)2, and the decrease is likely due to ZFS. The 2 K 

magnetization plot (Figure 61) at 7 T exhibits a value of 7.31 μB, which is slightly below 

the expected value of 8 μB for eight unpaired electrons from the four NiII spin centers, but 

saturation does not occurred and ZFS may affect the values. The reduced magnetization 

plot (Figure 62) shows overlapping isofield lines, suggesting the compound is 

magnetically isotropic.  

 

 

 

Figure 60: Variable-temperature DC susceptibility plot of 22. 
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Figure 61: Magnetization data for 22 at 2 K. Solid lines are a guide for the eye. 

 

 

Figure 62: Reduced magnetization data for 22 from 2 to 5 K and 1 to 7 T. Solid lines are 

a guide for the eye. 
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Conclusions 

The [MII(PY5Me2)(CH3CN)]X2  (M = Fe, X = CF3SO3
-; M = Zn, X = BF4

-) 

compounds for Fe and Zn were prepared by an alternative route and characterized by X-

ray crystallography and IR spectroscopy. Reactions of the [MIV(CN)7]
3- anions with these 

cationic metal compounds were studied with the aim being to probe nature of anisotropic 

exchange interactions and 3d-5d coupling. Reactions of [M(PY5Me2)]
2+ resulted, 

however, in 2D networks and yield star-like complexes similar to its rhenium analogue. 

Although all of the compounds are new, they contain the diamagnetic [MIV(CN)8]
4- at the 

center of the polynuclear complexes as a result of decomposition. Regardless of ligand 

choice (LN5, tmphen, or PY5Me2),  metal centers coupled to (Mn, Fe, Co, Ni, Cu, Sm, or 

Dy), solvents (CH3CN, DMF, MeOH, or CH2Cl2), temperatures (room temperature or -30 

°C), or other reaction conditions, the conversion of the [MIV(CN)7]
3- anion to [MIV(CN)8]

4- 

was always the outcome. The loss of cyanide from the heptacyano analogues results in the 

more highly stable octacyanometallates.  Isolation of 5d-3d with both transition metals 

having non-zero spin states will likely require the use of heteroleptic cyanide precursors. 

with desired geometries and electronic configurations (i.e. pentagonal bipyramidal with a 

d1 or d3 electronic configuration) that engage in uniaxial exchange coupling. Additionally, 

such complexes can be designed to prevent equatorial coupling, and decomposition to the 

octacyanometallate(IV) anion. Heteroleptic complexes are further discussed in Chapter V. 
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CHAPTER IV  

STAR-LIKE COMPLEXES BASED ON OCTACYANOMETALLATE(V) ANIONS  

 

Introduction 

As discussed in the introduction chapter, the octacyanometallates of the 4d and 5d 

transition metals have been much more thoroughly studied as compared to the hepta- and 

hexacyanometallates owing to the ease of syntheses and stabilities of the anions. In 

particular, the MoV and WV ions are the most prevalent, given that their S =1/2 spin states 

allow for exchange coupling, whereas the MoIV and WIV derivatives are diamagnetic. Most 

compounds that contain these anions tend to form extended structures with discrete 

examples being rare. Among the molecules reported, the MII
9M′V6 pentadecanuclear 

compounds (MII = Mn, Co, and Ni; M′ = MoV and WV)140-142 the tetranuclear squares 

MnII
2M′2 ( M′ = [WV(CN)8]

3-),143 and the hexanuclear complexes MII
4M′2 (M

II = Mn, Fe, 

and Co; M′ = NbIV, MoV, and WV) are known.144-146 Only a few complexes involve a single 

[MIV/V(CN)8]
4/3- anion, namely [(CuIITPA)6MoIV(CN)8](ClO4)8 (TPA = tris(2-

pyridylmethyl)amine),197 [CuII(bpy)]2[W
V(CN)8]}CuII(bpy)2][ [W

V(CN)8]} ·4H2O (bpy = 

2,2′-bipyridine),198 and [(CuIIL)W(CN)8]·4H2O and [(CuIIL)2W(CN)8] ·4H2O (L = 3,7-

bis(2-aminoethyl)-1,3,5,7-tetraazabicyclo[3.3.2]decane), which are dinuclear and 

trinuclear, respectively.199  

As described in Chapter III, reactions of the [MIV(CN)7]
3- anions of Mo and W 

with 3d containing [MII(PY5Me2)]
2+ cations resulted in star-like complexes but the 

reactions resulted in the formation of the diamagnetic [MIV(CN)8]
4- at the center of the 
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molecule. In order to better understand the magnetic properties of these compounds, the 

reactions were repeated using the [MV(CN)8]
3- anions instead of the tetravalent analogies, 

with the goal being to achieve similar star-like clusters that would be magnetically 

interesting and exhibit exchange coupling. 

Experimental 

 All reactions were performed in a drybox or on a Schlenk-line under an inert 

atmosphere unless otherwise stated. The solvent CH3CN (Sigma Aldrich) was pre-dried 

over 3Å molecular sieves and then distilled over 3Å sieves under nitrogen, Et2O was 

passed through an activated alumina column (MBraun solvent system) and anhydrous 

THF (Sigma Aldrich) was used as received. All solvents were stored over molecular sieves 

in the drybox. The starting materials (Bu4N)3[MoV(CN)8],
160 (Bu4N)3[W

V(CN)8],
160 

[MnII(PY5Me2)(CH3CN)](PF6)2,
103 [NiII(PY5Me2)(CH3CN)](PF6)2, 

[CoII(PY5Me2)(CH3CN)](PF6)2, and [CuII(PY5Me2)(CH3CN)](PF6)2 were prepared 

according to literature methods.104  

Synthesis 

[MnII(PY5Me2)]4[MoV(CN)8](PF6)5 (24) 

 A vial was charged with 0.0140 g (0.0135 mmol) of (Bu4N)3[MoV(CN)8] and 

treated with 1.57 mL CH3CN to give a yellow solution. Separately, a small vial was 

charged with 0.0463 g (0.0558 mmol) of [MnII(PY5Me2)(CH3CN)](PF6)2 and dissolved 

in 2.75 mL of CH3CN with manual stirring to give a light yellow-colorless solution. The 

solution of (Bu4N)3[MoV(CN)8] was then slowly added via pipette to the solution of 

[MnII(PY5Me2)(CH3CN)]2+, resulting in color changes to teal and then blue-green with 
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the formation of a microcrystalline precipitate. The vial was placed in a jar with diethyl 

ether for slow vapor diffusion. After 4 weeks, yellow crystals and a white precipitate were 

collected on a frit, washed with THF to remove the Bu4NPF6 by-product and dried. The 

solid was redissolved in 5 mL CH3CN to give a light-yellow solution for crystallization 

by slow vapor diffusion with diethyl ether. Attempts to recrystallize the product led to a 

yellow precipitate which was collected by filtration, washed with THF and diethyl ether, 

and then dried under vacuum. Mass of product: 0.0078 g. 

[MnII(PY5Me2)]4[WV(CN)8](PF6)5 (25) 

A vial was charged with 0.0424 g (0.0378 mmol) of (Bu4N)3[W
V(CN)8] and 

dissolved in 1.1 mL CH3CN to give a colorless solution. Separately, a small vial was 

charged with 0.1249 g (0.1505 mmol) of [MnII(PY5Me2)(CH3CN)](PF6)2 and dissolved 

in 2.0 mL of CH3CN with manual stirring to give a light yellow solution. The solution of 

(Bu4N)3[W
V(CN)8] was then slowly pipetted into the solution of 

[MnII(PY5Me2)(CH3CN)]2+, resulting in color changes to blue, then dark blue, teal green, 

and finally lavender, along with a cloudy precipitate. The vial was placed in a jar with 

diethyl ether for slow vapor diffusion. After 3 weeks, lavender and a light yellow 

precipitate was collected on a medium frit, washed with THF to remove the Bu4NPF6 by-

product, then washed with diethyl ether and dried under vacuum. Mass of product: 0.0980 

g. 

  [FeII(PY5Me2)]4[MoV(CN)8](CF3SO3)5 (26) 

A vial was charged with 0.0101 g (0.097 mmol) of (Bu4N)3[MoV(CN)8] and 

dissolved in 0.93 mL CH3CN to give a light yellow solution. Separately, a small vial was 
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charged with 0.0338 g (0.0403 mmol) of [FeII(PY5Me2)(CH3CN)](CF3SO3)2 and 

dissolved in 1.86 mL of CH3CN to give a dark red solution. The solution of 

(Bu4N)3[MoV(CN)8] was then slowly pipetted into the solution of 

[FeII(PY5Me2)(CH3CN)]2+, resulting in the formation of a lighter red solution with some 

precipitate that redissolved with stirring. The vial was placed in a jar with diethyl ether for 

slow vapor diffusion. After 3 weeks, the red product was collected on a medium frit, 

washed with THF to remove the Bu4NPF6 by-product, washed with diethyl ether and dried 

under vacuum. Mass of product: 0.1121 g. 

[FeII(PY5Me2)]4[WV(CN)8](CF3SO3)5 (27) 

A vial was charged with 0.0463 g (0.0413 mmol) of (Bu4N)3[W
V(CN)8] and 

dissolved in 0.88 mL CH3CN to give a colorless solution. Separately, a small vial was 

charged with 0.1393 g (0.1661 mmol) of [FeII(PY5Me2)(CH3CN)](CF3SO3)2 and 

dissolved in 2.34 mL of CH3CN to give a dark red solution with orange precipitate which 

is not completely soluble in CH3CN. The solution of (Bu4N)3[W
V(CN)8] was then slowly 

pipetted into the solution of [FeII(PY5Me2)(CH3CN)]2+, resulting in the formation of a 

cloudy dark red solution. The vial was placed in a jar with diethyl ether for slow vapor 

diffusion. After 3 weeks, dark red crystals and an orange precipitate were collected on a 

medium frit, washed with THF to remove the Bu4NPF6 by-product, then washed with 

diethyl ether and dried under vacuum. Mass of product: 0.1213 g. 

[CoII(PY5Me2)]4[MoV(CN)8](PF6)5 (28) 

A vial was charged with 0.0281 g (0.0272 mmol) of (Bu4N)3[MoV(CN)8] and 

dissolved in 1.30 mL of CH3CN to give a yellow solution. Separately, a small vial was 
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charged with 0.0909 g (0.1090 mmol) of [CoII(PY5Me2)(CH3CN)](PF6)2 and dissolved in 

2.60 mL of CH3CN to give an orange solution. The solution of (Bu4N)3[MoV(CN)8] was 

then added via pipette with manual stirring to the solution of [CoII(PY5Me2)(CH3CN)]2+, 

resulting in a dark orange solution that turns maroon and becomes cloudy with precipitate. 

The vial was placed in a jar with diethyl ether for slow vapor diffusion. After 4 months, 

dark green crystals and a pale blue powder were collected on a medium frit, washed with 

THF to remove the Bu4NPF6 by-product, then washed with diethyl ether and dried under 

vacuum. Mass of product (crystals and powder): 0.0772 g, yield: 88.8 %.   

