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ABSTRACT 

 

 

1,2,3-DITHIAZOLYL AND 1,2,3,5-DITHIADIAZOLYL RADICALS AS SPIN-

BEARING LIGANDS TOWARDS THE DESIGN OF NEW MOLECULAR 

MATERIALS 

 

Dan J. MacDonald                                                                    Advisor: 

University of Guelph, 2012                                                      Professor Kathryn E. Preuss 

 

A series of binuclear coordination complexes of 4-(2′-pyrimidal)-1,2,3,5-

dithiadiazolyl and its selenium analogue have been prepared to examine their structural 

and magnetic properties.  The zinc(II) coordination complex is the first example of a 

DTDA radical ligand N-coordinated to a diamagnetic metal center.  The magnetic 

properties reveal that it exhibits Curie behaviour and can be used as a benchmark to 

compare the analogous coordination complexes which possess paramagnetic metal ions. 

The nickel(II) coordination complex of the selenium containing radical pymDSDA was 

shown to dimerize in the solid state and is the only binuclear complex thus far that has 

done so.  The manganese(II) complex of pymDSDA is by far the most interesting and is 

isomorphous to the DTDA analogue.  For both complexes, one of the two molecules in 

the asymmetric unit form chains in the solid state joined by intermolecular contacts 

between a sulfur or selenium atom from the radical, and an oxygen atom coordinated to a 

neighbouring molecule. This feature gives rise to a ground state spin greater than that of 
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an individual binuclear coordination complex. The radical ligand is however disordered 

in the solid state and so these random chain lengths are dependent on the orientation of 

the ligands in adjacent complexes.   

The 1,2,3-DTA species examined herein are related to the 4,5-dioxo-4,5-

dihydronaphtho[1,2-d][1,2,3]dithiazolyl radical and the related protonated species 4-

hydroxy-5H-naphtho[1,2-d][1,2,3]dithiazol-5-one. The proton from this latter compound 

has shown that it can be substituted with alkyl groups and this was achieved using acetyl 

chloride to place an acetyl group in this position. The above radical did not exhibit the 

strong donor properties required for metal coordination and preliminary investigations of 

the radical dianionic suggest that it is chemically irreversible by cyclic voltametry.  The 

acetyl group unfortunately did not provide the chemically reversibility of interest 

although has established a potential route toward the substitution chemistry of this 

compound.  The other 1,2,3-DTA compounds discussed herein are not complete, 

although the data acquired on the precursor compounds leading up to the radical will be 

discussed.  
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Chapter 1 – General Introduction  

1.1 Theoretical Consideration for Organic Systems 

1.1.1 Molecular Magnetism 

When two spin centers, such as organic radicals, are brought within close proximity 

to one another, there will be some degree of communication between them.  This occurs 

through a process referred to as indirect dipole-dipole coupling which arises from the 

influence of electrons on the magnetic field of the nuclei they are associated with. The 

magnetic coupling term J provides a clear picture of the magnetic interactions between 

any two interacting magnetic components in a system. Ferromagnetic coupling occurs 

when the spins of the unpaired electrons are aligned in a parallel fashion in an applied 

magnetic field    and this is represented by a positive J term whereas antiferromagnetic 

coupling defines spins which are aligned anti-parallel and is denoted by a negative J term 

in some definitions.  If J = 0 then there is no energy difference between the two possible 

alignments of the spin vectors and so neither of these coupling patterns are preferred 

which results in a random distribution of spin orientations.  

These definitions hold true for compounds which are paramagnetic, in that they 

possess unpaired electrons and are, by their nature attracted by an externally applied 

magnetic field.  Most organic systems however are diamagnetic, such that all of their 

electrons are spin paired as core electrons, lone pairs or by their incorporation in 

chemical bonds. A diamagnetic compound by contrast, is repelled by an externally 

applied magnetic field.  

Other than diamagnetism and paramagnetism, all forms of magnetism are reliant on a 

critical temperature, above which magnetic moments are independent of one another.  
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Above this temperature these materials will behave as paramagnets. The molar 

paramagnetic susceptibility is denoted as χ and it varies as a function of temperature. This 

is a bulk measurable quantity which can be related to the average magnetization per mole 

(    ) according to equation 1.1. 

  
      

    
 (1.1) 

 

In this equation, NA is Avogadro’s number and      is the applied magnetic field.  

For a set of identical molecules, each with its own magnetic moment (μ) in an 

applied magnetic field, some, but not all of the moments will align with the direction of 

the field.  Complete alignment of each of these moments is prevented by thermal 

excitation to spin states other than the ground state and so the average molar 

magnetization m can be related to the individual molecular magnetic moment vectors μ 

by a combination of the applied field H and the temperature T: 

     
      

    
 (1.2) 

 

where kB is the Boltzmann constant. A combination of equations 1.1 and 1.2, 

gives the Curie law equation 1.3, which states that magnetic susceptibility is inversely 

proportional to the absolute temperature: 

  
   

 

   
 
 

 
 (1.3) 

 

where C is defined as the Curie constant This equation directly relates the molar 

magnetic susceptibility to the magnetic moment of individual molecules predicting the 
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linear relationship shown in Figure 1-1 with χT = C (J = 0).  Interactions between 

unpaired electrons result in deviations from the ideal Curie Law which are more 

prominent at low temperatures. Real materials do not exhibit true Curie magnetism, and 

are instead defined as having near Curie behaviour. Therefore a better way of describing 

these types of systems in a higher temperature regime is achieved by using the Curie-

Weiss law which adds the additional parameter Θ and is written as: 

  
 

     
 (1.4) 

 

where Θ is the Weiss constant.  This constant is used when the temperature is 

much higher than the Curie temperature which is the temperature below which a 

compound will exhibit spontaneous magnetization. At higher temperatures the 

interactions with neighbouring magnetic domains must be considered and the value of Θ 

will provide some indication as to the nature of these interactions. If Θ = 0 then the 

equation becomes 1.3 and the material is considered paramagnetic.  When Θ > 0 then the 

interaction is ferromagnetic and when Θ < 0 the interaction is antiferromagnetic.   

Bohr magnetons (β or μB) are the fundamental quantum of magnetic moment and has 

a value of 4.66864374 × 10
-5

 cm
-1

 G
-1

 such that         and: 

      
    

    
 

 
  

      (1.5) 

 

It is also important that the value of μ is related to the spin quantum number S 

according to: 

              (1.6) 
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It should be noted however that it can more accurately be calculated by using the 

spin-orbital quantum number J, by substituting J for S in equation 1.6. However, S is 

sufficient for small atom molecules. With these two equations, the magnetic 

susceptibility χ, can be related to S such that: 

   
   

   

   
          (1.7) 

 

 
 

Figure 1-1.  Generic χT vs T depicting trends for ferromagnetic and antiferromagnetic coupling as well as 

the response for an ideal Curie material. 
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A plot of χT vs. T is an important tool for determining the dominant interactions at 

work in a magnetic system. Figure 1-1 depicts a generic plot of χT vs. T with three 

potential scenarios.  If ferromagnetic coupling (J > 0) is present then the χT product will 

increase as the temperature is lowered, whereas if antiferromagnetic coupling (J < 0) 

occurs then this value will decrease with a decrease in T. Also shown in this diagram is 

ideal Curie behaviour (J = 0). In this situation the χT product will be unchanged across 

the entire temperature regime and will have a value related to the total spin of the system 

according to the specific mathematical relationships discussed.  

And so it follows equation 1.7 that the χT is defined by: 

   
  

 
         (1.8) 

 

The Landé constant g tends to be very close to 2 for organic species and other types 

of species which do not possess substantial magnetoanisotropy and so this equation can 

be simplified to the approximation: 

   
        

 
 (1.9) 

 

which allows a quick check for the value of χT one would expect for a molecular 

system based on the ground state spin. For example if the you were dealing with a simple 

organic radical with S = ½ then, plugging that value into equation 1.8 would give a value 

for χT at 1.73 μB or 0.375 cm
3
 K mol

-1
. For more on molecular magnetism see Olivier 

Kahn’s work, Molecular Magnetism.
1
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1.1.2 Electronic Considerations 

A useful tool for examining radical molecules is EPR spectroscopy as it permits for 

the environment of an unpaired electron to be probed by determining nuclear spins of the 

atomic nuclei with which it is most closely associated, providing some insight with 

respect to the identity of the nucleus. The unpaired electron resides in a singly occupied 

molecular orbital (SOMO) which may be delocalized over several atomic nuclei, 

however atoms which do not have a SOMO coefficient can still be detected via EPR 

through a phenomenon known as spin polarization. 

Spin polarization occurs due to fact that an unpaired electron in a SOMO creates a 

magnetic field which will affect the relative energies of underlying electron pairs. The 

result is that electrons which possess the same spin orientation as the unpaired electron in 

the SOMO (designated α spin) will be lower in energy than the opposite spin orientation 

(designated β spin). This occurs because the spatial component of the orbital Ψ will be 

different for the two possible ms quantum values. This essentially lowers the coulombic 

repulsion of the paired electrons with one another and enhances the exchange energy of 

the two electrons with α spin.  The overall effect is that atoms within a molecular radical 

system which do not have a coefficient of the singly occupied molecular orbital may still 

possess radical character.  

While the systems of interest in this thesis have spins which are delocalized over 

several atoms, the concept of spin polarization can be illustrated succinctly by 
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examination of phenyl methylene. In this molecule, the unpaired electron is restricted to 

the CH2 unit, however the electrons within the π system are polarized such that they have 

alternating α and β spins.  This is illustrated in Figure 1-2. 

 
 

Figure 1-2.  Molecular structure for phenyl methylene radical (left), spin polarization effect on π system 

(right). 

 

Spin polarization can also affect atoms which are not involved in the π system. This 

accounts for the hyperfine coupling observed with hydrogen nuclei which do not possess 

the requisite p-orbital needed for π-bonding.
2,3

 The spin polarization of the σ system is 

illustrated in Figure 1-3 and uses a CH unit as an example. Figure 1-3a is a typical 

representation of a molecular orbital diagram for a CH unit as would be seen in a phenyl 

ring. The lowest energy orbital with paired electrons is the C-H σ bond and is designated 

Ψ1. The next highest energy orbital, designated Ψ2 is the p-orbital which can participate 

in π bonding with the rest of the molecule, but does not have the proper symmetry to 

interact with the s orbital of the hydrogen atom and is therefore non-bonding in this 

diagram. Finally, the anti-bonding equivalent to Ψ1 is designated Ψ3 and is unoccupied. 

In the Figure 1-3b, the effect of spin polarization is shown such that the  

relative energies and the spatial distribution of the α and β electrons are no longer 

the same.  The contribution from hydrogen for Ψ1 (α) spin is fairly small, and therefore a 
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greater contribution from hydrogen is required for the orbital possessing β spin.  As a 

result, the hydrogen nucleus will couple with the unpaired electron; however the spin of 

the electron causing the absorption in the EPR is of β spin. An atom which is affected by 

spin polarization will still exhibit the physical characteristics of any atom with an 

unpaired electron such as by contributing to hyperfine coupling in EPR spectroscopy
3
 or 

being reactive toward dimerization or other forms of spin-quenching.
4
   

 

 
 

a 
b 

 

Figure 1-3.  Spin polarization of the σ system (a) molecular orbital diagram for a C-H bond on sp
2
 

hybridized carbon. (b) molecular orbital diagram illustrating the effects of spin polarization. 

 

The π orbitals corresponding to the frontier molecular orbitals for the 1,2,3,5-

dithiadiazolyl (DTDA) radicals
5
 are very similar to those of the cyclopentadienyl anion 

(Cp
-
),

6
 in that they are delocalized over several atoms in the molecule and are therefore 

quite different from the simple systems we have looked at so far. As DTDAs are one of 

the radicals of interest in this thesis they will be used here as an example to discuss the 

electronic properties of π delocalized radicals. While the carbon analogue contains two 

sets of degenerate orbitals (Figure 1-4), this degeneracy is lost for the sulfur-nitrogen 

species due primarily to the disparity of the relative electronegativities of the two 
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different atomic nuclei. Qualitative molecular orbital diagrams for both of these 

compounds are shown in Figure 1-4. It should be noted however that the overall energy 

of each of the orbitals will be lower in the heterocycle than in Cp
-
 since both sulfur and 

nitrogen are more electronegative than carbon.  

 
 

Figure 1-4.  π molecular orbitals of Cp
-
 (left) and a generic DTDA (right) and their correlation to one 

another. 

 

The Pauling electronegativity for nitrogen is 3.08 while sulfur is only 2.58.
7
 As a 

result, the lowest energy π orbital, π1 for a generic DTDA has greater electron density on 

the nitrogen atoms than the sulfur atoms.  This effect is carried through as we ascend the 

energy scale and accounts for the loss of degeneracy for the heterocyclic analogue. The 

π4 orbital (as well as the analogous π2 orbital) in this case, is lower in energy as it is nodal 

at the carbon atom which results in a greater electron density on the more electronegative 
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nitrogen atoms. It should be noted that the coefficients on sulfur will be greater for the 

anti-bonding orbitals to compensate for the greater coefficients on nitrogen in the 

bonding orbitals.  

 

1.2 Persistent Organic Radicals 

Organic radicals are compounds containing light elements which have an open-shell 

ground state.  An unpaired electron gives rise to the possibility of a highly reactive 

species which can be stabilized through dimerization,
8
 hydrogen abstraction

9
 or 

oxidation.
10

 These reactions however, can be prevented by tailoring the molecular 

architecture by crowding the radical center with sterically bulky substituents,
11

 such as 

has been done for the polychlorinated triphenylmethyl radicals (I-1).
12

 The other primary 

method for fostering persistence of these types of compounds that has found utility in  

 

 

 
 

I-1 I-2 I-3 

 

research is delocalizing the unpaired electron over a larger molecular area. This feature is 

found in several classes of compounds including nitronyl nitroxides (I-2),
13

 verdazyls (1-
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3)
14

 and a variety of thiazyl based compounds which will be discussed in more detail 

later. The unpaired electron is delocalized over the nitrogen and oxygen atoms of the 

nitroxide groups in nitronyl nitroxides and over the endocyclic nitrogen atoms in 

verdazyls.  

 

1.2.1 Triphenylmethyl Radical 

The triphenylmethyl radical was first discovered at the turn of the 20
th

 century
15

 and 

launched a substantial interest in the use of neutral radical as building blocks for 

molecule-based materials with a myriad of functionality including molecular 

magnetism,
16

 synthetic metallic materials
17

 and as reagents or reactive intermediates in 

organic chemistry
18

 to name but a few. Magnetism in particular is one of the most 

interesting properties arising from organic radicals, since prior to this discovery, 

magnetism was a phenomenon restricted to metallic substances only.  However it took 

nearly a hundred years after the discovery of the triphenylmethyl radical to open up 

possibilities for using organic radicals for this purpose. For example the compound p- 

 

 
 

I-4 I-5 
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nitrophenyl nitronyl nitroxide (I-4, p-NPNN)
19

 was found to undergo a phase transition to 

a magnetically ordered state at 0.6 K while an independent study showed that a charge 

transfer salt of C60 · TDAE (tetrakis-diaminoethylene) (1-5)
20

 ordered as a ferromagnet at 

16 K.  

Several reports followed, showing similar phenomena for nitroxides
21

 as well as 

derivatives of I-2
19

 and I-3
21

 all exhibiting magnetic behavior at very low temperatures 

and these will be discussed in greater detail in following sections. The reason that such 

low temperatures are required is due to the weak interactions between the radical 

molecules in the solid state which is an inherent problem associated with the steric 

crowding introduced to prevent quenching of the open-shell character via the unwanted 

potential reaction pathways discussed earlier.
22

 It is therefore quite important to consider 

both the way the stabilization of the unpaired electron is achieved as well as the 

modification of the electronic structure (such as choice of heteroatoms) which directly 

impacts the intermolecular contacts that give rise to magnetism, when designing new 

radicals for this purpose.
14

 

The triphenyl methyl radical and several related compounds
23

 were found to be very 

reactive. It was therefore essential to make adjustments to the environment surrounding 

the radical-bearing atom to prevent the facile termination of paramagnetism and this was 

successfully achieved by partially or fully chlorinating the phenyl rings to afford I-1 and 

related species. 24,25
 

The orientation of the polychlorinated phenyl rings around the central carbon atom 

which bears the majority of the spin is twisted such that the phenyl rings take on a chiral 

propeller type geometry..
26

  At high temperatures, the two enantiomers can interconvert 
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with one another with an energy barrier of 23 kcal/mol.
27

  The steric protection afforded 

by the presence of the chlorine atoms in the 2 and 6 positions of the phenyl substituents 

results in a highly persistent radical with significant thermal stability.
12,28

 These 

compounds can be handled and even stored in the air for extended periods of time and 

can be treated with standard purification techniques such as chromatography or 

sublimation.  However, some derivatives can decompose if exposed to light or if heated 

to temperatures in excess of 300 °C.
29

 

On their own, these types of radicals do not exhibit remarkable magnetic properties, 

however some functionalized derivatives of these compounds have been used as 

molecular synthons to build up supramolecular structures with organic and metal-organic 

components which do have interesting magnetic behaviour.
30

  Also, recent studies have 

shown that they can be grafted onto a gold surface which in turn exhibit excellent 

electron transport properties.
31

 This could potentially provide insight toward the 

development of new spintronic materials.  