[CoII(PY5Me2)]4[WV(CN)8](PF6)5 (29) 

A vial was charged with 0.0456 g (0.0407 mmol) of (Bu4N)3[W
V(CN)8] and 

dissolved in 0.94 mL of CH3CN to give a colorless solution. Separately, a small vial was 

charged with 0.1353 g (0.1622 mmol) of [CoII(PY5Me2)(CH3CN)](PF6)2 and dissolved in 

2.53 mL of CH3CN with manual stirring to give an orange solution. The solution of 

(Bu4N)3[MoV(CN)8] was then added via pipette to the solution of 

[CoII(PY5Me2)(CH3CN)]2+ with stirring, resulting in a dark orange solution that turns to 

a maroon color and becomes cloudy with a teal precipitate. The vial was placed in a jar 

with diethyl ether for slow vapor diffusion. After 3 weeks, a green product was collected 

on a frit, washed with THF to remove the Bu4NPF6 by-product, and washed with diethyl 

ether and dried under vacuum. Mass of product: 0.1232 g, yield: 97.0 %.   

[NiII(PY5Me2)]4[MoV(CN)8](PF6)5 (30) 

A vial was charged with 0.0510 g (0.0494 mmol) of (Bu4N)3[MoV(CN)8] and 

dissolved in 2.02 mL of CH3CN to give a yellow solution. Separately, a thin vial was 
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charged with 0.1644 g (0.1972 mmol) of [NiII(PY5Me2)(CH3CN)](PF6)2 and dissolved in 

3.02 mL of CH3CN with manual stirring to give a light pink solution. The solution of 

(Bu4N)3[MoV(CN)8] was then slowly added via pipette to the solution of 

[NiII(PY5Me2)(CH3CN)]2+, resulting in a brown-yellow to olive solution along with light 

orange precipitate that dissolves upon stirring. The vial was placed in a jar with diethyl 

ether for slow vapor diffusion. After 3 weeks, some orange crystals and orange precipitate 

formed; the orange product was collected on a frit, washed with THF to remove the 

Bu4NPF6 by-product, then washed with diethyl ether and dried under vacuum. Mass of 

product: 0.0692 g, yield: 41.6 % (based off Mo1Ni4P5F30N37C143H126). Elemental analysis: 

Theoretical C: 50.22, H: 3.72, N: 15.16; actual C: 48.26, H: 3.96, N: 14.42. 

[NiII(PY5Me2)]4[WV(CN)8](PF6)5 (31) 

A vial was charged with 0.0474 g (0.0423 mmol) of (Bu4N)3[W
V(CN)8] and 

dissolved in 2.18 mL of CH3CN to give a colorless solution. Separately, a thin vial was 

charged with 0.1409 g (0.169 mmol) of [NiII(PY5Me2)(CH3CN)](PF6)2 and dissolved in 

3.23 mL of CH3CN with manual stirring to give a light pink solution. The solution of 

(Bu4N)3[W
V(CN)8] was then slowly added via pipette to the solution of 

[NiII(PY5Me2)(CH3CN)]2+, resulting in a red-brown solution, with precipitate that 

dissolves upon stirring. The vial was placed in a jar with diethyl ether for slow vapor 

diffusion. After 3 weeks, orange precipitate had formed; the orange product was collected 

on a frit, washed with THF to remove the Bu4NPF6 by-product, then washed with diethyl 

ether and dried under vacuum. Mass of product: 0.0598 g, yield: 40.9 %. Elemental 

analysis: Theoretical C: 48.97, H: 3.62, N: 14.78; actual C: 50.49, H: 3.72, N: 16.38. 
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[CuII(PY5Me2)]4[MoV(CN)8](PF6)5 (32) 

A vial was charged with 0.0279 g (0.027 mmol) of (Bu4N)3[MoV(CN)8] and 

dissolved in 1.30 mL of CH3CN to give a yellow solution. Separately, a thin vial was 

charged with 0.0928 g (0.1107 mmol) of [CuII(PY5Me2)(CH3CN)](PF6)2 and dissolved in 

2.21 mL of CH3CN to give a dark blue solution with manual stirring. The solution of 

(Bu4N)3[MoV(CN)8] was then slowly added via pipette to the solution of 

[CuII(PY5Me2)(CH3CN)]2+, resulting in a darker blue solution that turns teal-green with a 

cloudy precipitate. The vial was placed in a jar with diethyl ether for slow vapor diffusion. 

After 4 months, the pale blue solid was collected on a frit, washed with THF to remove 

the Bu4NPF6 by-product, washed with diethyl ether, and dried under vacuum. Mass of 

product: 0.0554 g. 

[CuII(PY5Me2)]4[WV(CN)8](PF6)5 (33) 

A vial was charged with 0.0561 g (0.0501 mmol) of (Bu4N)3[W
V(CN)8] and 

dissolved in 1.10 mL of CH3CN to give a colorless solution. Separately, a thin vial was 

charged with 0.1689 g (0.2015 mmol) of [CuII(PY5Me2)(CH3CN)](PF6)2 and dissolved in 

2.15 mL of CH3CN with manual stirring to give a dark blue solution. The solution of 

(Bu4N)3[W
V(CN)8] was then slowly added via pipette to the solution of 

[CuII(PY5Me2)(CH3CN)]2+, resulting in a violet solution with a dark blue precipitate. The 

vial was set in a jar with diethyl ether for slow vapor diffusion. After 3 weeks, the blue 

precipitate was collected on a frit, washed with THF to remove the Bu4NPF6 by-product, 

then washed with diethyl ether and dried under vacuum. Mass of product: 0.1103. 
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X-ray Crystallography 

 Single crystal diffraction data for 28 and 29 were collected at 110 K on the 

ChemMatCars beamline 15-ID-B at the Advanced Photon Source (APS), Argonne 

National Lab. The data collection strategy consisted of obtaining three ω-scans with one 

full-sphere and two half-spheres for a total 1440 frames with a 0.5º width. Integration was 

performed with the Bruker-APEXII software package, and the absorption correction 

(SADABS) was based on fitting a function to the empirical transmission surface as 

sampled by multiple equivalent measurements. An orange crystal of 31 was mounted on 

a Nylon loop using Paratone® oil and placed in a N2 cold stream at 110 K. The data were 

collected on a Bruker D8 Quest Eco diffractometer (MoKα radiation λ = 0.71073 Ǻ) 

equipped with a Photon50 CMOS detector. For all compounds, the multi-scan absorption 

correction was performed within the Bruker APEXII software using SADABS (v2014/5) 

or within the Bruker APEX3 software using SADABS (v2015/10).163-164 Solution and 

refinement of the structures were carried out using SHELXT and shelXle or Olex2 (a 

graphical interface for the SHELX suite of programs), respectively.165-166, 185 Structure 

solution by direct methods resolved positions of all heavy atoms and most of the lighter 

atoms. The remaining non-hydrogen atoms were located by alternating cycles of least-

squares refinements and difference Fourier maps. Except for 1, which was refined 

isotropically, the final refinements were performed with anisotropic thermal parameters 

for all non-hydrogen atoms. Images of the molecular structures were rendered using 

DIAMOND software for crystal structure visualization.167 A summary of pertinent 

information relating to unit cell parameters, data collection, and refinement is provided in 
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Table 19: Crystallographic data and experimental details for compounds 28, 29, and 31. 
 

aR = Σ ||Fo| - |Fc||/ Σ|Fo|. 
bwR = {Σ [w(Fo

2 – Fc
2)2]/ Σ [w(Fo

2)]2}1/2. cGoodness-of-fit = {Σ 

[w(Fo
2 – Fc

2)2]/(n-p)}1/2, where n is the number of reflections and p is the total number of 

parameters refined. 

 

 

 

Formula 28 29 31 

Molecular Weight 3195.43 3115.69 3455.22 

Temperature (K) 110 110 110 

Crystal System Monoclinic Monoclinic Tetragonal 

Space Group P2/c P21/m I4/m 

a (Å) 34.352(12) 16.938(4) 33.287(2) 

b (Å) 12.686(4) 23.443(5) 33.287(2) 

c (Å) 38.352(12) 39.223(9) 29.0002(16) 

α (°) 90 90 90 

β (°) 99.663(5) 92.614(4) 90 

γ (°) 90 90 90 

V (Å3) 16477(9) 15558(6) 32132(3) 

Z 4 4 16 

Color Green Green Orange 

ρcalc (g/cm3) 1.288 1.330 1.429 

μ (mm) 0.610 1.292 1.316 

F(000) 6462.0 6236.0 13984.0 

Crystal Size (mm) 0.05 x 0.08 x0.150 0.05 x 0.08 x 0.12 0.080 x 0.115 x 

0.260 

Radiation APS Synchrotron APS Synchrotron MoKα (λ = 

0.71073) 

 

Index Range 

-31≤h≤31 

-11≤k≤11 

-34≤l≤34 

-16≤h≤17 

-23≤k≤23 

-39≤l≤39 

-39≤h≤30 

-39≤k≤39 

-34≤l≤34 

2θ range (°) 3.866 – 37.696 4.026 – 41.83 4.388 – 50.178 

Reflections collected 149485 202216 58607 

Unique reflections 12415 16991 14565 

Parameters/restraints 805, 0 1501, 0 1013, 6 

R1, wR2 [I > 2σ(I)] 0.2103, 0.4854 0.2217, 0.5532 0.0814, 0.2106 

R1, wR2 (all data) 0.2792, 0.5361 0.2505, 0.5729 0.1223, 0.2571 

GooF (F2) 1.980 2.446 0.995 

Largest diff. peak, 

hole, (e Å-3) 

-1.57, 3.97 -2.16, 5.12 -2.32, 4.93 
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Table 19. 

Physical Methods 

IR spectra were recorded on a Nicolet Nexus 470 FT-IR E.S.P spectrophotometer 

between KBr plates with the powdered samples being suspended in Nujol® mulls. 

Elemental analyses were performed by Atlantic Microlabs, Inc., Norcross, GA. Magnetic 

measurements were performed on a Quantum Design MPMS-XL SQUID magnetometer 

equipped with a 7 T superconducting magnet over the temperature range of 1.8 to 300 K. 

The diamagnetic contribution of the plastic bag used as a sample holder was subtracted 

from the raw data, and the core diamagnetism of the sample was corrected for using 

Pascal’s constants.168 Magnetic data were fit using the PHI program.182 

Results and Discussion 

Synthesis 

The reactions were performed by dissolving (Bu4N)3[M
V(CN)8] in CH3CN and 

then slowly adding the solution to four equivalents of the [MII(PY5Me2)(CH3CN)]2+ 

cation in CH3CN with manual swirling of the vial. The solutions were then placed in a jar 

with a screw cap that contains diethyl ether to induce crystallization. The isolated products 

were washed with THF to remove the Bu4NPF6 by-product. In the cases of Mn (24 and 

25), Fe (26 and 27), and Cu (32 and 33), the reactions produced powder products; attempts 

to recrystallize the powder to obtain suitable crystals for X-ray diffraction were 

unsuccessful, despite the alteration of crystallization conditions such as solvent, 

temperature, or concentration. Typically, any crystals that formed turned out to be 

unreacted starting materials. In the case of Fe and Cu, the powder product was also similar 
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in color to the starting materials, which rendered separation of the product from the 

reactant difficult given their similar solubilities. In the cases of Co (28 and 29) and Ni (31) 

crystals were obtained. For Co and Ni, there was a change in the color of the product from 

that of the starting material, which allowed for manual separation of the product crystals 

from unreacted starting material crystals. All products were characterized by infrared 

spectroscopy (vide infra) which indicated, in all cases, that the reactions yield polynuclear 

complexes as deduced from the presence of bridging cyanide stretches. The only 

difference between the molybdenum and tungsten reactions occurs with Ni; orange 

crystals were obtained for W and an orange-tan powder was obtained for Mo. 

Single Crystal X-ray Diffraction Studies 

Compound 28 crystallizes as green blocks in the space group P2/c with one 

molecule in the asymmetric unit. The molecule is a star-like cluster as previously observed 

for reactions of the [WIV(CN)7]
3- and [ReIV(CN)7]

3- anions (Figure 60). It was necessary 

to refine the structure isotropically due to the weak nature of the data. The [MoV(CN)8]
3- 

anion adopts a distorted geometry between square antiprismatic and dodecahedral based 

on the bond angles. The Mo—CN bond distances range from 2.11(2) to 2.22(3) Å, the  

C—N bond distances vary from 1.13(4) to 1.21(4) Å, and the Co—NC bond distances are 

between 1.88(3) and 2.06(3) Å. These distances are similar to the MoV bond ranges 

previously observed and to those reported for other compounds.141 The Mo—C—N angles 

vary between 173(3)° to 178(3)°, while the Co—N—C angles are between 170(2)° and 

178(2)°, indicating distortion from linearity. Important bond distances and bond angles 

are listed in Table 20. 
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Table 20: Select bond distances and bond angles for 28. 

Select Bond  Bond Distance (Å) Select Bond  Bond Angle (°) 

Mo—C1 2.13(3) C1—Mo1—C6 74.3(12) 

Mo—C2 2.13(3) C1—Mo1—C8 68.8(12) 

Mo—C3 2.11(2) C1—Mo1—C4 143.9(13) 

Mo—C4 2.17(4) C1—Mo1—C5 76.3(12) 

Mo—C5 2.17(3) C2—Mo1—C1 91.9(11) 

Mo—C6 2.22(3) C2—Mo1—C6 146.1(11) 

Mo—C7 2.18(4) C2—Mo1—C8 78.1(10) 

Mo—C8 2.14(3) C2—Mo1—C4 101.4(11) 

Co1—N1 1.88(3) C2—Mo1—C5 73.3(11) 

Co2—N2 2.06(3) C4—Mo1—C5 75.7(12) 

Co3—N3 1.94(2) C5—Mo1—C6 73.3(12) 

Co4—N4 2.01(3) C5—Mo1—C8 133.6(12) 

Co—Nax 1.91(3)– 2.10(3) C4—Mo1—C6 76.1(12) 

Co—Neq 1.94(2) – 2.19(3) C4—Mo1—C8 146.6(12) 

C1—N1 1.16(3) C6—Mo1—C8 122.4(11) 

C2—N2 1.15(3) C7—Mo1—C1 142.9(13) 

C3—N3 1.15(3) C3—Mo1—C1 99.0(10) 

C4—N4 1.14(4) C7—Mo1—C5 130.5(12) 

C5—N5 1.21(4) C3—Mo1—C2 144.7(10) 

C6—N6 1.13(4) C3—Mo1—C4 89.3(11) 

C7—N7 1.17(4) C7—Mo1—C4 73.3(13) 

C8—N8 1.19(3) C3—Mo1—C6 69.1(11) 

  C3—Mo1—C8 74.8(10) 

  C7—Mo1—C8 74.3(12) 

  C7—Mo1—C6 132.4(12) 

  C7—Mo1—C3 74.9(11) 

  C7—Mo1—C2 76.2(11) 

  C5—Mo1—C3 141.9(11) 

  C1—N1—Co1 173(2) 

  C2—N2—Co2 170(2) 

  C3—N3—Co3 178(2) 

  C3—N4—Co4 171(3) 

  Nax—Co—NMo 178.5(11) - 178.9(11) 

  N1—C1—Mo 173(3) 

  N2—C2—Mo 178(2) 

  N3—C3—Mo 177(2) 

  N4—C4—Mo 174(4) 

  N5—C5—Mo 177(3) 

  N6—C6—Mo 176(3) 

  N7—C7—Mo 178(3) 

  N8—C8—Mo 178(3) 
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Figure 63: Molecular structure of 28. Hydrogen atoms are omitted for the sake of 

clarity. 

 

 

 

Compound 29 crystallizes as green blocks and crystallizes in the space group 

P21/n. The molecule adopts a star-like geometry as in the case of compounds (Figure 64); 

the [WV(CN)8]
3- metal ion is in a distorted square prismatic geometry in contrast to the 

square antiprismatic geometry observed in the molybdenum analogue. The W—C bond 

distances vary between 2.02(3) to 2.30(5) Å, which is a considerably wider range than 

expected as a consequence of the limited data obtained. The 2.02(3) Å bond distance 

agrees with previously measured WV—CN bond distances for a terminal cyanide; the C—

N bond distances vary from 1.02(5) to 1.34(5) Å, with most of them falling in the more 
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realistic range of 1.12(6) to 1.18(4) Å.  The Co—NC bond distances are 1.96(3) Å, 2.02(3) 

Å, and 2.09(4) Å, consistent with CoII.141 The W—C—N bond angles vary from 175(2)° 

to 180(5)° and the Co—N—C bond distances range from 163(4)° to 177(3)°. A summary 

of important bond distances and angles are compiled in Table 21. 

Finally, compound 31 crystallizes as orange crystals in the tetragonal space group 

I4/m; the asymmetric unit contains [(NiIIPY5Me2)2W
V(CN)6](PF6)3, with the remaining 

atoms being generated by symmetry (Figure 65). As before, the molecule is a star-like 

cluster. The [WV(CN)8]
3- is in a distorted square antiprismatic geometry. The W—CN 

bond distances range from2.108(1) to 2.195(9) Å, the C—N bond distances from 

1.129(11) to 1.218(15) Å; the Ni—NC bond distances are between 2.003(10) to 2.058(10)  

 

 

 

Figure 64: Molecular structure of 29. Hydrogen atoms are omitted for the sake of 

clarity. 
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Table 21: Select bond distances and bond angles for 29. 

 

Select Bond  Bond Distance (Å) Select Bond  Bond Angle (°) 

W—C1 2.19(7) C1—W1—C6 143.5(17) 

W—C2 2.30(5) C1—W1—C4
′ 77.2(13) 

W—C3 2.06(3) C1—W1—C4 77.2(13) 

W—C3
′ 2.06(3) C1—W1—C5 65.4(18) 

W—C4 2.19(4) C2—W1—C1 144.3(15) 

W—C5 2.26(3) C2—W1—C6 71.8(14) 

W—C6 2.02(3) C2—W1—C4
′ 75.3(10) 

W—C4
′ 2.19(4) C2—W1—C4 75.3(10) 

Co1—N1 1.96(3) C2—W1—C5 149.9(16) 

Co2—N2 2.09(4) C4—W1—C5 126.3(11) 

Co3—N3 2.02(3) C5—W1—C6 78.1(17) 

Co4—N4 2.02(3) C5—W1—C4
′ 126.3(11) 

Co—Nax 2.044(14) – 2.16(3) C4—W1—C6 128.8(11) 

Co—Neq 2.07(2) - 2.141(16) C4—W1—C4
′ 76.5(15) 

C1—N1 1.12(6) C6—W1—C4
′ 128.8(11) 

C2—N2 1.02(5) C3
′—W1—C1 92.1(10) 

C3—N3 1.18(4) C3—W1—C1 92.1(10) 

C3
′—N3

′ 1.18(4) C3
′—W1—C5 73.9(10) 

C4—N4 1.17(4) C3—W1—C2 99.0(10) 

C5—N5 1.34(5) C3—W1—C4 70.4(11) 

C6—N6 1.34(5) C3
′—W1—C4 146.8(12) 

C4
′—N4

′ 1.17(4) C3—W1—C6 77.3(9) 

  C3—W1—C4
′ 146.8(12) 

  C3
′—W1—C4

′ 70.4(11) 

  C3
′—W1—C6 77.3(9) 

  C3
′—W1—C3 142.2(18) 

  C3
′—W1—C2 99.0(10) 

  C5—W1—C3 73.9(10) 

  C1—N1—Co1 177(5) 

  C2—N2—Co2 163(4) 

  C3—N3—Co3 177(3) 

  C3—N4—Co4 177(3) 

  Nax—Co—NW 177.2(12) - 180(2) 

  N1—C1—W 180(5) 

  N2—C2—W 175(2) 

  N3—C3—W 176(3) 

  N4—C4—W 176(3) 

  N5—C5—W 168(5) 

  N6—C6—W 178(3) 

  N3
′—C3

′—W 176(3) 

  N4
′—C4

′—W 176(3) 
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Å, which are consistent with previously measured WV—NiII compounds.140, 142 The C—

N—Ni bond angles range between 167.3(9)° to 168.8(9)°, while the W—C—N bond 

angles vary from 173.8(11)° to 179.3(9)°. Select bond distances and bond angles are 

reported in Table 22. 

 

 

 

 

Figure 65: Molecular structure of 31. Hydrogen atoms and solvent molecules are omitted 

for the sake of clarity. 
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Table 22: Select bond distances and bond angles for 31. 

Select Bond  Bond Distance (Å) Select Bond  Bond Angle (°) 

W—C1 2.144(11) C1—W1—C6 75.4(3) 

W—C2 2.108(13) C1—W1—C6′ 75.4(3) 

W—C3 2.113(9) C1—W1—C4 143.8(4) 

W—C3′ 2.113(9) C1—W1—C5 70.0(5) 

W—C4 2.150(13) C2—W1—C1 144.7(4) 

W—C5 2.136(12) C2—W1—C6 76.4(3) 

W—C6 2.195(9) C2—W1—C6′ 76.4(3) 

W—C6′ 2.195(9) C2—W1—C4 71.5(4) 

Ni1—N1 2.058(10) C2—W1—C5 145.3(5) 

Ni2—N2 2.003(10) C4—W1—C5 73.8(5) 

Ni3—N3 2.038(7) C5—W1—C6 129.1(3) 

Ni3′—N3′ 2.038(7) C5—W1—C6′ 129.1(3) 

Ni—Nax 2.052 - 2.062 C4—W1—C6 130.7(3) 

Ni—Neq 2.088 - 2.102 C4—W1—C6′ 130.7(3) 

C1—N1 1.176(15) C6—W1—C6′ 73.3(4) 

C2—N2 1.218(15) C3′—W1—C1 97.5(2) 

C3—N3 1.189(11) C3—W1—C1 97.5(2) 

C3′—N3′ 1.189(11) C3′—W1—C5 76.5(2) 

C4—N4 1.169(16) C3—W1—C1 76.5(2) 

C5—N5 1.187(16) C3—W1—C4 73.7(2) 

C6—N6 1.129(11) C3′—W1—C4 73.7(2) 

C6′—N6′ 1.129(11) C3—W1—C6 145.4(3) 

  C3—W1—C6′ 72.2(3) 

  C3′—W1—C6′ 145.4(3) 

  C3′—W1—C6 72.3(3) 

  C3′—W1—C3 142.2(5) 

  C5—W1—C1 70.0(5) 

  C5—W1—C4 73.8(5) 

  C1—N1—Ni1 167.3(9) 

  C2—N2—Ni2 168.8(9) 

  C3—N3—Ni3 167.5(7) 

  C3′—N4′—Ni3′ 167.5(7) 

  Nax—Ni—NW 175.7 - 178.8 

  N1—C1—W 179.3(9) 

  N2—C2—W 179.0(9) 

  N3—C3—W 177.9(8) 

  N3′—C3′—W 177.9(8) 

  N4—C4—W 178.4(11) 

  N5—C5—W 173.8(11) 

  N6—C6—W 179.3(8) 

  N6′—C6′—W 179.3(8) 
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Infrared Spectroscopy 

IR spectra were measured for all products (24 – 33). In the case of the molybdenum 

samples, both Mn and Fe exhibit one broad stretch at 2108 cm-1 and 2078 cm-1, 

respectively, while the Co, Ni, and Cu compounds exhibit two ν(CN) stretching vibrations 

at higher frequencies. The lower frequency vibrations correspond to terminal cyanides and 

the higher frequency modes indicate bridging cyanides between Mo and the metal center. 