 

1.2.2 α-Nitronyl-Nitroxides 

Another important class of radicals geared toward the development of molecule-

based materials is nitroxides, including α-nitronyl-nitroxides (I-2). These have found 

several applications, including spin-probes,
32,33

 paramagnetic relaxation enhancement 

dopants for protein-peptide binding
34

 and as a tool to measure circulating blood volume.
35

  

This radical’s stability is bolstered by the presence of the methyl groups on the saturated 

carbon-backbone to sterically inhibit potentially reactive contaminants such as air or 

water from accessing the radical-bearing atoms, but also as mentioned above, the 
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unpaired electron has spin density which is spread out over both nitroxide moieties 

evenly.  This can be shown experimentally by EPR spectroscopy revealing a five line 

pattern with intensity ratios of 1:2:3:2:1 indicative of coupling with two chemically 

equivalent nitrogen atoms.
36

  

One of the most interesting examples of a nitronyl nitroxide is the aforementioned I-

4 which orders as a ferromagnet at 0.6 K.
19

 There are also several other interesting 

examples such as the cocrystalline sample of a 1:1 mixture of a benzoimidazole 

derivative and its perfluorinated analogue (I-6) which shows strong ferromagnetic 

interactions between neighbouring molecules in the solid state.  As the temperature is 

decreased at 1000 Oe, the χT product slowly increases until about 10 K at which point it  

 

 

 

I-6 I-7 

 

asymptotically increases until the minimum temperature of 1.8 K is reached.
37

  It was 

also shown that the benzoimidazole nitronyl nitroxide on its own also has interesting 
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magnetic properties and undergoes a phase transition to a ferromagnetically ordered state 

below 1 K to give a ferromagnetic exchange term J/kB of 22 K which is the largest yet 

discovered for a purely organic species.
38

 

Another recent study showed the effect of incorporating a thiophene moiety into the 

molecular framework of the nitronyl nitroxide radical.  They found that the 3-substituted 

benzothiophene derivative (I-7) had strong ferromagnetic coupling in one dimension and 

a weaker interaction extending into a second dimension to give what they refer to as 

quasi-2D ferromagnetic, intermolecular interactions.
39

 Conversely, the same paper 

published the 2- and 3- substituted thiophene nitronyl nitroxide which gave alternating 

antiferromagnetic chains with J/kB values of -6.6 and -5.2 K respectively.  

 

1.2.3 Verdazyls 

Verdazyls (I-3) have not received quite as much attention with respect to utility in 

materials science despite having properties similar to those which make nitronyl 

nitroxides so attractive; namely, stability and easy handling in air. There are two primary 

varieties of verdazyls which are differentiated by the nature of the carbon atom between 

the two substituted nitrogen atoms in the ring. The first of these is adequately depicted in 

the diagram for I-3 above, such that the carbon atom in question is saturated and can be 

considered to have sp
3
 hybridization. Another class of verdazyls, by contrast has a 

carbonyl or thione group in this position such that the carbon can be considered to be in 

the sp
2
 hybrid state (I-8).

40
 Compounds have also been investigated which have a 

phosphorous atom in place of one of the carbon atoms from the heterocycle and are 

referred to as phosphaverdazyls.
41
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The EPR spectra for compounds based on I-3 or I-8 are generally much more 

complex than those observed for I-2 based radicals, owing to the hyperfine coupling 

arising from two sets of two nitrogen atoms as well as the protons on the ring 

substituents. Therefore other methods have been employed to more fully elucidate the 

spin distribution of these systems, such as electron nuclear double resonance (ENDOR),
42

 

electron-electron double resonance (ELNOR),
43

 dynamic nuclear polarization (DNP)
44

 

and nuclear magnetic resonance (NMR).
45,46

 

Some examples of verdazyl radicals have been shown to exhibit interesting magnetic 

properties. The magnetic properties of 1,3,5-triphenyl verdazyl, based on the I-3 

molecular architecture with R = R′′ = Ph and R′ = H (I-9), were first brought to light in 

1973.
47

  The magnetic susceptibility follows Curie-Weiss behaviour as the temperature is 

initially lowered, but increases to a Tmax of 6.9 K as the temperature is lowered further, 

consistent with a one dimensional magnetic chain.  This seems rather anomalous as the 

room temperature crystal structure shows no close contacts whatsoever in the lattice.
48

  

By far, the most interesting feature of this data is that as the temperature drops below 1.7 

K there is a transition to a magnetically ordered state, confirmed by heat capacity 

measurements.
49

  This phenomenon was ascribed to a spin-canted antiferromagnetic 

coupling scheme
50

 (described in more detail in section 1.2.6.1) and it was confirmed by 

neutron diffraction studies that the canting direction was coincident with the [001] axis.
47

 

Analogous compounds have been isolated with slight modifications to the 

substitution of the phenyl rings
51,52,53

 and were shown to have similar packing and 

magnetic properties although none seem to exhibit the remarkable phase transition 

observed for I-9.  Keeping with phenyl based substituents, but with the added benefit of 
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heteroatoms which could facilitate intermolecular interactions to produce interesting 

magnetic effects, I-10 was isolated and characterized structurally and magnetically.  The 

solid state structure reveals that the central phenyl ring is at an angle almost 

perpendicular to the plane of the verdazyl ring, resulting in slipped π-stacks that give rise 

to a vertical alignment of the nitro group with a neighbouring verdazyl fragment.
52

  An 

analysis of the magnetic data reveals that the intermolecular interactions result in 

ferromagnetic coupling, and temperature dependant measurements reveal that at 1.1 K I-

10 undergoes a phase transition similar to that observed for I-9.
54

 

 

   
I-8 I-9 I-10 

 

While these radical species represent an important step in this field of research, it is 

believed by many scientists in the field that the steric hindrance introduced to control the 

radical nature of these compounds also limits the solid state interactions which give rise 

to magnetic properties that make them so interesting.  For this reason, it is important to 

look for an alternative series of compounds which still possess an unpaired electron, but 

can maintain their paramagnetic character without the aid of sterically bulky substituents. 

Furthermore it is also believed that the introduction of heavier elements such as sulfur 

which has a greater degree of spin-orbit coupling will enhance the stability of the radical 
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providing a greater area over which the unpaired electron density can be shared and 

thereby decreasing the propensity to form diamagnetic dimers.  For these reasons the 

focus will now shift to a series of organic radicals which fit these criteria and which are 

derived from the inorganic radical S3N2
+·

. 

 

1.3 Thiazyl Radicals 

1.3.1 Trithiadiazolium Chloride (S3N2
·
Cl [I-11]) and Related Species  

Trithiadiazolium chloride (I-11) was first reported in 1880 by Demarcay,
55

 but the 

molecular structure
56

 and the electronic properties
57

 of this compound were not 

uncovered until more than one hundred years later.  There are currently at least five 

known polymorphs of this species
22

 all of which were found to dimerize in the solid state 

via a long, intermolecular sulfur-sulfur contact.  The average bond length for covalent 

sulfur-sulfur interactions is 2.08 Å
58

 which is considerably shorter than the distance 

between the sulfur atoms participating in the dimerization interaction which are on the 

order of 2.9-3.0 Å.  The latter value is however within the sum of the van der Waals radii 

for two sulfur atoms and so while this is outside of the covalent radii of two sulfur atoms, 

there is undeniably some interaction between the molecules. 

 It has been shown through a combination of EPR
59

 and theoretical studies
60

 that 

the unpaired electron for I-11 occupies a π
*
 molecular orbital of a2 symmetry. Figure 1-5 

shows a qualitative molecular orbital diagram of two of these SOMOs interacting to 

provide a dimerized pair of I-11 molecules. The two π
* 

orbitals are oriented such that the 

p-orbitals of the sulfur atoms are bonded in a σ-fashion. These dimerized pairs are  
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Figure 1-5.  Qualitative molecular orbital diagram for I-11 dimerization process.  

 
 

Figure 1-6. S3N2
+
 cation and the derivatives that can in principle, be formed by replacing S

+
 with the 

isoelectronic N or C-R. 
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diamagnetic and so the observed EPR spectrum arises from a monomer-dimer 

equilibrium which is established in solution.   

If one or two of the members of the ring are replaced with the isoelectronic C-R or 

N,  a  number of  related compounds  can  be derived  as shown in Figure 1-6. The classes 

including I-16, its selenium analogue I-18 and I-17 are an important part of this work so 

the focus shall be on these types of radicals.  

 

1.3.2 Trithiatriazapentalenyl (TTTA [I-14a]) 

Many 1,3,2-DTA radicals such as trithiatriazapentalenyl (TTTA [I-14a]), are found 

to be monomeric in the solid state; a feature born by fact that they tend to exhibit 

dimerization energies close to 0 kJ/mol.
22

  As a consequence there are quite a few 

examples of 1,3,2-DTA based radicals with interesting magnetic properties. The SOMOs 

for these compounds are different that those which we have already examined as there is 

only one electronegative nitrogen atom to take the majority of the spin density. 

  
I-14a SOMO for I-14a

61
 

 

The radical I-14a was first reported by Wolmershaeser in 1989
62

 and was followed 

by an EPR study two years later.
63

  However, little more attention had been paid until it 

was reported by Awaga in 1999 that this radical exhibited bistability at room 
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temperature.
64

 This was a very important discovery as bistability is a key property in 

developing new devices for functions such as data storage, switching units and sensors 

for heat or light.
65

 Within a certain temperature regime, compounds which exhibit 

bistability can exist in at least two different polymorophic forms and the sample history is 

important in determining which of these will be dominant at a given temperature. 

Compound I-14a for example exists only as what is called the high-temperature phase 

when heated above 320 K and exhibits paramagnetic properties, whereas if it is cooled to 

below 210 K it only exists as the low temperature phase which is diamagnetic. This 

compound will be revisited in section 1.3 when its copper coordination complex is 

examined. 

 

1.3.3 Dithiadiazolyl Radicals and Their Selenium Analogues 

1.3.3.1 1,2,3,5-Dithiadiaozlyl Radicals (1-16) 

The class of compounds 1,3,2,4-DTDAs based on the I-15 framework, can be 

isolated by a quantitative cycloaddition of SNS
+
 with nitriles to give the corresponding 

heterocyclic, closed-shell cation.
66,67

 One of the most interesting features that they exhibit 

is that they isomerise readily via a rearrangement to give the more thermodynamically 

stable 1,2,3,5-dithiadiazolyl radical (I-16).
68-70

  The SOMO for I-15 has a much larger 

coefficient on the nitrogen atom between the two sulfur atoms than the nitrogen atom 

adjacent to the carbon. This is evident from EPR spectroscopy which gives only a three 

line pattern, indicative of coupling to only one nitrogen atom.
71

 By contrast, the SOMO 

for I-16 is nodal at the carbon atom which places a significantly larger amount of the 
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electron density on the two, more electronegative, nitrogen atoms and is therefore more 

thermodynamically stable than I-15.  

When R = CH3, 
t
Bu or Ph it was found that the rearrangement was photoinduced, 

whereas for more electronegative substituents such as R =  CF3 or 3,5-(NO2)C3H3 the 

rearrangement could take place in the absence of light, although at a much slower rate.
67

 

It was found that the rearrangement for these compounds at a given concentration was 

positively correlated to the electronegativity of the substituent R group.
71

 This 

rearrangement was found to be second order with respect the radical concentration (for R 

= CH3) via the half-life method using EPR spectroscopy
72

 and was proposed to proceed 

via the formation of a π*- π* dimer shown in Figure 1-6. Following the necessary 

rearrangement of atoms, the 1,2,3,5-DTDA based dimer is formed.  

 
 

Figure 1-7.  Dimerization and proposed rearrangement pathway for conversion of I-15 to I-16. 

 

As mentioned previously, the SOMO for I-16 based radicals resembles π4 from 

Figure 1-4 in that it has no coefficient on the carbon atom of the DTDA ring.
70,73

 The 

only spin density in this position is β spin and comes from spin polarization. This means 

that the R group can be tailored to suit a variety of functions with no impact on the first 

order electronic structure of the radical. However, as the majority of the spin density is on 

the sulfur and nitrogen atoms of the 1,2,3,5-DTDA ring, these compounds are prone to 
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dimerization and therefore a quenching of the paramagnetic character in the solid state. 

As a consequence, many modern routes of research focus on ways to inhibit this 

dimerization. Several dimerization motifs have been observed experimentally and all, 

similar to that shown in Figure 1-5, occur via a π*- π* interaction and are shown in 

Figure 1-8. The enthalpy of dimerization for the trans-antarafacial mode for example is 

estimated at -35 kJ/mol
74

 and the difference between the modes of dimerization has been 

calculated to be no greater the 5 kJ/mol.
70

 

The intermolecular separation of π-stacked dimers, tend to have sulfur-sulfur 

contacts on the order of 2.9-3.1 Å as shown by X-ray crystallographic measurements 

performed at 150 K. There is however an example from the literature of a diradical (I- 
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Figure 1-8.  Dimeriazation modes for DTDA radicals: a) cis-cofacial, b) twisted, c) trans-cofacial,  

d) trans-antarafacial and e) orthogonal. 
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16a) which has a slightly larger distance at 3.48 Å.
75

 While quite a bit longer than the 

average, this intermolecular separation is still within the sum of the van der Waals radii 

of two sulfur atoms.  Interestingly this compound exhibits some paramagnetism at room  

temperature although with a value which is only consistent with 30% unpaired spins and 

the susceptibility drops off rapidly with temperature and is completely diamagnetic at 200 

K. Similarly a difluorinated radical I-16b was found to have an intermolecular S-S 

contact of 3.54 Å.  This compound was originally reported to not form dimers, but a 

regular π-stacked motif along the [001] direction, with the same distance repeated 

between each radical unit.
76

 The magnetic susceptibility however revealed that this 

compound was diamagnetic across the entire temperature regime investigated and it was 

later determined that it actually existed in a superlattice and that there were in fact 

superimposed π-stacked dimers clustered around a 4-fold screw axis in a pin-wheel type 

arrangement.
77

 

 

 

 

I-16a 

 

I-16b 

 

Several attempts have been made to prevent dimerization by introducing a cationic 

component into the radical framework, in the hopes that the coulombic repulsion would 
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be enough to overcome the energetically favourable propensity for dimerization. Radical 

I-16c was isolated in 1995 and exhibited a room temperature magnetic moment 

consistent with one unpaired electron.  As the sample was cooled, the susceptibility 

showed a broad maximum at 275 K which implied the onset of short-range 

antiferromagnetic ordering.  Upon further cooling, the susceptibility continued to 

decrease slowly until the compound underwent an abrupt transition to a diamagnetic state 

at 15 K, which has been attributed to a phase transition to diamagnetic dimers.
78

  A 

similar radical cation, I-16d was found to exist as dimers in the solid state giving rise to a 

very strong antiferromagnetic interaction.
79

 However an increase in the susceptibility 

above 300 K indicated that the antiferromagnetic interactions were not as strong as that 

which had been observed in the neutral diradical I-16e
80

. The 1,3,2,4-DTDA moiety does 

not isomerize to its 1,2,3,5-DTDA counterpart due to the fact that the dimers that are 

formed have the 1,2,3,5 ring above the 1,3,2,4 ring and vice versa such that the 

mechanism outlined in Figure 1-7 is not possible.  

 

 
  

I-16c 
I-16d 
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I-16e 
I-16f 

 

One of the most interesting DTDA based compounds discovered to date is I-16f 

which has received considerable interest since its discovery in 1995 by Banister et al.
81

 

They reported that the β-phase of this compound was a spin-canted antiferromagnet 

ordering at 36 K.
81

 Spin-canting antiferromagnetism, also sometimes called “weak 

ferromagnetism”, arises when the spins of neighbouring units line up such that they are 

tilted slightly to one side with alternating up/down orientations of neighbouring unpaired 

spins.  The result is that the vector sum of each of their moments provides a 

unidirectional magnetization. A pictorial representation of this can be seen in Figure 1-9. 

The small magnetic moment which this produces, rises to 1.5×10
-3

 μB as the temperature 

 

 
 

Figure 1-9. Pictorial representation of spin-canting.  Orientation of neighbouring spin vectors (above) and 

resultant weak vector of magnetization (below). 
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reaches the lower end of the investigated temperature regime and hysteresis is observed 

at 1.8 K. The room temperature magnetic study revealed a broad maximum at 60 K 

indicating a short-range antiferromagnetic interaction prior to the onset of the long-range 

ordering at 36 K.
82

 Interestingly pressure related studies performed on this compound 

found that increasing the pressure up to 16 kbar resulted in a substantial increase of the 

ordering temperature up to 64.5 K.
85

  It is rather important that spin canted 

antiferromagnetism can only occur in non-centrosymmetric space groups.  The 

phenomenon arises from the antiferromagnetic alignment of spins on two magnetic 

sublattices which are not exactly antiparallel.
86

  

As 1,2,3,5-DTDA based systems are one of the major focal points of this thesis a 

brief discussion of the methodologies employed for their synthesis is appropriate.  These 

types of radicals have received a lot of attention and this is due, in part, to the ease with 

which they can be prepared and purified. The procedures used to obtain them are well 

established
87

 and usually call for a nitrile to be reacted with lithium bis(trimethylsilyl) 

amide and subsequently treated with trimethylsilyl chloride to give the trisilyl amidine.
88

  

These compounds are usually low melting solids (in the cases of mono DTDAs) and can 

therefore often be purified by vacuum distillation. These compounds can then be reacted 

with SCl2 or S2Cl2 to give the dithiadiazolium cation with a chloride counter ion. The  
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Scheme 1-1.  General synthetic method typically employed for generation of I-16. 

 

chloride salt can also be obtained be direct condensation of an amidine with SCl2 or 

S2Cl2.
89

 This precursor salt can then be reduced using a reducing agent of appropriate 

potential and often a half equivalent of triphenyl antimony is employed as a two electron 

reducing agent, to give the radical and triphenyl antimony dichloride. This is outlined in 

scheme 1-1. 

There are some exceptions to this synthetic route due to either infeasible starting 

materials or due to serendipitous thermodynamic sinks. The proto-DTDA (I-16g) was not 

produced starting from the nitrile as in this case that would be hydrogen cyanide, an 

extremely toxic gas.  Therefore Oakley and coworkers started from triazine and reacted 

that with lithium bistrimethylsilyl amide to give the formamidine which was then 

subsequently treated with sulfur dichloride and reduced with triphenyl antimony
90

 similar 

to that outlined in scheme 1-1.  Another route which has been employed to obtained 
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DTDAs has been to exploit the rearrangement of the 1,3,2,4-DTDA to the 

thermodynamically preferred 1,2,3,5-isomer as had been done to obtain I-16e.  