The increase of the bridging stretching frequencies from 2138 cm-1 to 2210 cm-1 is 

attributed to the increasing electronegativity and d-electron count of the 3d metal center; 

the σ-donation by the nitrogen lone pair leads to the higher stretching frequency.97 This 

also matches the trend observed for the products based on [ReIV(CN)7]
3-.97, 103-104 

 Similarly, the tungsten complexes also display two stretches with the exception of 

the Fe sample which exhibits one broad ν(CN) stretch at 2117 cm-1. The lower frequency 

bands correspond to terminal cyanides while the higher frequency peak is due to bridging 

cyanides.97 In a similar manner, the increase in stretching frequency of the bridging ν(CN) 

(Mn = 2142 cm-1, Co = 2148 cm-1, Ni = 2185 cm-1, and Cu = 2172 cm-1)  corresponds to 

increasing electronegativity and d-electron count of the 3d metal ion which increases σ-

donation, and matches the trend observed for the rhenium analogues.103-104 

 

 

Table 23: Infrared spectra of star-like complexes formed from [MVCN)8]
3- for Mo and 

W. The [ReIV(CN)7]
3- analogues are included as for reference. 

Element Mn Fe Co Ni Cu 

MoV 2108 2078 2122, 2138 2143, 2182 2122, 2210 

WV 2135, 2142 2117 2118, 2148 2145, 2185 2121, 2172 

ReIVa,b 2098, 2031 NA 2102, 2056 2120, 2089 2287, 2256 
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Magnetic Measurements 

 Variable-temperature DC susceptibility data for 28 were measured from 300 to 2 

K under an applied field of 1,000 Oe (Figure 66). At 300 K, the χMT value is 7.74 

emu·K·mol-1, which is close to the expected value of 7.85 emu·K·mol-1 for four 

independent S = 3/2 spin centers and an isolated S = 1/2 spin center.  The value is higher 

than 7.03 emu·K·mol-1 reported in [(CoIIPY5Me2)3(CoIIIPY5Me2)ReIV(CN)7],
104 but 

significantly below the values of 17.9 emu·K·mol-1  or 24.4 emu·K·mol-1 expected for 

antiferromagnetic or ferromagnetic coupling, respectively, between the MoV and CoII spin 

centers. There is a gradual decrease in χMT as the temperature is lowered to 3.53 

emu·K·mol-1 at 2 K which is due to the spin-orbit coupling of the CoII ions, although weak 

antiferromagnetic coupling may also be operative. Attempts to fit the coupling between 

MoV and CoII with the PHI program were unsuccessful. The 2 K magnetization value is 

5.13 μB (Figure 67), and the reduced magnetization has overlapping isofield lines, 

suggesting no magnetic anisotropy (Figure 68). AC measurements revealed no slow 

relaxation behavior. 

Compound 29 with tungsten behaves similarly to its molybdenum analogue. The 

χMT value is 7.74 emu·K·mol-1 at 300 K which is similar to that of Mo and consistent with 

isolated spin centers for four S = 3/2 CoII ions and an S = 1/2 WV spin center (Figure 

69).104 As the temperature is lowered there is a gradual decrease in χMT to 3.53 

emu·K·mol-1 at 2 K which is attributed to spin-orbit coupling of the cobalt ions; weak 

antiferromagnetic coupling may also be operative.  Attempts to fit the coupling between 

the WV and CoII ions with the PHI program were unsuccessful. The 2 K magnetization  
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Figure 66: Variable-temperature DC susceptibility data plot for 28. 

 

 

 

Figure 67: Magnetization data at 2 K for 28. Solid lines are a guide for the eye. 
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Figure 68: Reduced magnetization data for 28. Solid lines are a guide for the eye. 

 

 

 

Figure 69: Variable-temperature DC susceptibility data plot for 29. 
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Figure 70: Magnetization data at 2 K for 29. Solid lines are a guide for the eye. 

 

 

 

exhibits a value of 5.42 μB (Figure 70), and the reduced magnetization plot has overlapping 

isofield lines, indicating no magnetic anisotropy (Figure 71); the AC measurements 

revealed no slow relaxation behavior as expected. 

For compound 30, χMT at 300 K is 5.44 emu·K·mol-1, and, as the temperature is 

lowered, the value increases to a maximum of 7.47 emu·K·mol-1 at 7 K before decreasing 

to 6.01 emu·K·mol-1 at 2 K (Figure 72). The values are below the expected 12.38 

emu·K·mol-1 for an S = 9/2 ground state with ferromagnetic coupling. The increase is 

indicative of ferromagnetic coupling between the NiII (S = 1) spin centers and MoV (S = 

1/2) ions, which is consistent with the previously measured NiII and ReIV analogue.104 
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Fitting the susceptibility with equation 21 led to a J value of approximately +4 cm-1, 

indicating ferromagnetic coupling as expected, and the low magnitude is similar to the 

rhenium analogue. The 2 K magnetization data saturate at 9.48 μB, which is slightly higher 

than the expected value of nine unpaired electrons for an S = 9/2 ground state based on 

ferromagnetic coupling (Figure 73). The reduced magnetization data exhibit overlapping 

isofield lines, an indication of a lack of magnetic anisotropy (Figure 74), and, indeed, the 

AC measurements did not reveal slow relaxation behavior. 

For compound 31, the variable-temperature DC susceptibility data exhibit a χMT 

at 300 K of 8.57 emu·K·mol-1 which increases at lower temperatures, reaching a maximum 

of 9.78 emu·K·mol-1 at 7 K before decreasing to 7.66 emu·K·mol-1 at 2 K (Figure 75). 

The increase in χMT suggests ferromagnetic coupling between the Ni ions and tungsten 

ions, which is consistent with the previously measured NiII and ReIV complex and the 

molybdenum analogue,104 but does not reach the expected value of 12.38 emu·K·mol-1 for 

an S = 9/2 ground state. Attempts to model the coupling between the WV and NiII ions 

using equation 21gave a J coupling of about +14 cm-1; although the fitting is poor the J 

value is significantly larger compared to its molybdenum analogue, supporting the 

hypothesis that the 5d metals achieve better exchange coupling compared to the 4d ions 

due to greater orbital overlap. The 2 K magnetization exhibits a value of 10.88 μB, which 

is higher than the expected value of nine unpaired electrons for an S = 9/2 ground state 

(Figure 76). The reduced magnetization shows overlapping isofield lines, suggesting no 

magnetic anisotropy (Figure 77); the AC measurements did not reveal any sign of slow 

relaxation behavior. 
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Figure 71: Reduced magnetization data for 29. Solid lines are a guide for the eye. 

 

 

 

Figure 72: Variable-temperature DC susceptibility data for 30. 

0

1

2

3

4

5

6

0 10 20 30 40

M
a
g
n

et
iz

a
ti

o
n

 (
µ

β
m

o
l-1

)

H/T (kOe/K)

1 T

2 T

3 T

4 T

5 T

6 T

7 T

0

1

2

3

4

5

6

7

8

0 50 100 150 200 250 300

χ
T

 (
em

u
∙K

∙m
o
l-1

)

Temperature (K)



 

155 

 

 

Figure 73: Magnetization data at 2 K for compound 30. Solid lines are a guide for the 

eye. 

 

 

 

Figure 74: Reduced magnetization data for compound 30. Solid lines are a guide for the 

eye. 

 

0

2

4

6

8

10

12

0 10000 20000 30000 40000 50000 60000 70000 80000

M
a
g
n

et
iz

a
ti

o
n

 (
B

.M
.)

Magnetic field (Oe)

0

2

4

6

8

10

12

0 10 20 30 40

M
a
g
n

et
iz

a
ti

o
n

 (
µ

β
m

o
l-1

)

H/T (kOe/K)

1 T

2 T

3 T

4 T

5 T

6 T

7 T



 

156 

 

 

Figure 75: Variable-temperature dc or DC susceptibility data plot for 31. 

 

 

 

Figure 76: Magnetization data at 2 K for compound 31. Solid lines are a guide for the 

eye. 
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Figure 77: Reduced magnetization data for compound 31. Solid lines are a guide for the 

eye. 

 

 

 

Conclusions 

The reactions of the [MV(CN)8]
3- (Mo, W metal) anions with 

[MII(PY5Me2)(CH3CN)]2+ cations (MII = Mn, Fe, Co, Ni, and Cu) yielded powder 

products in the cases of Mn, Fe, and Cu and crystals in the cases of Co and Ni, similar to 

the previous reactions with the heptacyanometallate(IV) anions. Single crystal X-ray data 

for Co and Ni revealed that the structures are the expected star-like complexes previously 

obtained with the [MIV(CN)7]
3- anions, with four of the [MII(PY5Me2)]

2+ cations bound 
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through cyanide ligands to the octacyanometallate(V) anion.  Infrared spectra of the 

products (powder and crystal) exhibit ν(CN) stretching vibrations consistent with 

polynuclear species that contain bridging cyanides between two metal centers. Magnetic 

measurements were performed on the Co and Ni complexes for both molybdenum and 

tungsten, and the variable-temperature DC susceptibilities indicate there is coupling 

between the 3d metal ion and the octacyanometallate(V) anion, in contrast to the 

complexes formed with the heptacyanomolydate(IV) or heptacyanotungstate(IV) anions, 

which consist of spin-independent centers with no magnetic coupling. For Co, the 

exchange coupling was difficult to model, but, qualitatively, the χMT susceptibility data 

exhibit a decrease as temperature is lowered, which results from spin-orbit coupling of the 

CoII ions and possibly antiferromagnetic coupling between CoII and MoV/WV. In the case 

of Ni, there is ferromagnetic coupling between both NiII and MoV/WV, with the J exchange 

constants calculated to be +4 cm-1 and +14 cm-1 for molybdenum and tungsten, 

respectively. The coupling constant for tungsten supports Mironov’s hypothesis that 5d 

cyanometallates can achieve larger exchange coupling constants as a result of improved 

orbital overlap. None of the compounds, however, exhibited any slow relaxation behavior 

under an AC field. The compounds presented in this chapter are among the few known 

discrete complexes based on the octacyanomolybdate(V) or octacyanotungstate(V), which 

often form extended structures, and are also distinguished by the fact that they contain 

only one octacyanometallate anion. 
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CHAPTER V  

TRIS(3,5-DIMETHYLPYRAZOYL)BORATE COMPOUNDS BASED ON NIOBIUM, 

MOLYBDENUM, AND TUNGSTEN METAL CENTERS 

 

Introduction 

Since Trofinmenko synthesized the first tris(1-pyrazoyl)borate complexes in 

1966,200 scorpionate compounds have been used in a wide variety applications, including 

for catalysis, C—H bond activation, metal extraction, and as a capping moiety to enforce 

discrete structures.201 The ease of steric and electronic tuning of tris(1-pyrazoyl)borate 

ligands, and Tp* (Tp* = tris(3,5-dimethylpyrazoyl)borate), in particular, as an alternative 

to the Cp* ligand (Cp* = 1,2,3,4,5-pentamethylcyclopentadiene) has facilitated the 

isolation of numerous derivatives with different oxidation states and geometries for nearly 

all of the transition metals.202 More recently, these ligands have been used as capping 

groups for designing small polynuclear complexes. 

Recent work has focused on the Tp* ligand to enforce desired geometries in order 

to increase the anisotropy of magnetic systems.203 Notably cyanometallates have been 

used in conjunction with Tp ligands because bridging cyanides offer predictable exchange 

interactions between metal spin centers and lend themselves to a variety of geometries, 

which enables a building block approach to be employed. A number of heteroleptic 

cyanide compounds have been prepared with the Tp* ligand, including the 3d transition 

metal complexes Tp*M(CN)3 (M = TiIII, VII/III, CrIII, MnIII, FeIII, and CoIII) and 

Tp*M(CN)2 (M = CrII, NiII, CoII),203-204. These species have been used as precursors for 
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assembling polynuclear structures with a variety of synthons; the list includes squares, 

cubes, pentagonal bipyramids, and chains.204-211 An excellent review of the literature up 

to 2013 is provided by Ferko and Holmes.203  One of the highlights of this work is that 

structures incorporating the Tp*Fe(CN)3 moiety exhibit slow relaxation above 1.8 K.208-

209, 211  

Previous work in the Dunbar group with the Tp* ligand focused on early 3d metal 

centers, namely Ti and V. The synthesis and characterization of [Et4N][Tp*TiIII(CN)3] 

was reported and it was found that the compound exhibits significant van Vleck 

temperature independent magnetism (TIP).212 A previous group member conducted 

magnetic studies on [A][Tp*VIIX3] (A = alkylammonium cation, X = halide) to explore 

the effect of small distortions on the trigonal geometry as well as the heavy-halide effect. 

More recently, our focus turned to 4d and 5d cyanometallates in order to explore 

anisotropic coupling and it was postulated that Tp*M(CN)3 (M = NbIV, MoIII, WIII) would 

be excellent candidates for study.100 

While there has been ample research on the subject of 3d Tp* compounds, the 4d 

and 5d metals remain much less studied. Millar and Lincoln reported Tp*MCl3, (M = Mo, 

W) although no synthetic details were provided and attempts to reproduce their work were 

unsuccessful;213 Young et al., established a synthetic procedure for Tp*WCl3 without 

characterizing the compound.214 Additionally, Tp*NbCl3 was reported by Mashima which 

was said to be identified from a crystal structure, but no deposited structure was 
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reported.215 Our previous work with [(triphos)ReII(CN)3]
-, an anion with the same 

geometry as the Tp*MIII(CN)3 molecules, led to interesting results and several SMMs.216-

218 In this vein, the synthesis and characterization of corresponding Tp* compounds for 

niobium, molybdenum, and tungsten was explored in this dissertation research.  

 

Experimental 

All reactions were performed in the drybox or on the Schlenk-line under an inert 

atmosphere unless otherwise stated. The solvent CH3CN (Sigma Aldrich) was pre-dried 

over 3Å molecular sieves and then distilled over 3Å sieves under nitrogen; Et2O was 

passed through an activated alumina column (MBraun solvent system); CH3OH was pre-

dried with 3Å molecular sieves and then distilled over Mg activated by I2 under nitrogen 

and anhydrous THF (Sigma Aldrich) was used as received. All solvents were stored over 

molecular sieves in the drybox. The SOCl2 (Sigma Aldrich) was used as received. Crown 

ethers 18-crown-6 (Sigma Aldrich) and (2.2.2.)-cryptand (Sigma Aldrich) were dried 

under vacuum overnight and used as received. The starting materials MoCl3(THF)3,
219 

NbCl4(DME),220 Tp*WCl3,
214 and KTp*221 were prepared according to the literature 

procedures. 

Synthesis 

[K(18-crown-6)]2[MoIIICl5(pz)] (34) 
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A 100 mL Schlenk flask was charged with 0.506 g (1.208 mmol) of MoCl3(THF)3, 

0.407 (1.210 mmol) of KTp*, and 0.676 g (2.558 mmol) of 18-crown-6 ether. Addition of 

40 mL of CH3CN with stirring resulted in a dark orange solution, which was stirred for 

two days and then reduced to dryness under vacuum. The solid was redissolved in a 

minimal volume of CH3CN to give an orange-brown solution which was transferred to 

thin vials and stored in a jar with Et2O for slow vapor diffusion; X-ray quality red crystals 

were obtained within one week. The dark red crystals were collected by filtration on a frit 

and washed with Et2O. Colorless crystals were also observed, which were determined to 

be [HB(pz)]2-μ-(pz)2. Mass of product: 0.1567 g, yield: 12.3 %. 

[K(18-crown-6)][Tp*MoIIICl3] (35) 

A vial was charged with 0.526 g (1.563 mmol) of KTp*, 0.6550 g (1.565 mmol) 

of MoCl3(THF)3, and 0.454 g (1.719 mmol) of 18-crown-6 ether. Addition of 10 mL of 

THF led to the formation of a red-brown suspension that was stirred for one week and then 

filtered to give a light red precipitate (mass: 0.856 g) and a dark red filtrate. An aliquot 

was removed and placed in a thin vial for slow vapor diffusion with Et2O; X-ray quality 

crystals produced in five days. The remainder of the solution was set up for crystallization 

in a similar manner.  Mass of product 0.1550 g, yield: 12.4%. 

[K(2.2.2)cryptand][Tp*MoIIICl3] (36) 

A vial was charged with 0.249 g (0.739 mmol) of KTp*, 0.303 g (0.7226 mmol) 

of MoCl3(THF)3, and 0.271 g (0.721 mmol) of (2.2.2)cryptand; addition of 10 mL of 
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CH3CN produced a red solution that was stirred for one week and then filtered through a 

fine frit to give a dark red filtrate. The filtrate was transferred to large vials which were 

placed in a jar with Et2O for slow vapor diffusion to give X-ray quality crystals. Mass of 

product 0.552 g, yield: 78.1%. Elemental analysis: Theoretical C: 41.27, H: 5.85, N: 11.62; 

actual C: 37.24, H: 5.07, N: 13.13. 

Tp*WIVCl3 (37) 

A 50 mL Erlenmeyer flask was charged with 2.02 g (2.9 mmol) of 

(Et4N)[Tp*W(CO)3] and dissolved in about 10 mL of CH2Cl2. Approximately 0.5 mL of 

SOCl2 was then added to the yellow solution to give a dark green-brown solution which 

was heated to 50 °C for five hours before being filtered through a fine frit. The resulting 

dark green filtrate was treated with 25 mL of methanol to yield a green precipitate. Green 

crystals suitable for X-ray diffraction were grown by recrystallizing the powder from 

CH2Cl2 and Et2O using slow vapor diffusion. 

[Tp*NbIVCl2(OCH3)] (38) 

A 50 mL Schlenk flask was charged with 0.509 g (1.344 mmol) of NbCl4(THF)2 

and 0.453 g (1.35 mmol) of KTp*; addition of 40 mL of CH3CN and 2 mL of CH3OH 

with stirring resulted in a dark green solution which was stirred for an additional 48 hours 

and then dried under vacuum, pumped into the drybox, and dissolved in a minimal volume 

of CH3CN. The reaction solution was filtered through Celite® to give a yellow-brown 

filtrate and a white precipitate. The filtrate was transferred to thin vials which were stored 
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in a jar with Et2O for slow vapor diffusion. X-ray quality crystals were obtained after 2 

weeks. The product was collected via filtration on a medium frit and washed with Et2O. 

Mass of product 0.1550 g, yield: 23.4 %. 

X-ray Crystallography 

Compounds 34 (red crystal), 35 (yellow crystal), and 37 (green crystal) were 

mounted on a Nylon loop using Paratone® oil and placed in a N2 cold stream at 110 K. 

The data were collected on a Bruker APEX II diffractometer (MoKα radiation λ = 0.71073 

Å) equipped with a CCD detector. The data sets were recorded as three ω-scans and 

integrated using the Bruker APEXII software package. A yellow crystal of 36 and was 

mounted using Paratone® oil on a cryo-loop and placed in a N2 cold stream at 120 K. The 

data were collected on a Bruker D8 Quest Eco diffractometer (MoKα radiation λ = 

0.71073 Ǻ) equipped with a Photon50 CMOS detector. The data sets were recorded as 

four ω-scans and integrated using the Bruker APEX3 software package. The data were 

collected on a Bruker APEX II diffractometer (MoKα radiation λ = 0.71073 Ǻ) equipped 

with a CCD detector. The data sets were recorded as four ω-scans and integrated using the 

Bruker APEXII software package. A colorless crystal of 38 was mounted using Paratone® 

oil on a cryo-loop and placed in a N2 cold stream at 110 K. The data were collected on a 

Bruker D8 Quest Eco diffractometer (MoKα radiation λ = 0.71073 Ǻ) equipped with a 

Photon50 CMOS detector. For all data collections, the multi-scan absorption correction 

was performed within the Bruker APEXII software using SADABS (v2014/5) or within 
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the Bruker APEX3 software using SADABS (v2015/10).163-164 Solution and refinement of 

the crystal structures were carried out using SHELXT and OLEX2 or shelXle (a graphical 

interface for the SHELX suite of programs), respectively.165-166, 185 Structure solution by 

direct methods resolved positions of all heavy atoms and most of the lighter atoms. The 

remaining non-hydrogen atoms were located by alternating cycles of least-squares 

refinements and difference Fourier maps. Hydrogen atoms were placed at calculated 

positions. The final refinements were performed with anisotropic thermal parameters for 

all non-hydrogen atoms. A summary of pertinent information relating to unit cell 

parameters, data collection, and refinement is provided in Table 24. 

Physical Methods 

IR spectra were recorded on a Nicolet Nexus 470 FT-IR E.S.P spectrophotometer 

between KBr plates on powder samples suspended in a ®Nujol mull unless otherwise 

noted. Electrochemical data were collected using a H-CH Instruments analyzer in dry 

solvents. The working electrode was a BAS Pt disk electrode, the reference electrode was 

Ag/AgCl, and the counter electrode was a Pt wire. Cyclic voltammetric measurements 

were performed at ambient temperatures in specified dry solvents with approximately 0.1 

M tetra-n-butylammonium hexafluorophosphate ([n-Bu4N][PF6]) as the supporting 

electrolyte. The E1/2 values were referenced to the Ag/AgCl electrode without correction 

for junction potentials [E1/2 = (Ep,a + Ep,c)/2]. Ferrocene was added at the end of the 

experiment as an additional reference for the FeCp2/[FeCp2]
+ couple. Elemental analysis 
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Table 24: Crystallographic data and experimental details for compounds 34 – 38. 