 

1.3.3.2 1,2,3,5-Diselenadiaozlyl Radicals (1-18)  

The first diselenadiazolyl radical had a phenyl group in the R position (I-18a) and 

was isolated in 1989.
91

 In the intervening years between then and now, these types of 

compounds have not received as much attention as their lighter congeners, the 

dithiadiazolyl radicals. While the greater spin-orbit coupling afforded by the introduction 

of the heavier selenium atoms (as evidenced by the higher g-values found by EPR 

spectroscopy
92

) provides the radical with an overall greater stability, the inherent larger 

atomic radius which comes along with that unfortunately lends itself to a more facile 

formation of dimers in the solid state.  While there are quite a few examples of 

monofunctional and bifunctional DSDA-based radicals in the literature,
77,92-98

 there are 

no examples which do not form dimers, and as a consequence their magnetic properties 

have not been of substantial import. Their tendency to dimerize has even given way to a 

new association mode which does not require the heterocyclic rings to be in parallel 

planes. All known dimers prior to this new mode of dimerization which was reported in 

2000 for p-BrC6H4-DSDA (I-18b)
99

 were the result of a σ-type overlap of sulfur p-

ortibals. This was for the heretofore unknown association mode referred to as the 

orthogonal dimerization seen in Figure 1-8 e.  The relative phases of the π-type, 

antibonding orbital are such that their overlap results in a π-type dimerization as seen in 

Figure 1-10, as opposed to the σ-type depicted in Figure 1-5. 
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I-18a I-18b 
 

Figure 1-10. Orbital overlap model of the 

orthogonal dimerization mode seen for I-18b. 

 

The synthetic methodology for the generation of I-18 based systems is very similar 

to that outlined in scheme 1-1.  However the selenium dichloride which is used is not 

stable. This compound exists only in equilibrium with selenium tetrachloride and chloride 

ions in solution
100

 and was once postulated to not even exist by early researchers.
101

 For 

 

 this reason the selenium dichloride was generated in situ first by the combination 

of SeCl4 and SbPh3 in acetonitrile,
91

 but was then later adapted to a combination of 

elemental selenium and SeCl4 which removes the impurities associated with the SbPh3Cl2 

byproduct.
94

 This provides the diselenadiazolium chloride salt precursor to the radical 

which can then be reduced, usually with triphenyl antimony as for the I-16 analogues, to 

afford the radical species.  
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1.3.4 1,2,3-Dithiazolyl Radicals (I-17) 

The direct precursors to 1,2,3-DTA radicals (I-17) based radicals are the 1,2,3-

dithiazolium salts which were first synthesized in 1922 from aniline hydrochloride and 

related derivatives to give the ring-closed species.
102

 Four to five equivalents of sulfur 

monochloride are reacted with the primary amine of an aromatic or resonance stabilized 

species and interestingly the position para to the amine nitrogen is frequently 

chlorinated.
103

 The reaction mechanism is not fully understood, however it has been  

 

 

Scheme 1-2.  Herz Ring closure reaction. 

 

determined that at least four equivalents are actually required to push the reaction 

to completion.
104

 The extraneous sulfur monochloride unfortunately results in the 

formation of a number of byproducts which have been isolated and characterized, such as 

non-chlorinated dithiazolium salts, sulfur diimines, both cyclic and acyclic compounds, 

azo-benzene species and benzothiazoles.
103

 Purification can be achieved by an anion 

metathesis and has been successfully employed for several anions such as (GaCl4
-
),

105
 

triflate (OTf
-
) and TeO4

2-
,
106

 as well as AlCl4
-
, BF4

-
, ClO4

-
, AsF6

-
 and SbCl6

-
.
103

 

Reduction of these salts to afford the radical species once employed the use of zinc 

dust,
107,108

 but has more recently been accomplished with one electron reducing agents 
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such as ferrocene or related compounds.
109

 The choice of reagent depends on the 

reduction potential which can been determined electrochemically.
110

 

The SOMO for this radical is similar to that for the 1,2,3,5-DTDAs already discussed 

which places some electron density on one of the carbon atoms.
109

 The result is that any 

substituent on this carbon atom will also have some spin density either from expanding 

the SOMO over a larger molecular area or through spin polarization.  

 
 

Figure 1-11.  Generic 1,2,3-DTA ring illustrating the positions of the respective atoms (left) and the 

SOMO for the 1,2,3-ring with a node at the carbon adjacent to the nitrogen (right). 

 

The compound 2,5-dichloro-1,2,3-dithiazolium chloride, also known as Appel’s salt 

(I-17a)
132

 was doubly reduced to afford the a carbon-carbon bridged dimer (1-17b) and 

the radical (I-17c), a presumed intermediate, was not detected by EPR spectroscopy 

likely because the association and subsequent reduction occur too quickly.
111,112

 The 

benzo-fused DTA systems are therefore much more interesting as their connection to the  

 

 

 

Scheme 1-3. Double reduction of I-17a to give I-17b. I-17c 
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aromatic ring not only protects the spin-bearing carbon of the heterocycle from the 

irreversible formation of a carbon-carbon bond, but also results in delocalizing the spin of 

the unpaired electron over the rest of the molecule through the extended π system,
113

 

which is an important criterion for enhanced stability of radical molecules.  

A number of benzo or naphtha-fused species have been investigated, although they 

seem to frequently suffer from reversible formation of the π-stacked, sulfur-sulfur bonded 

dimers which plagued the previous examples of thiazyl radicals.
114

 Compound I-17d is 

one such example. As a result, the magnetic properties of many of these types of  

 

 
 

I-17d 

 

Figure 1-12. π-stacked dimers of I-17d. 

 

compounds have not sparked considerable interest in the magnetochemistry community. 

However, the Oakley group has been experiencing success with a bifunctional 1,2,3-DTA  

based radical framework (I-17e) which they have been tweaking with different R groups 

and the incorporation of selenium in the place of sulfur.
110

  Many of these compounds do 

not form dimers, but form evenly spaced π-stacks which exhibit antiferromagnetic 
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I-17e I-17f 

 

coupling, and in some cases order as ferromagnets with Tc values between 12 and 15 

K.
115

 Many of these compounds also exhibit remarkable conductive properties in the 

direction of the π-stacking
116

 and they have even achieved metallic conductivity with the 

organic radical I-17f with 3GPa of pressure applied.
117

 

 

1.4 Metal Coordination of Radical Ligands 

1.4.1 Magnetic Coupling Between Metal Centers 

When two metal ions are brought into close proximity to one another there will be 

some communication between the spins of any unpaired electrons associated with each 

ion and there are two motifs which can be considered. For example if two high spin, d
4
 

metal ions are brought together such that coupling can occur, then the spins will either 

align in a parallel fashion giving an overall spin of 4 described as ferromagnetic coupling, 

or they will be anti-aligned, rendering the compound diamagnetic with an overall spin of 

0, described as antiferromagnetic coupling.  

These interactions can occur via direct exchange, or if the two ions are linked via a 

closed-shell ligand, a mechanism referred to as super-exchange
118

 can also occur, which 
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is quite similar to the spin-polarization discussed earlier. This will result in 

antiferromagnetic coupling if the two metal orbitals in question are the same as is 

illustrated in Figure 1-13 although depends on the bonding motif of the molecular system 

being investigated.  

Ferromagnetic coupling provides systems which have a non-zero spin ground state 

and are therefore of interest in the field of molecular magnetism, however if two metal 

ions couple antiferromagnetically to one another it will give rise to a spin state of zero. 

Some work, however has investigated what are known as spin-frustrated systems which 

involve, for example, three manganese centers
119,120

 or more such as in clusters
121

 or  

 

  
Figure 1-13.  Orbital cartoon illustrating the 

mechanism of superexchange. For two generic metal 

centers M and a closed-shell bridging ligand L. 

Figure 1-14.  Spin frustration for a triangular 

system of three spin centers. 

 

chains.
122 If we consider two antiferromagnetically coupled manganese ions Mn1 and 

Mn2 with a coupling constant JMn1-Mn2, and then include a third Mn3 which is equidistant 

from each of the first two such that the coupling constant |JMn3-Mn2|= |JMn3-Mn1| = |JMn2-Mn1|, 

then the tendency would be for the third ion to couple antiferromagnetically such that 

each of the values are negative.  This is illustrated in Figure 1-14 and describes an 

impossible situation.
123,124

 As this circumvents the natural tendency of these ions, they are 

anthropomorphized as being frustrated.  
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In the early 1980’s a very important compound containing 12 manganese ions of 

mixed valency (I-20) was discovered
125

 and it was found that this acted as a single 

molecule magnet.
126

  While an in depth discussion of the chemistry and physics of single 

molecule magnets is beyond the scope of this thesis, a brief overview of the 

 

 
 

 

a 

 

b 

 

Figure 1-15. Compound I-20 a) Molecular structure. b) Coupling parameters. 

 

 intermolecular interactions in I-20 will aid in an understanding of intermolecular metal-

metal interactions. The compound shown in Figure 1-16 a is composed of eight Mn
3+

 

ions in a ring around the periphery, linked by bridging, acetate ligands and four Mn
4+

 

ions in a tetrahedral arrangement inside the ring, linked to one another and to the outer 

ions by oxygen bridges. As the Mn
3+

 ions have four unpaired electrons and the Mn
4+

 ions 

have three unpaired electrons, there are a very large number of possible spin states that 

this molecule could potentially possess. Because of the complex structure of the 
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compound there are many competing magnetic interactions at work here shown in Figure 

1-16 b and the strongest interactions are antiferromagnetic,
127

 giving a ground state spin 

of S = 10.
126

  

While the route to this interesting compound is reproducible and has been shown 

work for several different bridging carboxylate ligands,
127

 the molecular structure and 

resulting properties are often difficult to predict. Since the discovery of I-20, the isolation 

of single molecule magnets containing manganese ions has increased with a variety of 

nuclearities such as 4,
128

 6,
129

 8
130

  and even up to 84.
131

 The use of carboxylate ligands to 

force metal ions into aggregated clusters due to their inability to chelate successfully has 

been exploited to form single molecule magnets containing nickel
132

 or cobalt
133

 as well 

as single chain magnets containing iron.
134

  

The problem with these examples is however the lack of rational design. The 

interesting structures and physical properties have been mostly serendipitous. It has been 

shown in a few instances that paramagnetic ligands can also couple to metal ions in much 

the same way that these radicals can couple to one another as demonstrated in sections 

1.2 and 1.3 and similar to the way that metal ions can also couple to one another as has 

been discussed in this section thus far. Furthermore, it has also been demonstrated that 

ligands can facilitate the coupling between metal centers.  These are the major focal 

points of this thesis and an overview of the work that has been done thus far to 

investigate these interactions in detail is therefore of substantial importance.  
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1.4.2 Magnetic Properties of Organic Radical Coordination Complexes 

The nature of the coupling interactions between a metal center and an organic, 

paramagnetic ligand is slightly different than coupling between two metal ions as the d-

orbitals of the metal ions must be considered. If we consider regular octahedral 

coordination geometry, then the d-orbitals are split into two degenerate sets: the dx
2

-y
2
 and 

dz
2
 orbitals make up the higher energy, doubly degenerate eg set of orbitals while the dxz, 

dyz and dxy orbitals make up the lower energy, triply degenerate t2g set of orbitals. In 

section 1.2 it was shown that the SOMO for most of the radicals we considered were of 

π* symmetry and so a p-orbital can be used to represent the ligand contribution for this 

approach.  

Figure 1-16 shows the various ways that the pz orbital can interact with the d-orbitals 

of the metal in a π-type fashion. As the x and y directions have been assigned to the  

horizontal plane, they are not considered here. In 1-17a, the pz orbital from the π system 

of the ligand is shown interacting with the dxz orbital from the metal center and b shows 

the pz and dyz orbitals. The lobes are oriented with respect to one another such that there 

is a non-zero overlap integral, here they are shown interacting in an anti-bonding type 

fashion.  Under these circumstances the Pauli Exclusion Principle states that two 

electrons in non-orthogonal, adjacent orbitals are in their lowest energy state when their 

spins are anti-aligned. This can be thought of along the lines of the formation of a bond 

such as is shown in Figure 1-5 where the two electrons must have different ms quantum 

values (+½ or –½)  to exist in the same orbital.   
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a 

 

b 

  
 

 

c 

 

d 

 

e 
 

Figure 1-16.  a) Nonorthogonal overlap of dxz and pz orbitals, b) Orthogonal overlap of dyz and pz orbitals, 

c) Orthogonal overlap of dxy and pz orbitals, d) Orthogonal overlap of dz
2
 and pz orbitals, e) Orthogonal 

overlap of dx
2

-y
2
 and pz orbitals. 

  

The other portions of Figure 1-16 show potential interactions that can take place with 

the other t2g orbitals and the eg set of d-orbitals.  Figure 1-16c shows the pz and dxy 

orbitals, d shows the pz orbital and the dz
2
 orbital and e shows the dx

2
-y

2
 and the pz 

orbitals. In each of these cases the amount of constructive and destructive interference are 

equal, resulting in an overlap integral of zero. This is referred to as orthogonal overlap 

and Hund’s Rule of Maximum Multiplicity states that for two electrons in orthogonal, 

adjacent orbitals, the lowest energy state is one that maximizes the multiplicity.  

Therefore the electrons must have the same value of ms. These interactions are related to 

the concepts of antiferromagnetic (as in the case of the former) and ferromagnetic (as in 

the case of the latter) that we have examined already and will dictate the magnetic 

properties that are of interest in the systems that will be examined.  
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1.4.3 Coordination Complexes of Thiazyl and Selenazyl Radical Ligands 

Quite a few examples of coordination complexes for nitronyl nitroxide (I-2)
135,136

 

and verdazyl (I-8)
136,137

 radicals have been demonstrated, however of particular interest 

to the present work are thiazyl based coordination complexes.  For this reason the 

primary focus of this section will be on these types of molecular systems.  

A very interesting thiazyl based complex came from the coordination of TTTA (I-

14a) to Cu
2+

 with ancillary hexafluoroacetylacetonato (hfac) ligands (I-21).
138

 The 

radical coordinated in a monodendate fashion and bridged neighbouring copper nuclei via 

coordination of one of the nitrogen atoms from the 1,2,5-TDA ring and the nitrogen atom 

from 1,3,2-DTA ring (where the majority of the spin density associated with the radical 

character resided) such that copper atoms were arranged at an angle of approximately 90° 

to one another. The two radical moieties attached to each copper atom are trans to one 

another such that the hfac ligands make up the equatorial sites of the distorted octahedral 

geometry. A Cu
2+

 ion has 9 d-electrons and is therefore sensitive to a Jahn-Teller 

distortion resulting in the dx
2

-y
2
 orbital being higher in energy than the other d-orbitals 

and would therefore be the only half full orbital. Therefore this orbital would be the only 

one available to interact with the SOMO of the radical, predicting a ferromagnetic 

relationship based on the model proposed in Figure 1-16. However this only holds true 

for the radical coordinated via the nitrogen atom of the 1,3,2-DTA ring. Since the second 

radical is perpendicular to the equatorial plane of the metal center defined by the hfac 

ligands, there is an electrostatic interaction between a sulfur atom from the 1,3,2-DTA 

ring and one of the equatorial oxygen positions. Shown in Figure 1-16a, this interaction 
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would result in non-orthogonal overlap of the SOMO with the dx
2

-y
2
 orbital which would 

predict an antiferromagnetic relationship.  

  
 

a 

 

b 

 

Figure 1-16.  a) molecular structure of I-21, b) arrangement of chains of I-21 showing inter-chain contacts. 

 

Work on the coordination of 1,2,3,5-DTDA based systems had been non-existent up 

until the late 1980s and early 1990s when the first coordination attempt using the phenyl 

substituted DTDA as the radical ligand and both bi and tri-nuclear iron carbonyl 

complexes as metal containing starting materials. The result was a binuclear iron 

coordination compound bridged by the DTDA ligand through coordination of both sulfur 

atoms to each of the iron nuclei (I-22).
69

 The distance between the sulfur atoms had 

increased substantially from the bond distance reported for the radical at approximately 

2.1 
139

 to 2.930(2) Å indicating that the sulfur-sulfur bond had been broken.  It was also 

discovered that one of the nitrogen atoms from the 1,2,3,5-DTDA ring become 

protonated
96

 and over all, the iron nuclei were coordinated to what could now be better 

described as a closed-shell imine ligand.
140

  



42 
 

A similar result was observed when this same ligand was reacted with [Ni(Cp)(CO)]2 

to give the binuclear nickel coordination complex I-23.  While the elongation of the 

sulfur-sulfur distance was confirmed to be about the same as that noted for I-22 there was 

no protonation of either nitrogen atom from the DTDA ring, resulting in the more 

important observation that the radical nature of the ligand was found to be intact.
73

 

Calculations and EPR investigations indicate that the unpaired electron had little spin 

density on the nitrogen atoms and had been delocalized out onto the coordinating nickel 

ions.
141

  

 
 

I-22 I-23 

 

 When the phenyl DTDA radical was reacted with Pt(PPh3)3 the same sort of 

insertion between the sulfur atoms occurred as can be seen from the structure of I-24,
142

 

however due to the mononuclear nature of the metal starting material, the resulting 

product can better be described as a metal containing heterocycle. The coordination 

geometry about the platinum center is approximately square-planar, however the plane of 

the DTDA ligand is tilted with respect to this plane giving the metal containing 

heterocycle a puckered effect. It was confirmed by EPR spectroscopy that the unpaired 

electron was delocalized over a substantial portion of the molecule with coupling to the 
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platinum center as well as the phosphorus atoms in addition to the nitrogen atoms from  

 

 

 
I-24 I-25 

 

 the DTDA ring. If left in solution, this compound decomposed over time to give the 

trinuclear, diamagnetic platinum complex I-25. This has also been done with the 

palladium containing analogue of the platinum starting material as well as with 

diphenylphosphinoethane (dppe) instead of two PPh3 ligands, to give similar results for 

the phenyl substituted DTDA as well the 3′- and 4′- pyridyl derivatives.
76,143

  All of these 

gave the trinuclear molecular scaffold analogous to I-25, however only the palladium 

species with dppe coordinated to the phenyl DTDA showed evidence for the existence of 

the mononuclear species analogous to I-24 prior to decomposition.
144

 

Some work has been done showing that use of chromium from the starting material 

[Cr(Cp)(CO)3]2 results in a similar coordination scheme such that the chromium nucleus 

is attached to both sulfur atoms of the DTDA ring, however lengthening of the sulfur-

sulfur distance that accompanied the coordination of the previous examples does not 
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occur, leaving the separation at approximately 2.1 Å. This was shown for the  

 

 

 
 

exo 

 

endo 

 

I-26 

 

 monofunctionalized phenyl DTDA with either a methyl or a chloro group in the 4- 

position as well as the difunctionalized 3-cyano, 5-
t
Bu phenyl derivative.