 

aR = Σ ||Fo| - |Fc||/ Σ|Fo|. 
bwR = {Σ [w(Fo

2 – Fc
2)2]/ Σ [w(Fo

2)]2}1/2. cGoodness-of-fit = {Σ 

[w(Fo
2 – Fc

2)2]/(n-p)}1/2, where n is the number of reflections and p is the total number of 

parameters refined. 

 

Compound 34 35 36 

Molecular Weight 528.12 802.90 956.12 

Temperature (K) 110 110 110 

Crystal System Triclinic Trigonal Trigonal 

Space Group P-1 R3m R3 

a (Å) 12.6549(9) 14.067(3) 12.0573(3) 

b (Å) 12.7716(9) 14.067(3) 12.0573(3) 

c (Å) 15.4243(10) 18.472(3) 26.1955(8) 

α (°) 96.382(3) 90 90 

β (°) 92.096(3) 90 90 

γ (°) 96.424(3) 120 120 

V (Å3) 2458.9(3) 3165.4(13) 3298.1(2) 

Z 2 3 3 

Color Red Yellow Yellow 

ρcalc (g/cm3) 1.428 1.264 1.444 

μ (mm) 0.763 0.639 0.628 

F(000) 1094.0 1245.0 1497.0 

Crystal Size (mm) 0.511 x 0.631 x 

0.884 

0.520 x 0.522 

x 0.558 

0.052 x 0.102 x 

0.137 

Radiation MoKα (λ = 

0.71073) 

MoKα (λ = 

0.71073) 

MoKα (λ = 

0.71073) 

Index Range -16≤h≤16 

-16≤k≤14 

-13≤l≤20 

-18≤h≤18 

-18≤k≤18 

-24≤l≤24 

-15≤h≤15 

-15≤k≤15 

-33≤l≤33 

θ range (°) 3.944 – 55.464 5.792 – 55.128 4.2 – 55.056 

Reflections collected 12639 11943 38131 

Unique reflections 10195 1819 3404 

Parameters/restraints 518, 0 90, 1 174, 1 

R1, wR2 [I > 2σ(I)] 0.0546, 0.1235 0.0319, 0.0990 0.0205, 0.0525 

R1, wR2 (all data) 0.0863, 0.1415 0.0319, 0.0990 0.0219, 0.0536 

GooF (F2) 1.038 0.959 0.990 

Largest diff. peak, 

hole, (e Å-3) 

1.3, -1.0 1.4, -0.3 0.4, -0.3 
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Table 24 Continued 

 

aR = Σ ||Fo| - |Fc||/ Σ|Fo|. 
bwR = {Σ [w(Fo

2 – Fc
2)2]/ Σ [w(Fo

2)]2}1/2. cGoodness-of-fit = {Σ 

[w(Fo
2 – Fc

2)2]/(n-p)}1/2, where n is the number of reflections and p is the total number of 

parameters refined. 

 

Compound 37 38 

Molecular Weight 588.39 492.04 

Temperature (K) 110 110 

Crystal System Monoclinic Orthorhombic 

Space Group P21/m Pbca 

a (Å) 8.046(12) 15.4102(18) 

b (Å) 13.96(2) 16.2618(19) 

c (Å) 9.047(14) 16.777(2) 

α (°) 90 90 

β (°) 99.946(16) 90 

γ (°) 90 90 

V (Å3) 1001(3) 4204.3(9) 

Z 2 8 

Color Green Colorless 

ρcalc (g/cm3) 1.949 1.555 

μ (mm) 6.183 0.845 

F(000) 568.0 2008.0 

Crystal Size (mm) 0.052 x 0.102 x 0.137  0.134 x 0.222 x 0.303 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

Index Range -9≤h≤9 

-16≤k≤16 

-10≤l≤10 

-20≤h≤20 

-21≤k≤21 

-21≤l≤21 

θ range (°) 4.572 – 50.38 4.376 – 55.33 

Reflections collected 8569 62442 

Unique reflections 1868 4890 

Parameters/restraints 140, 0 251, 0 

R1, wR2 [I > 2σ(I)] 0.0405, 0.0936 0.0419, 0.0978 

R1, wR2 (all data) 0.0489, 0.0971 0.0547, 0.1047 

GooF (F2) 1.085 1.087 

Largest diff. peak, hole, (e Å-3) 1.2, -1.9 1.4, -0.7 



 

168 

 

 

 

was performed by Atlantic Microlabs, Inc., Norcross, GA. Magnetic measurements were 

performed on a Quantum Design MPMS-XL SQUID magnetometer equipped with a 7 T 

superconducting magnet over the temperature range 1.8 to 300 K; the diamagnetic 

contribution of the plastic bag used as a sample holder was subtracted from the raw data 

and core diamagnetism of the sample was corrected for using Pascal’s constants.168 

Results and Discussion 

Syntheses 

The compounds [Tp*MoIIICl3]
- and Tp*WIVCl3 were previously reported but 

experimental details were lacking.213 Attempts to replicate the reported conditions were 

unsuccessful, therefore an alternative route was developed. The reaction of MoCl3(THF)3 

with KTp* was performed as in the literature report, but an encapsulating crown ether was 

added with the goal of more easily obtaining crystalline product. The use of 18-crown-6 

ligand resulted in a red powder, which after recrystallization, led to a mixture of red and 

yellow crystals; the red crystals were found to be compound [K(18-crown-

6)]2[MoIIICl5(pz)] (34) and the yellow crystals are [K(18-crown-6)][Tp*MoIIICl3] (35). 

Additionally, colorless crystals were obtained from the recrystallization 34, which were 

determined to be [HB(pz)]2-μ-(pz)2, which explains the formation of the pyrazoyl ligand 

in 34. This by-product results from cleavage of the Tp* ligand, a previously observed 

reaction.212 Switching to (2.2.2)-cryptand as the encapsulating crown ether results in better 

yields and less decomposition with the formation of [K(2.2.2)crptand][Tp*MoIIICl3] (35), 
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which form as large yellow crystals. In general, the use of crown ethers leads to better 

crystalline product that can be easily separated, improving the synthesis of the starting 

material. 

The compound Tp*WIVCl3 (35) was prepared according to the literature report,214 

although the synthesis also was slightly modified: a larger volume of SOCl2 was used and 

the reaction was heated for a longer period of time. The product was isolated as a green 

color powder and green crystals that were suitable for X-ray diffraction were obtained 

upon recrystallization from CH2Cl2 and Et2O. Compound 36, [Tp*NbIVCl2(OCH3)], was 

isolated by accident, as the reaction of NbCl4(THF)2 and KTp* in CH3CN was 

contaminated with CH3OH which led to partial substitution of the chloride ligand for 

methoxide. Colorless crystals were obtained in the workup by slow vapor diffusion with 

Et2O. 

Given that the ultimate goal was to obtain cyanometallate complexes with the Tp* 

ligand, additional reactions were performed with both compounds 35 and 36 as starting 

materials. The parameters used in the reactions of [Tp*MoCl3]
- with cyanide were varied 

by using different cyanide reagents (Bu4N, Et4N, Na, and K), solvents (THF, CH3CN, and 

DMF), and temperatures (room temperature and 60 °C). In all cases a red solution was 

obtained but no crystals could be obtained. Additionally, the reaction of [Tp*MoCl3]
- with 

TlPF6 and Bu4NCN (with the goal being to use the Tl+ ion to abstract the chloride ligand) 

yielded a tan powder which could not be definitively identified due to lack of crystals. 
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Single Crystal X-ray Diffraction Studies 

Compound 34 crystallizes as red blocks, and the structure consists of the salt 

[K(18-crown-6)]2[MoIIICl5(pz)] in the P-1 space group. The [MoIIICl5(pz)]- anion adopts 

a slightly distorted octahedral geometry, with five chlorides and one pyrazoyl ligand 

(Figure 78). This outcome results from cleavage of the Tp* ligand, which has been 

previously observed and confirmed in this case by the isolation of colorless crystals 

consisting of [HB(pz)]2-μ-(pz)2 obtained as a by-product. The Mo—Cl bond distances 

vary between 2.4442(12) to 2.4563(10) Å, the Npz—Mo bond distance is 2.1936(40) Å, 

which are consistent with typical MoIII—Cl and MoIII—Npz bonds lengths.213 The K—Mo 

bond distances are 4.00 and 4.02 Å, which is slightly longer than the Mo—K bond in 

[K(18-crown-6)][MoCl3Tp*], which is 3.910(22) Å. The cis bond angles around the Mo 

center vary from 84.743(85)° to 93.491(13)°, while the trans bond angles are 

177.283(35)°, 179.249(40)°, and 175.030(104)° which indicates distortion from an ideal 

octahedral geometry. Relevant bond distances and angles are listed in Table 25. 

The compound [K(18-crown-6)][Tp*MoIIICl3] crystallizes as large yellow blocks 

in the R3m space group, with C3 symmetry as a result of the [K(18-crown-6)] cation 

bonding below the chlorides (Figure 79). The compound has Mo—Cl bond distances of 

2.427(12) Å, which agrees with the previously reported Mo—Cl bond distance of 2.43 

Å.213 The pyrazoyl N—Mo bond distances are 2.178(3) Å, slightly shorter compared the 

previously reported 2.19 Å value. The cis bond angles around the molybdenum center vary  
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Table 25: Select bond distances and bond angles for compound 34. 

 

Bond Distance (Å) or Angle (°) [K(18-crown-6)]2[MoIIICl5(pz)] 

Mo—Cl1ax 2.4494(12) 

Mo—Cl2eq 2.4532(12) 

Mo—Cl3eq 2.4458(10) 

Mo—Cl4eq 2.4563(10) 

Mo—Cl5eq 2.4442(12) 

Mo—Npz 2.1936(40) 

Mo—K1 3.9963(12) 

Mo—K2 4.0241(12) 

  

Cl1ax—Mo—Npz 175.030(104) 

Cl1ax—Mo—Cl2 91.072(37) 

Cl1ax—Mo—Cl3 91.379(36) 

Cl1ax—Mo—Cl4 91.301(35) 

Cl1ax—Mo—Cl5 89.450(37) 

Npz—Mo—Cl2eq 85.951(103) 

Npz—Mo—Cl3eq 92.557(85) 

Npz—Mo—Cl4eq 84.743(85) 

Npz—Mo—Cl5eq 93.490(103) 

Cl2eq—Mo—Cl3eq 89.207(35) 

Cl2eq—Mo—Cl4eq 90.294(35) 

Cl2eq—Mo—Cl5eq 179.249(40) 

Cl3eq—Mo—Cl4eq 177.283(35) 

Cl3eq—Mo—Cl5eq 91.321(35) 

Cl4eq—Mo—Cl5eq 89.155(35) 
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Figure 78: Molecular structure of 34. Hydrogen atoms are omitted for the sake of 

clarity. 

 

 

 

between 86.032(13)° to 92.227(33)°, and the trans bond angles are between 175.647(11)° 

to 175.682(11)°, indications that the Tp* ligand distorts the molecule slightly from 

octahedral geometry. Relevant bond distances and angles are reported in Table 26. 

The [K(2.2.2)crptand][Tp*MoIIICl3]  salt also crystallizes as yellow blocks but in 

the space group R3. The Mo—Cl bond distances are 2.4309(9) Å, only slightly longer 

than the [K(18-crown-6)] congener and close to that of the reported Et4N
+ salt.213  The  
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pyrazoyl N—Mo bond distances are 2.1937(26) Å, which also agrees with the previously 

reported Et4N
+ compound and the 18-crown-6 analogue. The cis bond angles about the 

molybdenum center vary from 84.735(83)° to 93.080(64)°, and the trans bond angles are 

between 175.473(60)° and 175.510(65)°, which are slightly larger distortions as compared 

to the 18-crown-6 analogue. Relevant bond distances and angles are compiled in Table 

27, and the molecular structure is shown in Figure 80. 

In contrast, the Tp*WIVCl3 compound crystallizes as green blocks in space group 

P21/m, and the asymmetric unit contains one molecule (Figure 81). The W—Cl bond 

distances are 2.2877(22) and 2.3127(26) Å, which are shorter than those of the 

[Tp*MoIIICl3]
- congener, a difference that can be ascribed to the higher oxidation state. 

The pyrazoyl W—N bond distances are 2.1778(24) and 2.1775(20) Å, in agreement with 

the previous compounds. The cis bond angles are in the range 85.309(42)° - 95.213(31)°, 

and the trans angles are between 173.161(43)° and 173.740(58)°, which constitute slightly 

larger distortions as compared to the [Tp*MoIIICl3]
- analogue. Relevant bond distances 

and angles are reported in Table 28. 
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Figure 79: Molecular structure of 35. Hydrogen atoms are omitted for the sake of 

clarity. 

 

 

 

Figure 80: Molecular structure of 36. Hydrogen atoms are omitted for the sake of 

clarity. 
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Table 26: Select bond distances and bond angles for compound 35. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Bond Distance (Å) or Angle (°) [K(18-crown-6)][Tp*MoIIICl3] 

Mo—Cl 2.427(12) 

Mo—N 2.178(3) 

Mo—K 3.910(22) 

  

N1—Mo—Cl1 90.778(108) 

N1—Mo—Cl2 90.778(75) 

N1—Mo—Cl3 175.682(108) 

N2—Mo—Cl1 90.751(109) 

N2—Mo—Cl2 175.682(75) 

N2—Mo—Cl3 90.805(109) 

N3—Mo—Cl1 175.647(109) 

N3—Mo—Cl2 90.828(75) 

N3—Mo—Cl3 90.801(108) 

N1—Mo—N2 86.032(131) 

N1—Mo—N3 86.055(142) 

N2—Mo—N3 86.055(131) 

Cl1—Mo—Cl2 92.203(33) 

Cl1—Mo—Cl3 92.203(35) 

Cl2—Mo—Cl3 92.227(33) 
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Table 27: Select bond distances and bond angles for compound 36. 

Bond Distance (Å) or Angle (°) [K(2.2.2-cryptand)][Tp*MoIIICl3] 

Mo—Cl 2.4309(9) 

Mo—N 2.1937(26) 

  

N1—Mo—Cl1 93.038(57) 

N1—Mo—Cl2 175.510(65) 

N1—Mo—Cl3 91.119(60) 

N2—Mo—Cl1 91.126(57) 

N2—Mo—Cl2 93.080(64) 

N2—Mo—Cl3 175.473(60) 

N3—Mo—Cl1 175.480(57) 

N3—Mo—Cl2 91.159(65) 

N3—Mo—Cl3 93.069(60) 

N1—Mo—N2 84.735(83) 

N1—Mo—N3 84.742(83) 

N2—Mo—N3 84.757(80) 

Cl1—Mo—Cl2 90.924(23) 

Cl1—Mo—Cl3 90.931(23) 

Cl2—Mo—Cl3 90.908(22) 

 

 

 

Figure 81: Molecular structure of 37. Hydrogen atoms omitted for the sake of clarity. 
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Table 28: Select bond distances and bond angles for compound 37. 

Bond Distance (Å) or Angle (°) Tp*WIVCl3 

W—Cl1 2.3127(26) 

W—Cl2 2.2877(22) 

W—N1 2.1778(24) 

W—N2 2.1775(20) 

  

N1—W—Cl1 90.104(42) 

N1—W—Cl2 90.054(41) 

N1—W—Cl3 173.161(43) 

N2—W—Cl1 90.104(42) 

N2—W—Cl2 173.161(43) 

N2—W—Cl3 90.054(41) 

N3—W—Cl1 90.35(4) 

N3—W—Cl2 90.35(4) 

N3—W—Cl3 173.740(58) 

N1—W—N2 84.284(34) 

N1—W—N3 85.309(42) 

N2—W—N3 85.309(42) 

Cl1—W—Cl2 95.213(31) 

Cl1—W—Cl3 93.867(41) 

Cl2—W—Cl3 93.867(41) 

 

 

Finally, [Tp*NbIVCl2(OCH3)] crystallizes in the space group Pbca as colorless 

blocks. The Nb—Cl bond distances are 2.4170(3) and 2.40(3) Å and the Nb—OCH3 bond 

distance is 1.8461(2) Å which are similar to previously reported compounds.215 The cis 

bond angles around the Nb center are between 85.965(4) to 99.821(4)° and the trans bond 

angles are 162.017(5)°, 168.711(4)°, and 173.753(4)°. The geometry is slightly more 

distorted as compared to the molybdenum analogue (Figure 82). Select bond distances and 

angles are reported in Table 29. 
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Figure 82: Molecular structure of 38. Hydrogen atoms are omitted for the sake of 

clarity. 

 

 

 

 

Electrochemical Studies 

Cyclic voltammetry measurements were performed on compound 35 to determine 

accessible oxidation states. The first measurement was performed in CH3CN in which the 

compound undergoes a reversible oxidation at E1/2 = +0.48 V (Figure 83) which is similar 

to the reported MoIII/IV oxidation couple of  +0.49 V (vs Saturated Calomel Electrode, 

SCE); the MoIV/V oxidation couple reported by Millar to occur at  +1.55 V vs. SCE was 
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also observed.213 No MoIII/II reduction was observed, however. Performing the experiment 

in THF to determine if the reduction was accessible resulted in the previously mentioned 

MoIII/IV oxidation couple at +0.47 V vs Ag/AgCl, but no reduction couple was observed 

up to -2.4 V (Figure 84). 

 

 

 

Table 29: Select bond distances and bond angles for compound 38. 

Bond Distance (Å) or Angle (°) [Tp*NbIVCl2(OCH3)] 

Nb—Cl1 2.4170(3) 

Nb—Cl2 2.4052(3) 

Nb—O 1.8461(2) 

Nb—N1 2.2394(3) 

Nb—N2 2.2078(3) 

Nb—N3 2.2143(3) 

  

N1—Nb—Cl1 92.031(3) 

N1—Nb—Cl2 89.108(3) 

N1—Nb—O 162.017(5) 

N2—Nb—Cl1 173.753(4) 

N2—Nb—Cl2 90.168(3) 

N2—Nb—O 86.159(4) 

N3—Nb—Cl1 92.935(3) 

N3—Nb—Cl2 168.711(4) 

N3—Nb—O 85.965(4) 

N1—Nb—N2 81.732(3) 

N1—Nb—N3 79.925(3) 

N2—Nb—N3 85.643(3) 

Cl1—Nb—Cl2 90.101(3) 

Cl1—Nb—O 99.821(4) 

Cl2—Nb—O 104.235(4) 
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Figure 83: Cyclic voltammogram of compound 35 in CH3CN with 0.1 M Bu4NPF6 as 

the supporting electrolyte. Scan rate was 0.10 V/s starting in the positive direction; the 

E1/2 was reported to be +0.491 V vs Ag/AgCl. 

 

 

Figure 84: Cyclic voltammogram of compound 35 in THF with 0.1 M Bu4NPF6 as the 

supporting electrolyte. Scan rate was 0.10 V/s starting in the negative direction; the E1/2 

was reported to be +0.47 V vs Ag/AgCl. 
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Magnetic Measurements 

[K(18-crown-6)]2[MoIIICl5(pz)] behaves as an S = 3/2 paramagnet. The variable-

temperature DC susceptibility data revealed a χMT value of 1.91 emu·K·mol-1 at 300 K 

which is in accord with the expected value of 1.88 emu·K·mol-1 (Figure 85). As the 

temperature decreases, χMT remains constant until 10 K, after which temperature there is 

a decrease to 1.60 emu·K·mol-1 at 2 K, likely the result of ZFS. The magnetization data at 

2 K exhibit saturation at 7 T with a value of 2.89 Bohr magnetons which is slightly below 

the expected value of three unpaired electrons for the S = 3/2 ground state that corresponds 

to t2g
3 (Figure 86). The reduced magnetization reveals overlapping isofield lines, 

indicating that no magnetic anisotropy is present (Figure 87). 

 

 

 

Figure 85: Variable-temperature DC susceptibility plot for [K(18-crown-

6)]2[MoIIICl5(pz)]. 

1

1.25

1.5

1.75

2

0 50 100 150 200 250 300

χ
T

 (
em

u
*
K

/m
o
l)

Temperature (K)



 

182 

 

 

 

 

Figure 86: Magnetization data at 2 K for [K(18-crown-6)]2[MoIIICl5(pz)]. 

 

 

 

Figure 87: Reduced magnetization data for [K(18-crown-6)]2[MoIIICl5(pz)]. 

0

0.5

1

1.5

2

2.5

3

0 20000 40000 60000 80000

M
a
g
n

et
iz

a
ti

o
n

 (
B

.M
.)

Magnetic field (Oe)

0

0.5

1

1.5

2

2.5

3

3.5

0 10 20 30 40

M
a
g
n

et
iz

a
ti

o
n

 (
µ

β
m

o
l-1

)

H/T (kOe/K)

7 T

6 T

5 T

4 T

3 T

2 T

1 T



 

183 

 

 

 

The [K(18-crown-6)][Tp*MoIIICl3] salt exhibits a χMT value of 2.07 emu·K·mol-1 

at 300 K, which is slightly higher than the expected value of 1.88 emu·K·mol-1 for an S = 

3/2 paramagnet. The χMT value remains constant as the temperature decreases until 20 K; 

the 2 K value is 1.77 emu·K·mol-1 (Figure 88). The 2 K magnetization data saturate at 7 

T with a value of 3.12 μB which is slightly higher than the expected value of 3.0 for three 

unpaired electrons for an S = 3/2 ground state (Figure 89). The reduced magnetization data 

(Figure 90) exhibit nearly overlapping isofield lines, indicating the molecule is 

magnetically isotropic, consistent with an octahedral geometry as opposed to a trigonally-

distorted molecule with an S = 1/2 ground state. 