145
 The position 

of the chromium atom with respect to the DTDA ring results in two possible 

conformations for I-26 which were found to have approximately the same energy and 

underwent dynamic exchanged in solution.  

Our own group has over the last few years, experienced substantial success in using 

the electron withdrawing hfac ligands seen in I-21 in conjunction with the 

functionalization of the DTDA radical with a 2′-substituted pyridyl group resulting in a 

chelation pocket similar to that seen for bipyridine to afford N-coordination of DTDA 

radicals to metal ions. This was first shown for 2′-pyridyl-1,2,3,5-DTDA
146,147

 which was 

successfully coordinated to Mn
2+

(I-27a), Fe
2+

(I-27b), Co
2+

(I-27c), Ni
2+

(I-27d) and 

Cu
2+

(I-27e) all stabilized with hfac anionic ligands.
148,149

 Due to the fact that there is a 
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substantial amount of unpaired electron density on the coordinated N-atom of the DTDA 

moiety, substantial coupling between the unpaired electrons on the metal and the 

unpaired electron in the π system of the ligand was observed.  

 

  

Compounds I-27c, I-27d and I-27e all displayed ferromagnetic coupling arising from 

orthogonal overlap of the orbitals in question such as that shown in Figure 1-16.  This is 

the most obvious for the copper and nickel complexes as only the dx
2

-y
2
 orbital possesses 

an unpaired electron in the copper and each of the eg orbitals possess unpaired electrons 

on nickel.  As shown in Figure 1-16 these orbitals afford orthogonal overlap which leads 

to ferromagnetic coupling. The high-spin d
7
 I-27c is not as straightforward since one of 

the lower energy t2g orbitals is only half filled, however the DTDA SOMO is closer in 

energy to the eg orbitals such that interaction with them is likely more favourable.  

By contrast compounds I-27a and I-27b display antiferromagnetic coupling between 

the spin of the unpaired electron of the radical and the spins of the unpaired electrons 

from the metal. Compound I-27a is a high-spin d
5
 system and so the lower lying t2g 

orbital which is oriented properly to afford non-orthogonal overlap is available, giving 
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rise to the observed antiferromagnetic coupling.  The iron complex similarly is a high 

spin d
6
 with only one t2g orbital fully occupied making it straightforward to attribute the 

observed coupling to the interaction of the π* SOMO and an orbital from the metal ion 

which would give rise to non-orthogonal overlap and paired spins.  

One advantage to coordinating these radicals is that the steric bulk afforded by the 

ancillary ligands on the metal ion helps to protect the sulfur atoms of neighbouring 

complexes from interacting with one another to form closed-shell diamagnetic species, 

which was one of the primary concerns for using DTDA radicals as building blocks for 

magnetic materials. This dimerization is, in fact suppressed in I-27b, I-27c and I-27d, 

however I-27a and I-27e complexes do form dimers, although this has been attributed to 

their deviation from rigid octahedral site symmetry.  From the X-ray structure of I-27e it 

can be shown that there is an elongation of one of its axes, typical for six coordinate d
9
 

complexes and I-27a has a geometry that can more accurately be described as trigonal 

prismatic.  

Following this success, several new DTDA based radicals were designed by slight 

modification of the pyridyl group to afford the 4- (I-28) and 3-cyano-6-pyridyl (I-29) 

DTDAs as well as the 4-bromo-6-pyridyl DTDA (I-30). These groups were chosen due to 

the fact that cyano functional groups have been shown to have an interesting impact on 

the packing for, most famously, I-16f.
81

 And the presence of an electronegative bromine 

substituent has also been shown to give rise to analogous contacts with the electropositive 

sulfur atoms of the DTDA ring
150

 which promote lateral contacts and suppress 

dimerization.  
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I-28 

 

I-29 

 

I-30 

 

The metals manganese(II) and nickel(II) were chosen for this study since the 

manganese complex I-27a was found to dimerize and the nickel complex I-27d did not, 

providing an example of each to investigate the impact of the modifications.  Compounds 

I-28 and I-29 were coordinated to both of these selected ions, stabilized by ancillary hfac 

ligands, however only the manganese complex of I-30 was investigated. Interestingly, of 

these five complexes only the manganese complex of I-28 (I-31) was found to be 

monomeric in the solid state. While there were C-N...S-S contacts similar to those seen in 

I-16f and the molecule packed in non-centrosymmetric space group, an investigation of 

the magnetic properties of I-31 revealed that the antiferromagnetically coupled sets of 

manganese and radical appear to couple to their neighbouring complexes 

antiferromagnically resulting in a dramatic decrease in the χT product below 8 K. 

Since the unpaired electron in the π system of the DTDA ring has equal amounts of 

spin density on both nitrogen atoms, it would be possible to mediate magnetic coupling 

between two metals both coordinated to the same radical ligand.  This was attempted 
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using instead of a pyridyl substituent on the DTDA ring a pyramidal substituent (I-32).  

This was first reported in 2006 along with a coordination complex, bridging two 

manganese ions stabilized by hfac ligands once again (I-33).
151

 To model the magnetic  

 

  

I-32 I-33 

 

data, the complex was treated as a spin-trimer and both the coupling constants for 

the Mn-Mn interaction as well as the Mn-radical were found to be negative, indicating 

antiferromagnetic coupling.  But since the latter interaction was a factor of 20 stronger 

there was not substantial evidence of spin frustration. The magnetic data was actually 

quite remarkable for this compound since as the temperature was lowered there was a 

dramatic increase in the χT product indicating the onset of very strong ferromagnetic 

interactions which, at the time that the communication in which it was reported was 

published, were unknown.  

There was some further work conducted using this radical ligand in which the 

generation of monomeric complexes was investigated. While this was successful for Co
2+

 

and Ni
2+

, attempts to isolate the manganese complex were unsuccessful and repeatedly 
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gave a combination of 2 mononuclear units and a binuclear unit.
152

  This will be revisited 

briefly in chapter 2 for comparison purposes with the compounds discussed therein.  

There has also been limited work put towards the coordination of DSDA radical 

ligands. The only other reports prior to the DSDA complexes discussed in chapter 2 were 

obtained using the phenyl substituted DSDA in reactions similar to those carried out for 

I-24 and I-25. The radical was reacted with excess Pt(dppe)2 to give a green compound 

which exhibited a broad singlet EPR spectrum with satellites from the phosphorus atoms 

and was found to be compound I-34.  This green colour quickly dissipated however,  

giving a yellow solution with a precipitate.  There was still an EPR signal; however the g 

value and coupling parameters confirmed that it was the uncoordinated radical. The  

 

 
 

I-34 I-35 

 

precipitate was found to contain two different platinum species.  One was 

analogous to the trinuclear I-25, however a different compound I-35 was also observed in 

which one of the selenium atoms had been lost to give a 5 membered ring with platinum. 

Both nitrogen atoms were protonated and the cationic charge was stabilized by a chlorine 

atom.
153

 The nature of this counter-ion and the source of protonation were not 



50 
 

determined, however it was believed that the chlorinated solvents (CH2Cl2 and CDCl3) 

may have played an important role. It was discovered that the rate of this reaction was 

enhanced when a source of H
+
 was introduced. This was also seen for the sulfur 

analogue. A similar reaction took place when Pt(PPh3)4 was reacted with the phenyl 

DSDA giving the selenium analogue of I-24 which quickly decomposed to the selenium 

analogue of I-25. 

 

1.5 Thesis Overview 

Technological advancements have begun to increase at a dramatic rate since the 

dawn of the information age.  The development of computer technology specifically has 

begun producing smaller and smaller devices, requiring a substantial amount of research 

to be put towards designing systems which can operate at significantly reduced 

dimensionalities.
154

 This requires adjustments to the both engineering of the devices into 

which these materials are incorporated as well as the materials themselves.  However as 

the size of these systems decreases, the rules which govern their behaviour will no longer 

be the same. Incorporating molecular materials in this way will require a paradigm shift 

in computer technology. 

Organic radicals are strong candidates for molecular materials as the unpaired 

electron will impart a magnetic moment to the molecule allowing it the potential to act as 

a magnetic domain. There are a number of applications in which these types of 

compounds have already found utility such as spin labelling and spin trapping as well as 

EPR imaging.
155

 The molecular nature of these species allows the possibility of fine 

tuning the structure by introducing different molecular components which allows for 
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changes related to geometric, chemical and electronic properties. The incorporation of 

metal ions can increase spin and magnetoanisotropy which means that it is important to 

design organic radicals which can act as ligands. 

Radicals containing sulfur and nitrogen in the heterocyclic components of the spin 

bearing rings are of particular interest as they have been shown to exhibit a myriad of 

material properties. These properties have been reviewed in previous sections of this 

chapter and range from bistability
22 

with large hysteresis centered at room temperature, 

magnetic behaviour, including ordering and spin-canting,
81

 to activated and even metallic 

conductivity.
117

  

The large number of material properties is the primary driving force which has 

motivated the selection of thiazyl radials as the focus of this thesis.  We endeavor to 

design ligands from thiazyl building blocks, thereby creating new paramagnetic ligands 

and metal complex architecture, but more importantly the possibility of tapping into the 

unique material properties of the thiazyls themselves.  The first step is to create new 

paramagnetic ligands and test their coordination properties.  Then the properties resulting 

from intramolecular interactions can be probed.  Ultimately intermolecular interactions 

(either ligand-ligand interactions or ligand-metal interactions) giving rise to materials 

properties are of interest. Ligand and complex design will be adjusted in pursuit of 

magnetic, conductive and other bulk material properties and combination of properties. In 

particular we introduce molecular components which will improve on our previous 

designs by making the radicals more suitable donors for metal ions. In addition we probe 

metal-ligand intermolecular contacts is to use the addition of the metal ions to foster 
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intermolecular contacts which could give rise to enhanced magnetic properties and to 

determine the mechanism which actually gives rise to the observed behaviour. 

 In Chapter 2, a DTDA or DSDA radical substituted with a pyramidal ring is used to 

link two identical metal ions which possess ancillary hfac ligands.  The intramolecular 

exchange properties are examined to determine how the radical ligands can be used to 

mediate magnetic coupling between the nuclei.  Also discussed here is the first example 

of a diamagnetic metal coordinated to a paramagnetic ligand which provides important 

insight as to how the coordinated radical behaves in a coordination complex without 

interference from the magnetic contribution from the metal ions. Of particular interest are 

the intermolecular contacts which give rise to an increase in the χT product of several of 

the compounds which are discussed. 

Chapter 3 describes attempts at the development of a radical anion based on an 

ortho-quinone molecular framework to take advantage of the superior donor properties of 

the anion while maintaining the paramagnetic properties of the ligand.  While no 

coordination complexes are presented, preliminary investigations related to the 

development of suitable candidates are proposed.  

Chapter 4 is somewhat out of context as it discusses the polymorphic properties of a 

common by-product which forms from the reduction of a chloride salt to the respective 

radical for 1,2,3-DTA and 1,2,3,5-DTDA systems.  The polymorphs of 

triphenylantimony dichloride are substantially different from one another and can exist in 

chiral, achiral, centrosymmetric or noncentrosymmetric space groups.  Experiments were 

performed to determine the conditions under which each of these polymorphs are formed.  
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Finally, the last chapter reviews the work which has been done on several projects 

which possess the 1,2,3-DTA moiety.  While these projects are not complete, the 

preliminary work which is presented shows how to obtain the precursors for the target 

radical systems which have each been designed to potentially act as radical ligands for 

mononuclear coordination complexes.  The data obtained from investigating the intra- 

and inter-molecular exchange properties of these systems will allow for a greater 

understanding the behaviour of these types of complexes at the molecular level. This 

research lays down the fundamental ground work which must be known before molecular 

materials can find greater utility in future technology.   
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Chapter 2 - Structural and Magnetic Properties of Binuclear Coordination 

Complexes of 4-(2′-pyrimidal)-1,2,3,5-Dithiadiazolyl and 4-(2′-pyrimidal)-1,2,3,5-

Diselenadiazolyl Radicals 

 

2.1 General 

Diselenadiazolyl (DSDA) based radicals have not been explored quite as extensively 

as their lighter congeners, dithiadiazolyl (DTDA) based radicals. While there are quite a 

few examples of DTDA based radicals coordinated to metal centers,
1
 prior to the two 

DSDA coordination complexes discussed in this thesis, there were no examples of N-

coordinated DSDA based radicals acting as a ligand in a stable, isolable compound.
2
 The 

work discussed with respect to this project is complimentary to work that was completed 

several years prior in our lab by another student
3
 and so several examples from that work 

will be used for comparison. The radical pymDSDA (II-1) is the selenium containing 

analogue of the DTDA radical (II-2), the metal complexes of which are of the general 

structure M(hfac)2·pymDTDA, where M = Mn, Co and Ni.  

 

2.2 Synthesis 

2.2.1 pymDSDA Radical 

The synthesis of pymDSDA is carried out starting with 2-cyano pyrimidine, which is 

commercially available from Aldrich.  The synthesis of the trisilyl amidine (II-3) was 

carried out in earlier work in order to develop the DTDA analogue
3
 using adapted 

literature methods.
4
 The compound II-3 was reacted with one molar equivalent each of 
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selenium tetrachloride and powdered selenium to afford the chloride salt pymDSDACl 

(II-4).  The combination of selenium tetrachloride and selenium powder in acetonitrile 

results in the in situ formation of selenium dichloride, which is the reactive intermediate 

used to form II-4.
5
  The reaction was stirred with gentle heating for approximately one 

hour, during which time II-4 precipitated from solution as a bright orange powder.  

The pymDSDA radical was obtained by suspending II-4 in acetonitrile and reacting 

it with one half equivalent of triphenylantimony.  Refluxing the reaction mixture for 90 

minutes was required to push the reduction to completion, after which time the 

 

 

Scheme 2-1.  Synthesis of II-4 and II-1 from II-3. 

 

black solid was separated from the clear, pale yellow filtrate (see scheme 2-1).  The 

precipitate was then sublimed at 110 °C at 10
-2

 torr to give large, dark purple blocks of 

the pymDSDA radical (II-1) shown to be pure by elemental analysis. Only material 

which had been purified by this method was used for subsequent metal coordination 

experiments as well as magnetic measurements.  
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2.2.2 pymDSDA Coordination Complexes 

The syntheses of [Ni(hfac2)2]·pymDSDA (II-5) and [Mn(hfac2)2]·pymDSDA (II-6) 

were carried out in a similar fashion to that of the pymDTDA coordination complexes
3 

except that the solubility of the selenium-based radical was much lower than the sulfur-

based analogue. The amount of solvent that was required to achieve complete 

homogeneity of the radical solution in methylene chloride was a factor of 10 greater for 

II-1 than for II-2.  In a typical reaction, the methylene chloride was distilled directly 

from CaH2 into a side-arm-round-bottom-flask containing crystalline II-1.  This solution 

was a dark yellow/golden colour, in sharp contrast to the deep violet colour observed for 

an analogous solution of II-2.  For a typical 100 mg reaction scale of II-1, approximately 

300 mL of solvent was required.  Due to the high molecular weights associated with the 

metal containing precursors, and the fact that 2 molar equivalents were necessary to 

achieve the correct reaction stoichiometry, a substantial quantity of the metal containing 

material was required (usually on the order of 350-450 mg for 100 mg of radical). 

However the hfac ligands greatly enhance the solubility of these metal containing starting 

materials such that usually only 20-30 mL of methylene chloride were required to 

achieve complete homogeneity. After both solutions were prepared, the solution 

containing the M(hfac)2·2THF was added to the solution of pymDSDA, resulting in an 

immediate colour change.  This reaction is outlined in scheme 2-2.   

The reaction mixtures were allowed to stir at room temperature for one half an hour, 

although usually no further change was observed. The resulting coordination complexes 

are also usually quite soluble in methylene chloride resulting in a completely 

homogeneous solution, so the solvent must then be removed by flash distillation to 
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provide a dry, dark, free-flowing residue (crude yields tended to be quite greater than 

90%) which is then placed on a gradient tube furnace to give a purified crystalline sample 

of the target species by sublimation in preparative quantities. The purified yields were 

usually on the order of 35-45%. This is quite remarkable considering that the molecular 

weight of the species investigated exceed 1000 g/mol.  The high volatility of these 

complexes can be attributed to the nature of the ancillary hfac ligands.  

 

Scheme 2-2. Reaction sheme illustrating coordination of II-1 to give II-5; M = Ni and II-6; M = Mn.. 

 

This synthesis was successfully achieved for the nickel and manganese ions as 

outlined in scheme 2-2. An analogous synthesis was attempted using cobalt, however X-

ray quality crystals suitable for structural analysis were not obtained. It is believed that 

the compound thermally decomposed before the temperature for sublimation was 

achieved at the reduced pressure. While several attempts at sublimation gave very low 

yields of micro-crystalline material, we were never able to obtain enough for 

characterization. Solution recrystallization was not considered due to the fact that the 

high solubility of the metal-hfac species tends to be quite high and do not easily 

precipitate from solution.  
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2.2.3 DTDA Coordination Complexes of Zinc 

The synthesis for the pymDTDA radical established by my predecessor
4 was 

followed to obtain pure, crystalline II-2 for the coordination to the Zn(hfac)2 fragment.  

The Zn starting material was prepared from Zn(hfac)2·2H2O
6
  and converted to the 

anhydrous bis-THF adduct in a similar fashion to that used for the other transition metal 

starting materials.
7
 The dimerization of the sulfur species is not nearly as strong as the 

selenium analogue II-1 and so not nearly as much solvent is required to fully dissolve the 

radical. In a typical synthesis, II-2 is dissolved in 20-30 mL of distilled methylene 

chloride to give a dark violet, homogeneous solution while two equivalents of the zinc 

starting material are dissolved in an equal volume of the same solvent, in a  

 

 

Scheme 2-3.  Reaction scheme outlining syntheses of II-7 and II-8 and the different sublimation 

conditions. 