 

 

Figure 88: Variable-temperature DC susceptibility plot for [K(18-crown-

6)][Tp*MoIIICl3]. 
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Figure 89: Magnetization data at 2 K for [K(18-crown-6)][Tp*MoIIICl3]. Solid lines are 

a guide for the eye. 

 

 

 

Figure 90: Reduced magnetization data for [K(18-crown-6)][Tp*MoIIICl3]. Solid lines 

are a guide for the eye. 
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[K(2.2.2)cryptand][Tp*MoIIICl3] behaves similarly to compound 35 as a  

paramagnet with an S = 3/2 spin state. The χMT value at 300 K is 2.20 emu·K·mol-1 which 

is slightly higher than the 18-crown-6 analogue (35) and the theoretical value of 1.88 

emu·K·mol-1. Unlike compound 35, the χMT value decreases steadily as the temperature 

decreases until ~ 20 K, at which temperature there is a rapid decrease to 1.46 emu·K·mol-

1 at 2 K (Figure 91). The 2 K magnetization data show saturation or near saturation at 7 T 

with a value of 2.91 μB, slightly lower than the expected value for three unpaired electrons 

which corresponds to an S = 3/2 ground state (Figure 92). The reduced magnetization data 

(Figure 93) show nearly overlapping isofield lines, indicating no magnetic anisotropy. 

 

 

 

Figure 91: Variable-temperature DC susceptibility data plot for 

[K(2.2.2)cryptand][Tp*MoIIICl3]. 
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Figure 92: Magnetization data at 2 K for compound [K(2.2.2)cryptand][Tp*MoIIICl3]. 

Solid lines are a guide for the eye. 

 

 

 

Figure 93: Reduced magnetization data for [K(2.2.2)cryptand][Tp*MoIIICl3]. Solid lines 

are a guide for the eye. 
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Tp*NbIVCl2(OCH3) is an S = 1/2 paramagnet with significant Temperature 

Independent Paramagnetism (TIP). The compound exhibits a χMT value of 0.47 

emu·K·mol-1 at 300 K, significantly higher than the expected value of 0.32 emu·K·mol-1 

for an S = 1/2 ground state as a result of TIP. The χMT value exhibits a constant decrease 

as the temperature decreases to 2 K, with a value of 0.32 emu·K·mol-1 at 2 K (Figure 94). 

Fitting the susceptibility with the PHI program yields g = 1.89 and a TIP of 4 x 10-3 

emu·mol-1, which is similar to the TIP reported for titanium(III) Tp* compounds.212 The 

2 K magnetization saturates at 7 T, with a value of 0.89 μB; this is slightly lower than the 

expected value of 1.0 for an unpaired electron (Figure 95). The reduced magnetization 

data show overlapping isofield lines, indicating the molecule is magnetically isotropic 

(Figure 96). 

 

 

Figure 94: Variable-temperature DC susceptibility plot for Tp*NbIVCl2(OCH3). 
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Figure 95: Magnetization data at 2 K for Tp*NbIVCl2(OCH3). Solid lines are a guide for 

the eye. 

 

 

 

Figure 96: Reduced magnetization data for Tp*NbIVCl2(OCH3). Solid lines are a guide 

for the eye. 
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Conclusions 

The synthesis and characterization of 4d and 5d complexes with the Tp* ligand 

was undertaken. The [Tp*MoIIICl3]
- anion with potassium encapsulated by different crown 

ethers was characterized by X-ray crystallography, cyclic voltammetry, and 

magnetometry, which agree with the Et4N
+ salt isolated by Millar. In the case of 

Tp*WIVCl3, the crystal structure, which was lacking in the literature, was determined. The 

Tp*NbIVCl2(OCH3) compound was also characterized by X-ray crystallography and 

magnetometry. The compounds adopt distorted octahedral geometries, a fact that is 

underscored by the results of the magnetic measurements which indicate a general lack of 

anisotropy. Attempts to synthesize the cyanide analogues have been unsuccessful to date, 

despite varying the solvent, temperature, and source of cyanide reagent. Further 

combinations of conditions are underway in the hopes of isolating the [Tp*M(CN)3] 

moiety which is viable target as a building block for anisotropic exchange.  
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CHAPTER VI  

CONCLUSIONS AND FUTURE OUTLOOK 

 

The search for SMMs with improved properties has advanced considerably over 

the past several years owing, in large measure, to the success of strategies aimed at 

increasing magnetic anisotropy. Mononuclear molecules with rigid geometries and 

polynuclear complexes that engage in direct coupling with radical bridging ligands or in 

anisotropic superexchange coupling are the most promising targets for this research. While 

“single-ion” or mononuclear species and radical containing transition metal and lanthanide 

molecules have received much attention, anisotropic exchange remains an underexplored, 

albeit challenging, route towards developing SMMs with higher barriers and for 

understanding molecular magnetism in general. The work in this dissertation focused on 

synthesizing and characterizing 4d and 5d cyanometallate precursors that could be useful 

for anisotropic exchange. The difficulty in handling 4d and 5d cyanometallate compounds 

led to some unpredictable results but also some interesting precursors that were tested for 

anisotropic exchange in polynuclear systems.  

In chapter II, the synthesis and characterization of an unknown class of 

paramagnetic cyanometallates, namely the heptacyanomolybdate(IV) and 

heptacyanotungstate(IV) anions were described. The compounds adopt the desired 

pentagonal bipyramidal geometry and both are S = 1 spin systems, the first examples in 
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the vast literature of homoleptic cyanide chemistry. Electrochemical studies indicate that 

the compounds are capable of being reduced to the trivalent state, and, given that the 

heptacyanomolybdate(III) is known to exist from an independent route, it was 

hypothesized that the tungsten derivative might also be accessible. The quasi-reversible 

nature of the reductions and the fact that reactions of the [MoIII(CN)7]
4- anion have been 

known to lead to [MIII(CN)6]
3- containing products underscores the fragile nature of this 

chemistry and, indeed, the [WIII(CN)7]
4- derivative is apparently not stable. The chemistry 

of the oxidized [WIV(CN)7]
3- species is also fraught with issues as described in chapter III. 

Chapter III was aimed at exploring reactions of the [MoIV(CN)7]
3- and 

[WIV(CN)7]
3- anions with a variety of 3d and 4f precursors in order to probe magnetic 

exchange interactions of the S = 1 [MIV(CN)7]
3- moiety in polynuclear compounds. 

Reactions with the MnII(LN5) resulted in the 2D networks {[MnII(LN5)]2[M
IV(CN)8]}∞ for 

molybdenum and tungsten, while reactions with [MII(PY5Me2)]
2+ ( M = Mn, Fe, Co, Ni, 

and Cu) resulted in star-like complexes based on [(MIIPY5Me2)4M
IV(CN)8]X4 (M

II= Mn, 

Fe, Co, Ni, and Cu; MIV = Mo, W; X = PF6
- or CF3SO3

-). Finally, reactions with 

[LnIII(tmphen)2(DMF)2] (Ln = Sm, Dy) and [WIV(CN)7]
3- resulted in 1-D chains of 

{LnIII(tmphen)2(DMF)2W
IV(CN)8}. Despite varying the reagents and conditions, 

however, the polynuclear compounds, inevitably contained the diamagnetic 

octacyanometallate [MIV(CN)8]
4- anion, resulting in no exchange interactions with other 

metal spin centers. 



 

192 

 

 

 

In chapter IV, the syntheses and characterization of star-like complexes based on 

[MII(PY5Me2)(CH3CN)]2+ (MII = Mn, Fe, Co, Ni, and Cu) in reactions with the S = 1/2 

[MV(CN)8]
3- (MV = Mo, W) paramagnetic anions are reported. X-ray structures were 

obtained for [(CoIIPY5Me2)4M(CN)8]
5+ (M = Mo, W) and [(NiIIPY5Me2)4W(CN)8]

5+, 

whereas the other reactions produced only powders. The magnetic properties of the Co 

and Ni complexes indicate magnetic coupling between the [MV(CN)8]
3- and 3d metal 

centers, in contrast to the [MIV(CN)8]
4- metals centers reported in Chapter III. The 

[(CoIIPY5Me2)4M(CN)8]
5+ (M = Mo, W) engage in antiferromagnetic coupling, while the 

[(NiIIPY5Me2)4M(CN)8]
5+ (M = Mo, W) result in ferromagnetic coupling. None of the 

compounds exhibit an out-of-phase peak in the AC susceptibility data, however. The star-

like complexes are also a rare example of a discrete complex incorporating [MV(CN)8]
3-, 

as most complexes that contain this anion tend to form polymeric chains or networks. 

Finally, chapter V described the synthesis and magnetic properties of tris(3,5-

dimethylpyrazoyl)borate complexes of niobium, molybdenum, and tungsten. In the case 

of molybdenum, improved synthetic routes were detailed for trivalent [Tp*MoIIICl3]
-, and 

the properties matched previously described results.  The X-ray structure of Tp*WIVCl3 

was also analyzed. The compound Tp*NbIVCl2(OCH3) was isolated and structurally 

characterized as well and was found exhibit significant temperature-independent 

paramagnetism. All of the compounds studied, however, behave as simple paramagnets. 

Further work directed at synthesizing the cyanide analogues of the compounds and 
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incorporating them into polynuclear structures is expected to yield interesting magnetic 

complexes and potentially SMMs. 

The work presented in this dissertation focused on the study of homoleptic 

cyanometallate compounds, particularly the [MIV(CN)7]
3- moiety. A recurring problem 

was the decomposition of the moiety to the [MIV(CN)8]
4- species, an issue that has been 

reported for other homoleptic cyanometallate anions, thereby preventing the study of 

anisotropic axial superexchange interactions. A future endeavor is to use heteroleptic 

cyanometallate compounds with macrocyclic or other equatorial capping ligands to 

circumvent decomposition and cyanide lability. For example, the DAPBH2 (DAPBH2 = 

2,6-diacetylpyridinebis(benzoylhydrazone), Figure 97) ligand is a five-fold macrocyclic 

ligand that coordinates in the equatorial plane, allowing for only axial coordination. Such 

a molecule would allow for only axial exchange coupling with the desired geometry, 

preventing both decomposition and coordination of groups in the xy plane. Another ligand 

system that is an interesting possibility is a bulky tris(2-amidoethyl)amine ligand (Figure 

97) which allows for the adoption of a trigonal geometry with one axial cyanide ligand for 

coupling to other spin centers. Of course, the geometry in this case is very different and 

theory predictions would be required to guide this research. Such heteroleptic complexes 

offer the opportunity to explore exchange coupling for 4d and 5d metal ions. 
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Figure 97: Structure of the DAPBH2 (left) and tris(2-amidoethyl)amine (right) ligands. 

The R group indicates sites available for different substituents. 

 

 

The pursuit of SMMs that retain slow paramagnetic relaxation at high temperatures 

remains the focus of chemists and physicists alike, but there are hurdles that must be 

overcome before they can be used in devices for high density storage, spintronics, or 

quantum computing. One compelling research area is to master the deposition of SMMs 

on surfaces, which is an important step towards developing SMM containing devices.8, 222-

223 Another area is using SMMs as molecular junctions, where the magnetic state of the 

molecule can be read out via an external stimulus.14, 224-226 The field of molecular 

magnetism is still in a nascent stage, and there remain many opportunities and challenges 

in this exciting and fascinating area. 
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