 

separate flask.  As a white powder, the zinc containing starting material produces a 

colourless solution once dissolved. An immediate colour change is induced when the 
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solution of the metal containing starting material is added via syringe to the solution 

containing the radical. The resulting reaction mixture is stirred for half an hour to ensure 

the reaction is complete and the solvent is flash distilled to, give a dark, free-flowing 

powder, with a crude yield greater than 90%.   

The same reaction procedure was used to give both the exclusively binuclear zinc 

coordination complex (II-7) and the co-crystalline combination of two mononuclear zinc 

complexes and one binuclear zinc complex (II-8), and each was obtained as an 

elementally pure sample using different sublimation conditions.  The complex II-7 was 

discovered first as large, pale blue blocks via sublimation on a gradient temperature tube 

furnace at 120 °C.  On a separate occasion, a different tube furnace was used on another 

portion of the residue from the same reaction pot to give smaller, darker, needle shaped 

crystals of II-8 at the same temperature.  The furnace that was used to obtain II-7 was 

operating at a lower vacuum, which was measured to be approximately a factor of ten 

lower than that required to obtain II-8.  The reaction equations are summarized in 

Scheme 2-3. 

 

2.3 Characterization 

2.3.1 Infrared Spectroscopy 

The infrared spectroscopic data collected for the complexes does not tend to be 

extremely useful for identifying whether or not the reaction has occurred.  The spectra are 

dominated by the stretches associated with the ancillary hfac ligands which do not change 

substantially after coordination of the neutral radical ligand. As a consequence, the only 
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indicators tend to be very weak stretches in the fingerprint region which are shifted 

slightly when compared with the spectrum of the pure radical. There is one large peak 

around the 1470-1490 cm
-1

 region that has a considerable shift and this has been labelled 

for each spectrum.  Also the peak at around 882 cm
-1

 which is present in each of the 

metal containing precursors is no longer present in the radical coordination complexes. 

Figure 2-1 shows the infrared transmission spectra for each of the metal complexes 

overlaid with the respective radical and metal starting material.  

 

a 

 

b 

 

 

Figure 2-1.  Infrared spectra from 2000 cm
-1

 to 420 cm
-1

of a) II-1, Ni(hfac)2·2THF and II-5.  b) II-1 

Mn(hfac)2·2THF and II-6. 
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c 

 

d 

 

 

Figure 2-1.  Infrared spectra from 2000 cm
-1

 to 420 cm
-1

 of c) II-1, Zn(hfac)2·2THF and II-7 d) II-1, 

Zn(hfac)2·2THF and II-8. 

 

As can be seen from Figure 2-1, the spectra for each of the metal containing starting 

materials are similar to the corresponding DSDA or DTDA metal coordination 

 complexes.  Only a handful of peaks in each set of spectra have been labeled.  These are 

the peaks which provide some evidence as to whether or not the reaction has occurred 

successfully.  Also included are the carbonyl stretches associated with the hfac moieties 

of the metal complexes to illustrate the lack of any substantial change in this part of the 

molecule.  
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In Figure 2-1a, the nickel complex has a very strong peak at 1471 cm
-1

 which is most 

likely a result of a peak from the metal-containing starting material which has shifted 

slightly.  The other labelled peaks 1421, 831, 647 and 427 cm
-1

 can be seen in the 

spectrum for the radical but barely rise above the baseline in the coordination complex.  

In Figure 2-1b, the spectrum for the manganese complex has a shoulder appearing in the 

same region as the peak at 1471 cm
-1

 from the previous example. Also, once again, there 

are low intensity peaks in the coordination complex that can be attributed to the radical at 

824, 650 and 635 cm
-1

. 

The infrared spectra for the two DTDA zinc coordination species are fairly similar to 

one another as the binuclear molecular complex is present in both samples.  The carbonyl 

hfac stretch is 1646 cm
-1

 for both and does not change after coordination of the neutral 

radical. The other diagnostic peaks that can be picked out of the baseline of the 

coordination complex, 840/841, 716, 647 cm
-1

 are the same for both sets of spectra. There 

are two peaks at 1135 and 796 cm
-1

 which are present for II-8 which appear to be less 

apparent for II-7. It is possible that these stretches may be a differentiating feature for 

these spectra. While these data provides some immediate evidence for successful 

coordination, elemental analyses and crystallographic measurements are required to 

determine unambiguously that the target compounds have been created. 

 

2.2.2. EPR  

A very dilute, golden yellow solution of II-1 in methylene chloride was prepared and 

analyzed via EPR spectroscopy.  The result was a large featureless absorption similar to 

that obtained for other DSDA radical species reported in the literature,
8
 and can be 
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attributed to the higher degree of spin-orbit coupling expected for the heavier selenium 

atoms in this species when compared to the sulfur analogues.
9
 The spectrum for II-1 is 

shown in Figure 2-2 a. 

The binuclear zinc complex II-7 was also analyzed via EPR spectroscopy by creating 

a very dilute solution of the compound in methylene chloride such that the solution 

possessed no discernible colour.  The spectrum is very similar to II-2 such that it is a 

simple 5-line pattern with intensity ratios of approximately1:2:3:2:1, indicating coupling 

to 2 equivalent nitrogen atoms.  There are however several differences between the two 

spectra. The first is that the nitrogen coupling constant for II-7 (aN = 4.82 G) is smaller 

than that observed for II-2 (aN = 5.12 G), suggesting that spin density is delocalized away 

from the N atoms.  Also, the g value for the metal complex (g = 2.038) is increased when 

compared to the value for the uncoordinated radical (g = 2.010).
3
 Interestingly the 

increase in the g-shift is approximately the same for pymDSDA (g = 2.0382). 

 

   

a b c 

Figure 2-2. EPR spectra of a) II-1, g = 2.0382, b) II-7, aN = 4.82, g = 2.038 and c) II-2 aN = 5.12,  

g = 2.010. 

 

  

file:///C:/Users/Dan/Desktop/Full%20Thesis/Chapter%202.docx%23_ENREF_9
file:///C:/Users/Dan/Desktop/Full%20Thesis/Chapter%202.docx%23_ENREF_3


75 
 

2.2.3 Cyclic Voltametry 

The cyclic voltametry of II-1 was examined as a 4 mM solution in acetonitrile, using 

tetrabutylammonium hexafluorophosphate as the supporting electrolyte at a concentration 

of 0.18 M.  As shown in Figure 2-3, the oxidation process is chemically reversible with 

an E½ of 0.657 V vs. SCE, ΔEpp = 158 mV.  The reductive process is not reversible, 

which is a common observation for these types of compounds and could be a result of the 

additional electron destabilizing the selenium-selenium bond causing it to suffer 

reductive cleavage.
10

 The cathodic peak potential in the reductive process was measured 

to be -0.912 V vs. SCE.  These data were standardized using the fc/fc
+
 couple which, in 

acetonitrile with [
n
Bu4N][PF6], has an E½ value of 0.40 V vs. SCE.

11
  

 
 

 

Figure 2-3. Cyclic Voltamagram of II-1 showing individual peak potentials. The oxidative direction is to 

the right and the reductive direction is to the left.  
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2.2.4 X-ray Crystallography 

DTDA and DSDA radicals often form dimers in the solid state due to the fact that 

pairing the electron from the singly occupied molecular orbital (SOMO) to form dimers 

will result in an overall lower energy.  Compound II-2 reported in a previous 

communication
3
 dimerizes in a cis-cofacial motif, common to many DTDA radicals.

12,13
  

Compound II-1, by contrast, dimerizes in the trans-cofacial motif.  This dimerization 

mode is not uncommon for DTDA radicals,
14

 however this is first example of a DSDA 

radical dimerizing in this fashion and can be accounted for by the high  

 

 
 

 

II-1 

150 K 

Molecular 

Formula 

 

C5H3N4Se2 

space group P 21/c 

R 5.24 

Z 4 

a, Å 9.1678(16) 

b, Å 10.2767 

c,  Å 7.7130(13) 

β, ° 101.622(7) 

V, Å
3
 711 

Table 2-1. X-ray crystallography data 

for II-1. 
  

 Figure 2-4. X-ray crystallographic representation of II-1, 

showing trans cofacial dimerization. 
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propensity for intermolecular Se-N contacts.
15

  The distance between DSDA centeroids 

defined by the 5 atoms of the DSDA ring was found to be 3.155(11) Å (see Figure 2-4) 

and important crystallographic parameters are summarized in table 2-1. 

The nickel and two zinc coordination species discussed in this chapter have roughly 

octahedral coordination geometry about the metal centers.  This is consistent with the 

fairly high ligand field stabilization energy that is expected for an octahedral d
8
 system 

for II-5 and the angles do not deviate from the ideal 90° by more than 3 or 4°. 

 

  

a b 

 
 

c d 

Figure 2-5.  ORTEP depictions of the single crystal X-ray structures of a) II-5, b) II-6, c) II-7 and d) II-8 

showing 1 molecular unit of each complex demonstrating the local geometry about the metal centers. 

Thermal ellipsoids at 50%, F and H atoms have been omitted for clarity. 
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The d
10

 zinc complexes II-7 and II-8 however, behave differently as the local angles 

around zinc are, on average, much further from the ideal 90°, as is expected for a d
10

 

system as it possesses no ligand field stabilization energy.  However these complexes are 

still most accurately described as possessing octahedral site geometry.  The coordination 

geometry about the manganese ion in complex II-6, by contrast, can be better described 

as trigonal prismatic and is roughly the same for both of the molecules in the asymmetric 

unit.  This is consistent with a six-coordinate high-spin d
5
 complex which would also 

theoretically possess no ligand field stabilization energy.   

The most important aspect of the crystallographic data is the crystal packing 

information.  The binuclear DSDA nickel complex II-5 was shown to have close Se...Se 

contacts between neighboring complexes which are well within the sum of the van der 

Waal’s radii for two selenium atoms at 3.215 Å, shown in Figure 2-6. 

 

Figure 2-6.  Crystallographic representation of neighboring DSDA nickel complexes II-5 showing close 

Se...Se contacts.  The backbone of the ancillary hfac ligand and H atoms have been removed for clarity. 

 

Of all the examples of binuclear coordination complexes of II-2 and II-1, this is the 

only molecule that forms dimers which have necessarily adapted the trans-antarafacial 
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dimerization motif. One possible explanation for the sulfur containing complexes is that 

the atomic radius of the sulfur atoms may not be large enough to overcome the steric 

hindrance introduced by the bulkiness of the ancillary hfac ligands.  The manganese 

coordination species II-6, which also contains selenium did not form dimers, but actually 

was shown to be isomorphous to the sulfur containing analogue [Mn(hfac)2]2·pymDTDA 

(II-9), reported in a previous communication.
3
  

 

 

 

b 

 

 

a c 

Figure 2-7. a) Unit cell of II-6 depicting the ligand disorder and showing the two molecules in the 

asymmetric unit.  b)  Linear propagation of Molecule 2 with ligand shown in head-to-tail orientation.  

 c) Linear propagation of Molecule 2 with ligand showing head-to-head and tail-to-tail orientations.  The 

backbone of the ancillary hfac ligands have been removed in all cases for clarity. 

 

The packing of the manganese complexes differs greatly from other binuclear DTDA 

and DSDA coordination complexes.  There is disorder with respect to the orientation of  
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 II-5 II-6 II-7 II-8 

Formula C25H7F24N4Ni2O8Se2 C25H7F24N4Mn2O8Se2 C25H7F24N4Zn2O8S2 C55H17F48N12Zn4O16S6 

colour purple red-brown green purple 

FW, g/mol 1222.69 1215.15 1142.21 2467.65 

a, Å 10.620(2) 8.9576(5) 21.486(4) 19.884(4) 

b, Å 14.630(3) 12.2520(7) 16.218(3) 8.8599(18) 

c,  Å 14.893(3) 18.6441(11) 13.036(3) 23.216(5) 

α, ° 67.20(3) 96.563(4) 90.00 90.00 

β, ° 70.41(3) 91.865(4) 124.77(3) 100.73(3) 

γ, ° 85.75(3) 110.633(4) 90.00 90.00 

V, Å
3
 2005 1896 3731 4018 

space group P(-1) P(-1) C2/c P21/n 

Z 2 2 4 2 

T, K 150(2) 150(2) 150(2) 150(2) 

R 0.0598 0.0499 0.0533 0.0509 

  
Molecule 1 Molecule 2 

 Mononuclear 

Complex 

Binuclear 

Complex 

S-S - - - 2.093(3) 2.0890(19) 2.100(6) 

Se-Se 2.3373(12) 2.328(2) 2.324(2) - - - 

M-Npym 2.096(5), 2.100(5) 2.342(11), 

2.29(3) 

2.257(9), 

2.30(2) 

2.361(9), 2.26(3) 
2.166(4) 

2.203(16) 

M-NDTDA 2.105(5), 2.087(6) 2.285(15), 

2.281(14) 

2.262(11), 

2.350(11) 

2.380(12), 

2.308(13) 

2.224(4) 2.117(16) 

 

Table2-2.  Summary of crystallographic data for II-5, II-6, II-7 and II-8, including some important bond distances. 
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the bridging ligand such that the DSDA moiety is superimposed on the pyrimidal ring 

and vice-versa. Figure 2-7 a shows that there are two molecules in the asymmetric unit. 

Molecule 1 has no significant close contacts between neighbouring molecules. However 

Molecule 2 does show a close contact between a selenium atom of the DSDA ring and 

two of the oxygen atoms on an ancillary hfac ligand of a neighbouring molecule.  These 

interactions are propagated throughout the lattice such that linear arrays of Molecule 2 

are formed [Se1_2···O21, 3.266(3) Å; Se1_2···O41, 3.055(3) Å].  

The disorder gives rise to multiple scenarios regarding the orientation of the 

molecules within this linear array or chain. If the bridging ligands all have the same 

orientation such that they are aligned head-to-tail, as in Figure 3-4 b, then the chain will 

propagate in both directions. The other possibility is that the orientation of one of the 

molecules is flipped such that a tail-to-tail orientation results in a pair-wise interaction via 

two sets of Se...O contacts and a head-to-head orientation which results in no close 

contacts and the termination of the chain.  Both of these possibilities are shown in Figure 

3-4c.  These observations are very important with respect to the interpretation of the 

magnetic data and will be revisited in the discussion. 

The binuclear zinc complex II-7 is isomorphous to a previously isolated compound 

[Co(hfac)2]2·pymDTDA (II-10), both existing in the C2/c space group.
2
 There are no 

substantial close contacts between neighboring molecules in these crystal lattices, as seen 

in Figure 2-8a. Another noticeable feature is that there is some disorder of the bridging 

ligand arising from the fact that it resides on a mirror plane, however this does not have 

any significant impact on the nature of the data obtained pertaining to this compound. 

file:///C:/Users/Dan/Desktop/Full%20Thesis/Chapter%202.docx%23_ENREF_2


83 
 

Interestingly the other zinc complex II-8 is isomorphous to a co-crystalline 

manganese complex [Mn(hfac)2·pymDTDA]2 [Mn(hfac)2]2·pymDTDA (II-9′) which was 

also reported previously,
7
 both existing in the space group P21/n with 2 mononuclear 

coordination complexes and 1 binuclear complex in the asymmetric unit.  These 

 

 
 

a b 

Figure 2-8. a) Unit cell of II-7.  b) Mononuclear component of II-8 showing intermolecular close S...N 

contacts. 

 

  

compounds have a much more interesting crystal packing arrangement than II-7 and II-

10 such that the binuclear component of each is oriented analogously to that observed in 

Molecule 2 of II-6 and II-9 as seen in Figures 2-7 a-c. By contrast, the mononuclear 

component is oriented such that there are close intermolecular S...N contacts forming a 

zig-zag linear array of the mononuclear complexes.  The nature of these contacts is very 

similar to that observed in DTDA crystal lattices
12

 and Rawson has classified these  
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contacts into four different interaction modes.
16

 The intermolecular contacts in II-8 and 

II-9′ are closest to the SN-I interaction and the SN-IV interaction, but distinctly different 

enough from both to be classified as a novel interaction mode coined SN-V,
2
 see Figure 

2-9.  

 
  

SN-I SN-II SN-III 

  

SN-IV SN-V 

 

Figure 2-9.  DTDA interaction classifications SN-I, SN-II, SN-III and SN-IV as well as the new SN-V to 

describe the interactions in the mononuclear component of II-8 and II-9′. 
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2.3 Magnetic Measurments 

2.3.1 pymDSDA II-1 

The magnetic susceptibility was measured for the radical pymDSDA, showing that it 

is diamagnetic. This is consistent with the dimerization observed from the X-ray 

crystallography examined previously (Figure 2-4).  The χT product is negative at room 

temperature and the value does not change substantially as the temperature is lowered 

from 300 K down to 1.8 K. 

 

2.3.2 [Ni(hfac)2]2·pymDSDA II-5 

The NiDTDA complex [Ni(hfac)2]2·pymDTDA II-11, while reported in a previous 

publication
2
 will be reviewed here briefly to compare it to II-5.  The magnetic 

susceptibility for II-11 at 1000 Oe, seen in Figure 3-7 shows a steady increase in the χT 

product from 3.1 cm
3
 K mol

-1
 at room temperature to 4.2 cm

3
 K mol

-1 
at 25 K which is 

very close to the value of 4.377 cm
3
 K mol

-1
 that is expected from the approximation 

from equation 1.8, indicating dominant ferromagnetic (FM) interactions between the two 

nickel(II) nuclei and the radical.  The observed coupling results in an overall ground state 

spin of ST = 5/2. This can be seen in Scheme 2-4 a. This is followed by a decrease in the 

χT product as the temperature is further lowered to 1.8 K and is likely a result of weak 

antiferromagnetic coupling between neighbouring complexes or as a result of 

magnetoanisotropy arising from the nickel ions (Figure 2-10).  Compound II-5, by 

contrast, since it is dimerized, has much different behaviour.  As the dimerization arises 

due to Se...Se contacts between two radical ligands, they can in this case be considered to 
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be acting as a closed-shell, S = 0, bridging ligand.  At room temperature, the χT product 

is 2.4 cm
3
 K mol

-1 
and remains mostly constant as the temperature is lowered to 100 K 

before a decrease down to 0.9 cm
3
 K mol

-1 
at 1.8 K indicates weak, dominant 

antiferromagnetic interactions (Figure 2-10).  

 

 

a 

 

b 

Scheme 2-4. Proposed 

coupling schemes for a) II-11 

and b) II-5 

Figure 2-10. Magnetic susceptibility (χT) of II-11 and II-5 as a function 

of temperature from 300 to 2 K at 1000 Oe. 

 

 

2.3.3 [Mn(hfac)2]2·pymDSDA II-6 

The χT product as a function of temperature from 300 down to 2 K at 1000 Oe has 

been reported for the coordination complex of the pymDTDA with manganese (II-9).
2
 

This complex was isolated and the magnetic data collected again to confirm the 

reproducibility of these results.  Complex II-6 was found by X-ray crystallography to be 

isomorphous to II-9 and so not surprisingly the magnetic data look similar (Figure 2-11).  
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The χT product for II-6 at room temperature is 8.1 cm
3
 K mol

-1
. As the 

temperature is lowered, the χT product increases to 12.5 cm
3
 K mol

-1 
at 14 K, which is 

consistent with a ground state S = 9/2, suggesting antiferromagnetic coupling between the 

two manganese ions and the bridging central radical.  As the temperature is lowered 

further, the χT product continues to increase sharply to 13.9 cm
3
 K mol

-1 
at 1.8 K.  The 

primary difference between the two sets of data is that the magnetic susceptibility of II-9 

does not plateau before the sharp asymptotic increase of the χT product down to 1.8 K.  

There are two potential explanations for this.  It is possible that the intermolecular 

contacts in II-6 are not as strong as those seen in II-9, or it may be that head-to-head 

interactions are more favourable for the selenium analogue resulting in a shorter average 

chain length. This will be explored in more detail in section 2.4. 

 

 

Scheme 2-4.  Proposed coupling 

scheme for II-6 and II-9. 

Figure 2-11. Magnetic susceptibility (χT) for II-9 and II-6 as a function 

of temperature from 300 to 2 K at 1000 Oe. 
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2.3.4 [Zn(hfac)2]2·pymDTDA (II-7) and [Zn(hfac)2]2·pymDTDA 

[Zn(hfac)2·pymDTDA]2 (II-8) 

Compound II-7 is the first example of a radical ligand coordinated to a diamagnetic 

metal center. As a result, the magnetic susceptibility only has contributions from the 

radical ligand making it a good benchmark from which to compare the radical 

coordination complexes of paramagnetic metal ions.  At 1000 Oe, the χT product at room 

temperature starts at a value of 0.375 cm
3
 K mol

-1
 and as the temperature is lowered there 

is no significant change, resulting in a flat line across the entire temperature regime. This 

Curie behaviour with a constant of 0.375 cm
3
 K mol

-1
 is indicative of well isolated spin ½ 

centers assuming g = 2.0.  

  

a b 

Figure 2-12. Magnetic susceptibility (χT) for a) II-7 and b) II-8 as a function of temperature from 300 to  

2 K at 1000 Oe. 

 

The intermolecular contacts shown in the crystal structure of the mixture of mono- 

and bi-nuclear units, II-8 suggests that the magnetic susceptibility should be more 

complex than that of the exclusively bi-nuclear complex II-7.  At room temperature the 

χT product is 1.3 cm
3
 K mol

-1 
which confirms the presence of three spin ½ centers as 
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expected from one binuclear complex and 2 mononuclear complexes. As the temperature 

is decreased at 1000 Oe the χT product decreases to a minimum value of 0.46 cm
3
 K  

mol
-1 

at 1.8 K. See Figure 2-12.  

 

2.4 Discussion 

The dimerization of the DSDA radical ligands in the nickel complex II-5 means that 

the magnetic behaviour must arise entirely from the nickel ions interacting with one 

another as indicated in scheme 2-4b.  The magnetic data has been modeled on the basis of 

an isotropic spin Heisenberg Hamiltonian: 

                     (2.1) 

 

where J is the magnetic interaction between the two nickel centers through the bridging 

ligand and      is the spin operator for the respective nickel ions.  The theoretical 

expression for the magnetic susceptibility in the weak-field approximation is:
2
 

 
 
 
 
  
   

 
 

   

  
  
       

  
   

    
  
      

  
   

 (2.2) 

 

 A good agreement with the data is achieved down to 15 K using 
 

  
 = -4.3(5) K and  

gav = 2.23(5).  The good agreement between the model and the measurement confirms 

that the radical ligand makes no contribution to the magnetic susceptibility. Importantly, 

this complex is the only known example of these types of binuclear coordination species 

that form dimers in the solid state despite the substantial steric bulk introduced by the 
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ancillary ligands and the nearly octahedral coordination sphere of the nickel ions. This is 

likely due to the propensity of DSDA radical species to associate in solution and in the 

solid state as discussed in the introduction and confirmed by experimental evidence
17

 and 

theoretical studies.
4
 

The data from 300 to 6 K just before the sharp asymptotic increase in the χT product 

for the manganese pymDSDA complex II-6 have been modeled using the isotropic spin 

Heisenberg Hamiltonian:
2
 

 

                           (2.3) 

 

which treats the coordination complex as a spin trimer composed of two manganese 

centers with S = 5/2 and a radical with S = 1/2 (scheme 2-4).  The Van Vleck equation 

has been used to establish the theoretical expression for the magnetic susceptibility in the 

low field limit and is given in equation 2.4 with fully expanded summations:
2
 

 
 
 
 
  
   

 
 

    

 
 
 
 
 

 
 
 
          

    

     

  

         
    

     

   

    

     
   

     

   

         
   

     

   

       
   

     

   

    

     
    

     

  

        
    

     

   

        
   

     

   

    

    
   

     

   

       
   

     

   

     
 
 
 
 

 
 
 
 

 (2.4) 

 

As the χT product approaches 6 K, it begins to plateau at a value very close to that 

expected from equation 1.8 of 12.375 cm
3
 K mol

-1
 for an isolated S = 9/2 spin system. 
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However, as the temperature is lowered further the χT product increases to  

13.9 cm
3
 K mol

-1
 at 1.8 K with a steep slope. 

As stated previously, this behaviour is very similar to that reported for the sulfur 

containing analogue, II-9.  At the time that II-9 was reported, the origin of the sharp 

increase in χT at low T was unknown, but a coordination complex of 4-(2′-benzoxazolyl)-

1,2,3,5-DTDA with Mn
2+

 and two ancillary hfac ligands (II-12)
18

 revealed an important 

feature that these complexes can potentially possess which gives rise to this type of 

result. Compound II-12 exhibits antiferromagnetic coupling between the metal  

center (S = 5/2) and the radical to give an overall S = 2 for the complex.  This can be seen 

in the χT vs T data by a decrease in the χT product as the temperature is lowered from 

300 K down to 50 K.  However, below this temperature the susceptibility increases 

sharply to a value consistent with a ground state spin of twice the expected value for a  

 

 

 

II-12 
Figure 2-13. Intermolecular contacts in II-12 which give rise 

to sigmoidal χT vs logT data. 
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single molecular unit.  Upon closer inspection of the crystallographic data it was noted 

that there were close contacts between the sulfur atom of the DTDA ring and an oxygen 

atom of one of the ancillary hfac ligands of a neighbouring molecule which were within 

the sum of the van der Waals radii of the two nuclei. This interaction which can be seen 

in Figure 2-13 resulted in an additional antiferromagnetic exchange term between the 

radical from one molecule and the metal center of another.  The outcome was that the 

spin vectors for the two manganese ions were oriented the same direction for a total spin 

of S = 5. The antiferromagnetic coupling interaction resulted in the two radical units 

having the opposite spin reducing the ground state spin to S = 4 for the two-molecule 

system.  

Calculations were carried out on II-12 and it was determined that the sulfur atom had 

substantial positive spin density and the oxygen which it was close to, possessed negative 

spin density.  The shape of the molecular orbitals located at the positions of the atoms in 

question was such that a non-orthogonal overlap would be expected to give rise to the 

observed antiferromagnetic coupling.  

This was important as it provided insight to the pathway of the intermolecular 

communication for II-6 and II-9 that had previously been missing. These same close S-O 

(or in the case of II-6, Se-O) contacts were present as depicted in Figure 2-7.  However 

another important feature of this data was the presence of the disorder of the radical 

ligand. Figure 2-7 a shows that the pyramidal ring is super-imposed on the DSDA and 

vice versa indicating that throughout the crystal lattice there is no preferred orientation of 

the radical ligand.  There are two differently oriented molecules within the unit cell of II-

6, and Molecule 1, as defined in Figure 2-7a, has no substantial close contacts with 
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neighbouring complexes. However Molecule 2 exhibits the Se-O contacts analogous to 

those observed in II-12. This gives rise to multiple scenarios of intermolecular contacts 

which are depicted in Figures 2-7 b and c. If the ligands are all oriented in the same 

directions as in Figure 2-7 b, then head-to tail interactions give rise to a repeating chain 

of molecules. However, because of the disorder, some of these molecules have the 

opposite orientation. Figure 2-7 c shows what occurs when the orientation of the central 

molecule is reversed.  This results in a tail to tail, pair-wise interaction where the two 

DSDA rings are pointed toward one another similar to that observed for II-12. This 

interaction does not necessarily mean that a chain propagation will be stopped as, if the 

third molecule in the chain segment shown were oriented such that the DSDA ring were 

pointed toward the hfac oxygen atoms, then the Se-O interactions would not be 

interrupted. However with the two pyramidal rings pointed toward one another as is 

depicted in the Figure, there are no close contacts between neighbouring complexes 

which would result in the termination of a chain.  

Statistically speaking, it is possible that these head to head interactions occur 

frequently, giving rise to a variety of different sized oligomeric spin-chains.  Within these 

chains, the spin vectors for each of the manganese ions are oriented in the same direction 

due to antiferromagnetic exchange between the radical of one complex and the metal ion 

of a neighbouring molecule in conjunction with the intramolecular antiferromagnetic 

exchange, providing a likely explanation for the higher than expected χT value at low 

temperature.  

As indicated in chapter 1, the flat slope in the positive region of the χT vs T plot for 

the binuclear zinc complex II-7 indicates that this complex exhibits Curie behaviour 
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across the entire temperature regime with a Curie constant of 0.375 cm
3
 K mol

-1
.  The 

crystal structure which is isomorphous to the DTDA cobalt complex reveals no close 

contacts and so there does not appear to be an obvious pathway for magnetic exchange 

between neighbouring complexes.  So while the addition of steric bulk is sufficient to 

prevent the DTDA from forming dimers, in this case it is also enough to prevent any 

communication within the lattice resulting in a near-ideal paramagnet. 

The mixed zinc complex II-8 however shows more complex behaviour. At room 

temperature the χT product has a value of 1.3 cm
3
 K mol

-1
 which is consistent with the 3 

isolated spin ½ centers expected from the two mononuclear and one binuclear species 

present. As the temperature is lowered, a decrease in this value indicates the presence of 

antiferromagnetic exchange coupling. Looking at the crystal structure it is interesting to 

note that the binuclear component of the compound has the molecules oriented such that 

they have the same orientation as Molecule 2 of the manganese complexes II-6 and II-9.  

However the intermolecular interaction of the sulfur from the radical and the oxygen of 

the ancillary hfac ligand do not provide a pathway for magnetic exchange in this case, as 

the metal is diamagnetic and so this particular component on its own would potentially 

have behaviour analogous to II-7 and be purely paramagnetic. So examining the 

mononuclear component for signs of intermolecular communication, we see that indeed 

these molecules form chains in the solid state along the [010] direction. As shown in 

Figure 2-8b, the two sulfur atoms of the DTDA ring are oriented such that they are fairly 

close to the nitrogen atoms of the vacant N,N′ pocket of the neighbouring complex. The 

interaction of the sulfur atom with the nitrogen atom of the pyramidal ring would not 

have a substantial contribution to the magnetic exchange as the spin density on this 
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nitrogen atom would be very little and arise purely from spin polarization.  Therefore the 

exchange pathway is most likely arising from the interactions with the other sulfur atom 

of one complex which is close to the nitrogen atom of the DTDA ring which bears the 

majority of the spin density. Using the analytical expression of Bonner-Fisher for the 

chain with the Hamiltonian defined in equation 2.5:
2
 

                         
 

   
 (2.5) 

 

as well as an additional S = ½ Curie contribution from the binuclear units, the magnetic 

data were fit fairly well down to 1.8 K with an antiferromagnetic coupling constant of 

J/kB = -31.6(5) with gav = 2.23(5) (Figure 2-12 b). 

Compounds II-7 and II-8 are the first example of a DTDA radical ligand coordinated 

to a diamagnetic metal ion and therefore serve as a benchmark for analyzing the magnetic 

contributions from the ligand alone without the additional magnetic contributions of the 

metal ions.  This could serve well for analyzing the magnetic influence of the DTDA 

ligand for complexes in which the metal ions exhibit significant magnetoanisotropy such 

as in the cobalt complex II-10 where the magnetic exchange of the two cobalt ions makes 

it difficult to ascertain the features of the susceptibility which arise only from the 

interactions of the ligand and metal spins. Also, as the mixed compound II-8 is 

isomorphous to the manganese complex II-9′,
19

 it could serve to shed light on the 

magnetic data of this compound which, due to the influence of the two S = 5/2 Mn
2+

 

centers, would be substantially more convoluted.  
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2.5 Conclusions and Future Work 

It was postulated that replacing the sulfur atoms in the manganese DTDA complex 

II-9 with selenium (as for II-6) would result in stronger intermolecular contacts between 

neighbouring molecules via the E-O contacts (E = S, Se) and that these more favourable 

bonds would foster a preference for a the formation of unbroken chains with the DSDA 

ligand oriented in the same direction (as seen in Figure 2-7 b).  It was however revealed 

that despite the difference in properties introduced by the incorporation of the selenium 

atoms, that the packing of the crystalline material was mostly unchanged, revealing the 

robustness of this particular packing motif. While it may be enticing to attribute this 

preference to the geometry around the manganese center being closer to trigonal rather 

than octahedral due to the non-rigid ligand sphere, the mixed zinc species II-8 was much 

closer to octahedral geometry and the binuclear components still formed chains via the 

same S-O contacts. One thing that these two components do have in common is that the 

hs d
5
 manganese center has a half filled shell while the d

10
 zinc complex has a completely 

filled shell which may have some influence.  It is interesting that this packing structure 

was maintained from the sulfur to the selenium analogue as the nickel complexes were 

completely different such that the selenium analogue II-5 formed dimers, in contrast to 

the monomeric DTDA coordination complex II-11.  

It would be interesting to pursue these types of manganese complexes further to 

determine if this packing motif is preferable enough to be maintained for similar radical 

ligands which may promote the formation of continuous chains of molecules such as 

those shown in Figure 2-7 b. Some possibilities include compounds II-13, II-14 and II-

15. The introduction of a cyano group as for II-13 would bolster the propensity for 
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intermolecular interactions.  While this has worked well for CN-S contacts as was 

discussed in Chapter 1
20,21

 it is less likely to give rise the contacts required to produce 

chains, but it would at least serve to differentiate the two ends of the molecule further to 

potentially influence a preference for a certain orientation. However, given the position of 

this group it is possible that it could prevent the coordination of the metal ion on the side 

with this substituent. 

 The second compound, II-14 introduces another sulfur atom through the addition of 

a thiocyanate functionality. This substituent would be in a zwitterionic form with a 

formal negative charge on the sulfur atom which could potentially inhibit the electrostatic 

preference for the sulfur oxygen contacts although it is possible that they could still form.  

 

 

 

 

E = S, Se II-15 
II-13 II-14  

 

In either case, it would serve once again to at least present some differentiation between 

the two sides of the molecule resulting in the possibility of only one orientation and 
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therefore chain formation.  However for both II-13 and II-14 it is possible that this  

 

 
 

Figure 2-14.  Pair-wise dimer formation of theoretical manganese complex of II-14 

 

difference could result in the preferred formation of the pair-wise interaction as depicted 

in Figure 2-14 c. This compound would still potentially be interesting in its own right as 

the four manganese ions would aligned in the same direction through intermolecular 

antiferromagnetic exchange coupling with the radical ligands of the neighbouring 

molecule giving a total ground state spin of S = 19. 

Compound II-15 is a known diradical
22

 with an open shell singlet ground state. In 

the solid state this compound associates strongly with itself to form diamagnetic dimers.
23

 

If this diradical were reacted with two equivalents of the manganese hfac starting  

material and the robust packing motif were maintained, then S-O contacts on both sides 

would ensure that the chains were propagated in both directions as depicted in Figure 2-

15. While the diradical is disjointed, the spin vectors for each ring would likely couple 

antiferromagnetically to the manganese ions such that the spins of the unpaired electron 

for each radical would have the same orientation. This would force the spin vectors for 
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the two manganese centers to have the same spin-vector orientation as well, as has been 

observed for compounds II-6 and II-9.  

 

 

Figure 2-15.  Chain formation of theoretical manganese complex of II-15. 

 

Some effort has been put toward the isolation of the binuclear coordination complex 

of II-15, however there were several challenges associated with it.  The strong 

association of the radical with itself in the solid state translated to poor solubility and 

refluxing conditions were required to achieve complete homogeneity of the radical 

solution prior to the addition of the metal starting material.  A colour change was 

observed when the metal containing starting material was introduced, but sublimation of 

the resulting residue provided only a very small amount of amorphous powder and was 

not enough for elemental analysis. It may be possible to explore alternative crystallization 

techniques, but the high solubility of these complexes imparted by the hfac ligands makes 

solution methods very challenging.  There is the possibility that acac ligands could be 

used in their stead, but other than the fact that this might have too dramatic an effect on 

the packing tendency of the complexes, the highly electronegative nature of the ancillary 

hfac ligands prevents the formation of S-M bonds discussed near the end of chapter 1, 

which could potentially destroy the radical character of the ligand.  
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The work presented in this chapter has shown that radical mediated magnetic 

coupling between metal ions can result in high ground state spins of binuclear metal 

coordination complexes. Intermolecular contacts can further enhance the spin properties 

and provide a pathway for magnetic exchange coupling resulting in higher than expected 

magnetic susceptibility measurements. It is possible that the robust packing structure, 

which has been demonstrated for the manganese complexes could potentially be 

exploited to foster the formation of a continuous chain of interconnected molecules with 

very high ground state spins and very interesting magnetic properties. 

 

2.6 Experimental 

General 

All reactions and manipulations were performed under an argon atmosphere using 

standard Schlenk techniques. Solvents were dried and distilled under argon prior to use: 

tetrahydrofuran (THF) dried over sodium/benzophenone ketyl; methylene chloride dried 

over CaH2; acetonitrile dried over P2O5. Selenium tetrachloride was prepared according 

to a literature procedure.
24

 The syntheses of 4-(2′-pyrimidyl)-N,N,N′- 

tris(trimethylsilyl)amidine has been reported in our preliminary communication.
3
 Metal 

bis-hexafluoroacetylacetonato) dihydrates [M(hfac)2·2H2O, where M = Ni
II
, Mn

II
, and 

Zn
II
] were prepared following a standard literature method and, prior to use, were 

converted to anhydrous M(hfac)2·2THF following previously employed methods
7
 with 

the following slight modification: sodium sulfate was added to the warm THF solution 

and then removed by filtration prior to recovery of the product.  All other reagents were 

purchased from Aldrich and used as received. IR spectra were recorded as pressed KBr 
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pellets on a Nicolet 510-FTIR spectrometer at ambient temperature. Elemental analyses 

were performed at MHW Laboratories, Phoenix, AZ. Electron paramagnetic resonance 

(EPR) spectra were recorded on a Bruker EMX spectrometer.  

 

4-(2′-Pyrimidyl)-1,2,3,5-diselenadiazolium chloride (II-4). A solution of 4,2′-

pyrimidyl-N,N,N′-tris(trimethylsilyl)amidine (1.1072 g, 3.2988 mmol) in 10 mL of 

acetonitrile was added to a solution of SeCl2 [generated in situ from SeCl4 (0.6588 g, 

2.984 mmol) and Se powder (0.2473 g, 3.132 mmol)] in 20 mL of acetonitrile and heated 

gently for 1 h.  The resulting orange powder was filtered and washed with 3 × 5 mL 

portions of acetonitrile and dried in vacuo to afford the title compound used without 

further purification, yield: 0.7026 g (69% based on amidine). νmax (KBr)/cm
−1

: 3123(w), 

3056(w), 3029(w), 3018(w), 2974(w), 2958(w), 1695(w), 1561(s), 1428(m), 1373(m), 

1358(m), 1262(w), 1188(m), 1177(m), 1100(w), 992(w), 845(w), 823(w), 781(m), 

745(m), 714(w), 680(mw), 661(w), 648(w), 631(m), 596(w), 449(w), 411(w). 

 

4-(2′-Pyrimidyl)-1,2,3,5-diselenadiazolyl (II-1). Solid triphenylantimony (2.0622 g, 

5.8408 mmol) was added to a slurry II-4 (3.5902 g, 11.489 mmol) in 100 mL of 

acetonitrile and refluxed for 1.5 h. The resulting black powder was filtered and washed 

with 3 × 20 mL of acetonitrile and dried in vacuo.  Crude yield: 2.9619 g (94% based on 

II-4). Crystals suitable for X-ray crystallography were obtained by dynamic vacuum 

sublimation (10
−2

 Torr) at 110 °C. νmax (KBr)/cm
−1

: 3122(w), 3058(w), 3028(w), 

3018(w), 2977(w), 2964(w), 1736(w), 1557(s), 1435(w), 1418(s), 1345(m), 1270(w), 

1256(w), 1226(w), 1180(m), 1106(w), 989(w), 968(w), 893(w), 877(w), 825(m), 798(w), 
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736(s), 723(s), 646(s), 632(s), 469(w), 426(w), 416(w). Anal. Calcd for C5H3N4Se2: C, 

21.68; H, 1.09; N, 20%. Found: C, 21.86; H, 1.31; N, 20.05%. The solution X-band EPR 

spectrum (CH2Cl2, 295 K) consists of one broad, featureless absorption (spectral signal 

width of ca. 150 G), with g = 2.0382, consistent with similar DSDA radical species.
8
 In 

the solid state, the magnetic susceptibility measurements reveal that II-1 is diamagnetic 

as expected on the basis of the strongly dimerized structure described. The cyclic 

voltammetry of II-1 in CH3CN (4 mM analyte; 0.18 M [
n
Bu4N][PF6] electrolyte; the 

fc/fc
+
 couple at E1/2 = 0.40 V vs SCE as the internal standard) reveals a reversible 

oxidative process E1/2 = 0.79 V vs SCE (ΔEpp = 120 mV) and a reductive process with no 

chemical reversibility 149 (cathodic peak potential Epc = −0.76 V vs SCE; anodic peak 

potential 150 Epa = −0.59 V vs SCE). 

 

[4-(2′-Pyrimidyl)-1,2,3,5-diselenadiazolyl] di[bis(1,1,1,5,5,5-hexafluoroacetyl- 

acetonato) nickel(II)] (II-5):  A solution of Ni(hfac)2·2THF (0.4466 g, 0.7238 mmol) in 

20 mL of dry methylene chloride was added to a solution of II-1 (0.1044 g, 0.3768 

mmol) in 300 mL of dry methylene chloride.  The reaction mixture was stirred at room 

temperature for 40 minutes.  The solvent was then flash distilled to give a dark solid 

residue which was sublimed at 135 °C (10
-2

 torr) to give small dark crystals.  Crystals 

suitable for X-ray crystallography were obtained by static sublimation at 130 °C (10
-3

 

torr). νmax (KBr)/cm
−1

: 3145(w), 2955(w), 2914(w), 2847(w), 1642(s), 1594(w), 1557(m), 

1530(m), 1472(s), 1370(m), 1350(w), 1257(s), 1203(s), 1148(s), 1098(w), 800(m), 

766(w), 745(w), 674(s), 650(w), 588(m), 530(w). Anal. Calcd. for 

Ni2(C5H3O2F6)4(C5H3N4Se2):  C, 24.71; H, 0.581; N, 4.61%.  Found:  C, 24.60; H, 0.73; 
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N, 4.51%.  X-ray: P-1, a = 8.9576, b = 12.2520, c = 18.6441, α = 96.563, β = 91.865, γ = 

110.63, R = 5.0. 

 

[4-(2′-Pyrimidyl)-1,2,3,5-diselenadiazolyl] di[bis(1,1,1,5,5,5-hexafluoroacetyl-

acetonato) manganese(II)] (II-6): Methylene chloride (120 mL) was distilled directly 

into a reaction flask containing II-1 (0.1106g, 0.3992 mmol) to give a homogenous 

golden solution to which a solution of Mn(hfac)2·2THF (0.4903 g, 0.7995 mmol) in 15 

mL of methylene chloride was delivered slowly via syringe. The resulting homogenous 

red reaction mixture was allowed to stir at room temperature for 45 min and the solvent 

was removed by flash distillation to leave a deep blue residue, crude yield 0.3105 g (64% 

based on II-1).  Dark red crystals, suitable for X-ray crystallography and magnetometry, 

were obtained by vacuum sublimation (10
-2

 torr) at 135 °C. νmax (KBr)/cm
−1

: 3295(w), 

3144(w), 2963(w), 2918(w), 2900(w), 2849(w), 1647(s), 1606(w), 1596(w), 1560(m), 

1534(m), 1503(m), 1483(m), 1449(w), 1399(w), 1386(w), 1366(w), 1345(w), 1324(w), 

1259(s), 1214(s), 1200(s), 1143(s), 1097(m), 1030(m), 948(w), 921(w), 873(w), 803(s), 

775(mw), 742(mw), 665(s), 637(w), 586(m), 527(w), 465(w), 452(w), 439(w), 406(w). 

Anal. calcd. for Mn2(C5H3O2F6)4(C5H3N4Se2):  C, 24.71; H, 0.581; N, 4.61%.  Found:  C, 

24.60; H, 0.73; N, 4.51%. X-ray: P-1, a = 8.9576, b = 12.2520, c = 18.6441, α = 96.563, 

β = 91.865, γ = 110.633, R = 5%. 

 

[4-(2′-Pyrimidyl)-1,2,3,5-diselenadiazolyl] di[bis(1,1,1,5,5,5-hexafluoroacetyl- 

acetonato) zinc(II)] (II-7):  A colorless solution of Zn(hfac2)·2THF (1.4182 g, 2.2701 

mmol) in 30 mL of methylene chloride was added to a dark-purple solution of II-4 
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(0.2023 g, 1.104 mmol) in 30 mL of methylene chloride. The resulting dark-blue solution 

was stirred at room temperature for 30 min. The solvent was removed by flash 

distillation, and the residue was divided into four portions, each of which was sublimed 

under a dynamic vacuum at 120 °C (10
−1

 Torr), yielding pale-blue blocks of II-7 [0.1322 

g; 10% based on Zn(hfac2)·2THF] suitable for X-ray crystallography and magnetic 

measurements. νmax (KBr)/cm
−1

 : 2961(w), 2918(w), 2844(w), 1647(s), 1596(w), 

1562(m), 1535(m), 1486(s), 1466(m), 1389(m), 1349(w), 1258(s), 1212(s), 1148(s), 

1099(m), 1033(w), 948(w), 853(w), 802(m), 764(w), 744(w), 670(m), 647(w), 587(m), 

529(w). Anal. Calcd. for C25H7F24Zn2N4O8S2: C, 26.28%; H, 0.62%; N, 4.91%. Found: 

C, 26.10%; H, 0.55%; N, 4.72%. The solution X-band EPR spectrum (CH2Cl2, 295 K) 

shows a 1:2:3:2:1 five-line pattern consistent with coupling to two equivalent 
14

N nuclei; 

g = 2.010(6), aN = 4.817 G. The coupling constant is slightly smaller than that observed 

in the free ligand. X-ray: C 2/c, a = 21.486(4), b = 16.218(3), c = 13.036(3), β = 

124.77(3), R = 5.37. 

 

[4-(2′-Pyrimidyl)-1,2,3,5-diselenadiazolyl] di[bis(1,1,1,5,5,5-hexafluoroacetyl-

acetonate) zinc(II)] bis[4-(2′-pyrimidyl)-1,2,3,5-diselenadiazolyl bis(1,1,1,5,5,5-

hexafluoroacetylacetonate) zinc(II)] (II-8): Product II-8 is prepared under essentially 

the same reaction conditions as II-7 with the exception of the use of a higher vacuum for 

sublimation. A typical procedure is as follows: A colorless solution of Zn(hfac2)·2THF 

(1.0294 g, 1.6504 mmol) in 20 mL of methylene chloride was added to a dark-purple 

solution of II-4 (0.1693 g, 0.8186 mmol) in 30 mL of methylene chloride. The resulting 

dark-blue solution was stirred at room temperature for 30 min. The solvent was removed 
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by flash distillation, and the residue was divided into two portions, each of which was 

sublimed under a dynamic vacuum at 120 °C (10
−2

 Torr), yielding dark-blue needles of 

II-8 (0.2543 g; 27% yield based on Znhfac2·2THF) suitable for X-ray crystallography 

and magnetic measurements. νmax (KBr)/cm
−1

: 3138(w), 2961(w), 2914(w), 2851(w), 

1647(s), 1586(w), 1560(m), 1532(m), 1487(s), 1463(m), 1389(m), 1348(w), 1319(w), 

1259(s), 1208(s), 1150(s), 1137(s), 1097(m), 861(w), 841(w), 813(m), 796(m), 763(w), 

743(w), 716(w), 669(m), 647(w), 586(m), 526(w). Anal. Calcd. for 

C55H17F48Zn4N12O16S6: C, 26.76; H, 0.69; N, 6.81%. Found: C, 27.12; H, 0.89; N, 6.75%.  

X-ray: P 21/n, a = 19.884, b = 8.8599, c = 23.216, β = 100.73, R = 5.09. 
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Chapter 3 - 5-oxo-5H-naphtho[1,2-d][1,2,3]dithiazol-4-yl acetate. 

3.1 General 

The compound 4-hydroxy-5H-naphtho[1,2-d][1,2,3]dithiazol-5-one (III-1),
1
 was 

originally discovered accidently while trying to isolate the neutral radical 4,5-dione-

naphtho[1,2-d][1,2,3]dithiazolyl (III-2).
1
  It was found that III-2 was sensitive to the 

presence of water and can give rise to the hydroxyl derivative III-1.  

Several attempts were made to coordinate the neutral radical III-2 to a metal center 

using a variety of metal containing starting materials; however it was postulated that lack 

of charge and adequate donor properties resulted in the coordination being unfavourable.
1
  

It is possible to reduce III-2 to a closed-shell anion, which can be isolated as the lithium 

salt which was characterized via X-ray crystallography as both a hydrate and an 

anhydrous compound.
1
  It was discovered that with a negative charge the O-O chelation 

pocket possessed strong enough donor properties to form coordination complexes with 

several metal ions. However for the antimony complex only the oxygen atom which 

possessed the majority of the negative charge is within the covalent radius of the metal 

ion [2.065(3) Å].  The second metal oxygen bond was much longer, and while outside of 

the covalent radius, was within the van der Waals radii of the metal and oxygen atoms 

[2.457(4) Å].  This can likely be attributed to the poor donor properties associated with 

the doubly bonded oxygen atom and provides some insight into why coordination of the 

neutral radical was unsuccessful.
1
  

These and related compounds were extensively explored and it was discovered by 

cyclic voltametry that the radical III-2 shows a chemically reversible reduction to the 

closed-shell anion, but a second reduction to the open shell dianion was not shown to be 
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fully reversible. We hypothesized that substitution of the hydrogen atom of III-1 with an 

alkyl group would lend itself to an accessible radical anionic oxidation state.  Several 

routes were attempted, however success was only achieved by substitution with an acetyl 

group as is described in this chapter.   

 

3.2 Synthesis 

It was discovered that the conjugate base of III-1 was unstable in the presence of 

trace amounts of acid resulting in the protonation of the anion to regenerate III-1.  As a 

consequence, the acetyl chloride that was used had to be dried and carefully purified as 

the commercial supplier produced the reagent from acetic anhydride and hydrochloric 

acid
2
 and it is very difficult to commercially obtain any acyl chloride that is free of acid 

impurities.  The HCl acid impurities can easily be removed by bubble-degassing the 

reagent with argon.  The acetyl chloride was further distilled over PCl5 to ensure the 

highest possible quality starting material.  The base used to deprotonate III-1 was 

triethylamine which was distilled over P2O5 to ensure that the base was dry prior to use. 

The addition of triethylamine to the bright red solution of freshly sublimed III-1 in 

dry THF resulted in an immediate colour change to a dark violet colour indicating the 

formation of the conjugate base of III-1.  In a typical preparation, the reaction mixture 

was usually stirred for 10-15 minutes after this addition to ensure that all of the starting 

material was reacted.  Then the distilled acetyl chloride was added via syringe which  

resulted in the formation of a heterogeneous reaction mixture containing a pale solid and 

an orange filtrate.  After stirring for two hours, the solid was removed by filtration under 

argon and dried.  The off-white powder was analyzed via 
1
H NMR and identified as 
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triethylammonium chloride which was created as a by-product to the formation of the 

acetyl adduct III-3 as shown in scheme 3-1.  The target compound is soluble in THF and 

so did not precipitate out of the solution upon formation.  The THF in the filtrate was 

flash distilled to give a free-flowing orange powder which was identified as the target  

III-3.  It was later determined that this compound could be sublimed at 120 °C and this 

purified product was used for the characterization described below.  

 
Scheme 3-1. The synthesis of III-3. 

 

 

3.3 Characterization 

3.3.1 
1
H NMR Spectroscopy 

The 
1
H NMR spectrum was obtained using DMSO-d

6
 so that it could be effectively 

compared to the previous analogous compounds which were all obtained using the same 

solvent.  The 
1
H NMR for the starting material III-1 showed peaks corresponding to five 

hydrogen atoms.  The farthest down field at δ = 10.65 ppm was attributed to the OH 

proton not only due to the shift, but also on account of the fact that it is the only hydrogen 

atom that would be incapable of coupling to any of the others.  The other peaks were 

within the region associated with aromatic protons and had shifts of δ = 8.44, 8.16 and 

7.87 ppm.  The farthest up field was integrated to two protons, while the others were 
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integrated to one proton apiece.  The 
1
H NMR for compound III-3 had quite a few 

similarities consistent with the structure being largely unchanged.  One of the primary 

differences was the disappearance of the peak at δ = 10.65 associated with the hydroxyl 

proton.  In the aromatic region, the multiplet farthest downfield was shifted to 8.44, 

consistent with the addition of an electron withdrawing acetyl group being substituted on 

the adjacent ring.  The other 2 peaks in this region were mostly unchanged, although it 

should be noted that the resolution between the peaks and the relative intensities imply 

that they may be doublets and so coupling constants were reported for each of these shifts 

in the experimental section.  There was also a new peak at δ = 2.37 ppm integrated to 

three protons consistent with a methyl group adjacent to a carbonyl carbon.    

 

 

 

Figure 3-1.  
1
H NMR spectrum for III-3 in DMSO-d

6
 at 300 MHz. There are some minor impurities. 
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3.3.2 Mass Spectrometry 

A sample of III-3 was analyzed by EI-MS.  The primary function of the mass 

spectrum was to identify the presence of the target compound and this was successful as 

the parent ion was obtained at m/z = 277 with the positive charge likely being located 

primarily on the sulfur atoms. However there was also some fragmentation worth 

mentioning.  A peak at 235 was present indicating the removal of the acetyl group, 

although this could be attributed to small amounts of the precursor III-1 contaminating 

the sample.  The m/z 207 was attributed to the further loss of CO, and the other peaks 

were difficult to identify based on the structure of the sample although may be from 

impurities.  These are reported in the experimental section at the end of this chapter. 

   

3.3.3 Infrared Spectroscopy  

The most effective diagnostic stretching vibrations for III-3 are the peaks associated 

with the carbonyl stretching frequencies.  Figure 3-2 shows the partial infrared 

transmission spectra of III-1 and III-3. The infrared spectra are only shown from 2000 to 

400 cm
-1

.  The peak at 3280 cm
-1

 which was present in the starting material which was 

attributed to the OH stretch was not present in the product III-3.  The spectrum for III-3 

also has a small peak in this location, but is most likely from a small amount of unreacted 

starting material contaminating the sample.  The most prominent difference in the IR 

spectra from 2000 to 400 cm
-1

 is the sharp peak at 1758 cm
-1

.  This peak most likely 

arises from the carbonyl of the ester as this feature is not present in the spectrum for III-1 

and is within the range expected for carbonyl stretches of esters based on an enol ether 

skeleton.  The carbonyl stretch from the C=O group attached to the ring system can be 
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seen at 1614 cm
-1

 in III-3 and has essentially not changed from III-1, measured to be 

1616 cm
-1 

which is within the maximum resolution of the method. It should be noted 

however that aromatic C-C vibrations are also in this region making it difficult to say 

with certainty that this is from the carbonyl vibration. The lower frequency for the ester 

carbonyl is consistent with the presence of the electron donating methyl substituent 

directly adjacent to the C=O carbon.  Conversely, the carbonyl stretching frequency is 

affected by the electron withdrawing ester directly adjacent to it, as well as the nitrogen 

atom from the dithiazyl ring which is four positions away from the C=O carbon, which 

both result in a comparatively shorter C-O bond distance and therefore a higher energy 

stretch.  

 
Figure 3-2.  IR transmission spectra for III-1 and III-3 with labelled peaks in the carbonyl region. 

 

The other peaks in the two spectra are quite similar as the structure has not been 

altered dramatically in the other portions of the molecule.  Some of the peaks have been 

shifted slightly and this is consistent with the different electronic properties of the new 

group which has been substituted on the oxygen atom.  
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3.3.4 X-ray Crystallography 

Crystals suitable for X-ray crystallography for III-3 were obtained by sublimation of 

the crude residue isolated after the solvent had been flash distilled to dryness.  There is 

only one molecule in the asymmetric unit as is shown in Figure 3-3.  Atoms of interest 

have been labelled in the diagram.  The C-O bond distance for the ester carbonyl is 

1.189(3) Å (C11-O3), compared to the C-O bond distance for the carbonyl group 

attached to the ring system at 1.237(7) Å (C6-O2).  The latter bond distance is 

substantially greater, confirming the interpretation of the infrared data indicating the  

higher stretching frequency of the ester carbonyl. The analogous C-O bond distance 

 

Bond 
Bond Length 

(Å) 

 

C1-O1 1.391(6) 

C11-O1 1.361(4) 

C11-O3 1.189(3) 

C6-O2 1.237(7) 

Table 3-1.  Selected bond 

distances for III-3. 

. 
Figure 3-3.  Ortep depiction of III-3.  Hydrogens removed for clarity.  

50% probability ellipsoids 
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observed in the precursor III-1 was found to be 1.241(4) Å which is unchanged within 

one e.s.d. which is also consistent with the highly similar infrared absorption  

frequencies. The nominally single bond C1-O1 distance in III-3 is 1.391(6) Å, while the 

analogous bond distance in III-1is 1.347(5) Å. While not substantial, the difference 

cannot be ignored.  This difference is most likely due to the σ-donating properties of the 

methyl group.  

 Compound III-3 has short intermolecular contacts between neighbouring 

molecules in the solid state as shown in Figure 3-4. The oxygen of the carbonyl attached 

to the ring is oriented directly toward the two sulfur atoms of a neighbouring molecule. 

The O...S distances are 2.757(9) and 2.966(7) Å which are well within the sum of the van 

der Waals radii of sulfur and oxygen. The diagram in Figure 3-3 is shown normal to the a 

axis and the chain propagates along the [010] direction. 

 

 
Figure 3-4.  Chains of III-3 propagating along the [010] direction by short S-O contacts. 

 

 There is only one molecule in the asymmetric unit and therefore the other three 

molecules in the unit cell are related by the symmetry operations of the P21/n space 

group.  A depiction of the unit cell can be seen in Figure 3-5.  As is evident from the 

diagram, the unit cell possesses a center of symmetry.  The molecules are also related via 



116 
 

a 2-fold screw axis across half of a unit cell length (½-x, ½+y, ½-z) as well as an n glide 

plane (½+x, ½-y, ½+z). 

 
III-3 

Molecular 

Formula 

 

C20H8N2O8 

space group C 2/c 

R 6.06 

Z 8 

a, Å 39.192(5) 

b, Å 13.6371(14) 

c,  Å 12.0986(13) 

β, ° 107.471(3) 

V, Å
3
 6167 

 

Table 3-2. X-ray 

crystallography data for III-3. 

 
 

 

 Figure 3-5.  The Unit cell of III-3 viewed down the a axis. 

 

 

3.3.5 Cyclic Voltametry 

The cyclic voltametry of III-3 revealed a reversible oxidative process with  

E½ = 0.95 V vs. SCE and ΔEpp = 120 mV.  Once again however the reductive process 

was revealed to be irreversible with a cathodic peak potential of -0.683 V.  This 

irreversibility implies that III-3 is likely not suitable for our primary goal of isolating a 

stable radical anionic compound. However this does suggest that the cationic radical 
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species is stable and could potentially be isolated. The cyclic voltammogram is depicted 

in Figure 3-6 which outlines the conditions under which the experiment was performed. 

 
 

Figure 3-6.  Cyclic voltammogram of III-3 showing the reversible oxidation with E½ =   0.95 V, ΔEpp = 

120 mV and an irreversible reduction at -0.683 V. CH3CN, 
n
Bu4PF6 (0.1 M), 3mM analyte, 100 mV/s, 

referenced against SCE with fc/fc
+
 as internal standard set to E½ = 0.40 V. 

 

 

3.4 Discussion  

Quinones have rich and well explored electrochemical properties primarily due to the 

fact that they can take on three different oxidation states which can easily be examined 

using cyclic voltametry and other electrochemical methods. These oxidation states are 

depicted in Figure 3-6 and each is changed by the addition or removal of one electron. 

The quinone state on the far right is neutral and the removal of the first electron gives a 

negatively charged species. This is referred to as a semi-quinone and due to the odd 
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number of electrons that this compound possesses is a radical.  Removal of a second 

electron results in a closed-shell dianionic species referred to as a catacholate.
3
  When a 

1,2,3-DTA fragment is introduced into the molecular architecture the possibility of a 

positively charged oxidation state is introduced.  In addition, the 1,2,3-DTA ring is good  

 

 
 

Figure 3-7. Oxidation states of quinone based molecular systems. 

 

at stabilizing unpaired electrons which offers a potential for enhancing the effectiveness 

of these different oxidation states. The addition of this ring moiety however alters the 

radical nature of the quinone series such that the neutral quinone and the catecholate have 

unpaired electrons and the semi-quinone will be closed-shell. 

Examination of III-1 and its related compounds showed that the 1- oxidation state 

which is similar to the semi-quinone from Figure 3-6, is stable and isolatable as the 

lithium salt by reaction of III-1 with lithium hydride or 
n
BuLi and has also been isolated 

in situ with sodium and triethyl ammonium counterions. It was also shown that the 

anionic form could be obtained from electrochemical reduction of the open-shell species 

III-2. However further electrochemical reduction of the radical species and the 

protonated compound III-1 in solution revealed only an irreversible process indicating 

that the second radical species with both oxygen atoms reduced (which resembles the 
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catecholate from Figure 3-7) was not stable in a protic medium or in a bulk solution of 

the radical.   

It was postulated that substituting the proton for an R group would make this 

oxidation state accessible and thus provide an opportunity to take advantage of the 

anionic properties as a good donor for coordination as well as the unpaired electron to 

facilitate magnetic coupling between the metal and ligand. Several compounds were 

investigated and it was found that the synthesis for III-3 was the most facile and pure 

sample was easily obtainable. A number of methylating agents were employed in the 

attempt to isolate III-4 from III-1 with a base such as those derived from the counterions 

listed above, but these were met with limited success. The addition of the base often 

proceeded to initiate a dramatic colour change from the red solution obtained from III-1 

to a dark colour of the anionic compound which varied depending on the counterion, 

ranging from a dark blue (lithium) to a greenish blue (sodium) or purple 

(triethylammonium). A colour change occurred very quickly and so after only a short 

duration the methylating agent was added.  Several reagents were employed such as 

methyl iodide, Meerwein’s salt and methyl triflate.  It should be noted that these, as well 

as most other methylating agents, are extremely carcinogenic and should be handled with 

care and respect.  

It was found that when organic bases were used such as triethylamine or similar 

compounds, methylation would preferentially take place on the base itself, yielding 

methyl triethylammonium, counter balanced by the anion produced by the methylating 

agent. This usually precipitated from solution as a powder and the filtrate was found to 

contain the starting material III-1. When III-2 was employed as the intermediate it was 
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often generated in situ although was also isolated prior to the subsequent addition of the 

methylating agent. This addition usually resulted in no colour change indicative of 

substitution. Aliquots taken at several intervals revealed by 
1
H NMR that the unchanged 

anion was still present.  If left for 16 hours or more these solutions would often take on a 

red colour which was found to be due to the starting material III-1 being reformed as 

confirmed by NMR. Several attempts were also made to substitute a benzyl group on the 

oxygen atom using benzyl bromide to obtain III-5, however these attempts were met with 

similar results to those seen in the reactions targeting III-4. It is believed that the salts 

formed from alkali metal containing bases tended not to react based on the strong 

interaction of the ions in solution which prevented the necessary close approach of the 

alkylating agent of choice.  

 

 

 
III-4 Meerwein’s Salt III-5 

 

 

3.5 Conclusions and Future Work 

The attempts made to alkylate III-1 are far from exhaustive and so it is possible that 

a route can be uncovered which will provide isolation of compounds III-4 and III-5. 

These compounds could open up the door to the formation of coordination complexes of 
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1,2,3-DTA radical anions which could potentially form multinuclear complexes such as 

III-6 due to the nitrogen atom which could act as a monodentate coordination site for an 

additional metal ion. If hfacs are employed as is indicated in the picture, it would likely 

generate a complex ion as the charged radicals would have an impact on the oxidation 

state of the coordination complex and so a suitable counter ion would have to be 

considered before this was attempted.  

 

 
III-6 

Hypothetical trinuclear coordination complex of alkylated radical anion. 

 

The possibility of using a quinoline as a backbone with the ortho-quinone moiety to 

generate a 1,2,3-DTA neutral radical is also being examined.  Since the neutral quinone 

pocket has been shown to be disinclined to coordinate to metal centers, if the alkylations 

of this type can be perfected, then it may be possible to extend the methodology to this 

species to generate the alkylated radical anion.  This would then be very likely to form 

two bidentate coordination sites which would be more likely to coordinate two metal 

centers to the same radical anion to create bidentate coordination complexes such as III-

7. This theoretical compound would be quite interesting not only  

due to the fact that it would mediate magnetic coupling between the two metal nuclei 
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similar to compounds II-1 and II-2, but as a complex ion could potentially act as a non-

innocent ligand or could provide a pathway for charge transfer between the metal nuclei.  

For example if both ions started in the 3+ oxidation state, the additional electron could 

potentially transfer via a ligand to metal charge transfer (LMCT) to one metal or the other 

to give a 2+ and 3+ metal. The could give rise to so-called valence tautomers
4
 and could 

 

  
III-7 III-8 

 

 potentially have application to such fields as magnetic memory or molecular switches.  

Typically, the oxidation states can be tuned such that the application of some external 

stimulus can be used to activate the transition from one magnetic state to another. 

Photoinduced electron transfer is one of the most widely studied phenomena,
5,6 however 

the different oxidation states can also be accessed by a change in temperature, pressure, 

electrochemical redox reactions or chemical treatments.
7
 

The crystallographic data for III-3 shows that the intermolecular interactions are 

quite interesting and could have repercussions with respect to the magnetic behaviour of 

a radical with similar contacts to those seen in Figure 3-3.  The position of the acetyl 

group makes these interactions possible and this is not affected by any electrostatic 
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interactions as the closest contact to the acetyl carbonyl is with a hydrogen atom on an 

sp
3
 hybridized carbon atom from the acetyl methyl group of an adjacent molecule. This 

contact is outside of the van der Waals radius of the two atoms and would not be 

expected to have a significant influence on the packing.   

It is therefore plausible that use of an isopropyl group substituted on this oxygen 

(III-8) could potentially pack in a similar way as the only difference would be that the 

carbonyl oxygen which has no electrostatic preference for its position would instead be 

another methyl group.  If that were the case, and it was true that the radical anion was 

chemically reversible and could be accessed, then the sulfur-oxygen contacts would 

likely be more favourable as the oxygen atom taking part in these interactions would have 

a formal negative charge enhancing the electrostatic attraction to the electropositive 

sulfur atom to the 1,2,3-DTA ring of the a neighbouring complex. Since the SOMO 

would have density on the sulfur atoms and the oxygen atom, there is a potential for 

magnetic exchange coupling to take place between molecular radical units thus providing 

a very interesting compound even prior to coordination.  

While the primary compound of focus for this chapter did not possess the chemical 

reversibility upon reduction that we were looking for which would indicate a stable 

radical anion, it has shown that the hydroxyl group of III-1 is prone to substitution of the 

oxygen atom. Careful studies must be performed to determine the ideal conditions 

required to effect these substitutions as the formation of III-1 is quite favourable and very 

sensitive to the presence of impurities from the solvent or starting materials. If however 

these conditions are discovered, it could open up avenues for very interesting complexes 

such as those mentioned here as well as other potentially interesting possibilities.  
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3.6 Experimental 

General 

All reactions and manipulations were performed under an argon atmosphere using 

standard Schlenk techniques. Solvents were dried and distilled under argon prior to use: 

tetrahydrofuran (THF) was dried over sodium/benzophenone ketyl, acetyl chloride was 

distilled over PCl5 and triethyl amine over P2O5.  The preparation of III-1 was carried out 

according to the thesis of a previous student and sublimed prior to use.
1
  All other 

reagents were purchased from Aldrich and used as received.  IR spectra were recorded as 

pressed KBr pellets on a Nicolet 510-FTIR spectrometer at ambient temperature. 

Electrochemical measurements were obtained at ambient temperature using an Autolab 

PGSTAT 30 instrument and a three-electrode (platinum) glass cell, sealed under an argon 

atmosphere. 

 

5-oxo-5H-naphtho[1,2-d][1,2,3]dithiazol-4-yl acetate (III-3). III-1 (0.2333 g, 0.9915 

mmol) was dissolved in dry THF (30 mL) and an excess of triethylamine was added 

(0.1452g, 1.435 mmol) to give a dark violet solution.  After 15 minutes, a slight excess of 

acetylchloride (0.1105 g, 1.408 mmol) was added to give a light orange reaction mixture 

which was stirred at room temperature for 2 hours.  A pale, off-white solid was filtered 

and characterized to reveal that it was triethyl ammonium chloride.  The dark orange 

filtrate was evaporated under vacuum to give the title compound as a red powder  

(0.1749 g, 0.6307 mmol) 64% yield based on III-1.   Crystals suitable for X-ray 

crystallography were grown by dynamic vacuum sublimation at 120 °C. νmax (KBr)/cm
−1

:  

3271(w), 1759(s), 1616(m), 1610(m), 1590(s), 1582(s), 1541(s), 1497(s), 1455(m), 
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1384(s), 1373(m), 1353(w), 1313(s), 1254(w), 1206(m), 1182(s), 1153(w), 1096(w), 

1040(m), 1018(m), 964(w), 860(w), 815(s), 770(s), 727(w), 689(m), 672(m), 637(m), 

618(w), 600(m), 584(m), 543(m), 486(w), 473(m), 419(w). 
1
HNMR (300 MHz, DMSO-

d
6
): δ 8.44 (d, J = 9.0 Hz, 1H), δ 8.16 (d, J = 9.3 Hz, 1H), δ 7.87 (m, 2H), δ 2.37 (s, 3H). 

MS (EI
+
):  m/z = 277.02 (parent ion) 235.00 (-C2H2O), 207.00, 177.99, 130.05, 103.06, 

76.01.  X-ray: P21/n, a: 4.7207(5), b: 13.3232(13), c: 18.4301(18), β: 92.977(2). CV:  (3 

mM analyte; 0.1 M [
n
Bu4N][PF6] electrolyte; the fc/fc

+
 couple at E1/2 = 0.40 V vs SCE as 

the internal standard) A reversible oxidative process E1/2 = 0.95 V vs SCE (ΔEpp = 120 

mV) and an irreversible reductive process Ered = −0.68 V vs SCE were revealed. 
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Chapter 4 - The Polymorphism of Triphenylantimony Dichloride 

4.1 General 

Triphenylantimony (IV-1) is a very useful reducing agent for DTDAs and DSDAs.
1
 

There has also been some success using it as a reducing agent for DTA-containing 

chloride salts as precursors for their respective neutral radicals.
2
 As a preliminary 

investigation of 5-chloro-1H-[1,2,5]thiadiazolo[3,4-e][1,2,3]benzodithiazolium chloride a 

reduction was attempted with triphenylantimony.  The filtrate was concentrated down in 

an attempt to obtain crystals of the desired radical product 5-chloro-1H-

[1,2,5]thiadiazolo[3,4-e][1,2,3]benzodithiazolyl.  Small crystals, covered in amorphous 

dark powder were obtained and analyzed by X-ray crystallography and were determined 

to be not the target species, but the byproduct of this reaction, triphenylantimony 

dichloride (IV-2).  The amorphous powder covering the crystals made it difficult to see 

that they were of the clear and colourless nature anticipated for this byproduct.  The X-

ray analysis showed that the plate crystal habit of the compound was one that had hitherto 

not been reported, although several other polymorphs were known.  

While only a side product of the reactions of primary interest in this thesis, IV-1 is 

commercially available and it can be used as a starting material for organostibene 

chemistry
3
 as well as for multinuclear antimony complexes.

4
 It has also been used to 

generate carboxylate containing antimony complexes
5,6

 which are of particular interest as 

they have been shown to exhibit anti-tumor activity.
5
  Compound IV-2 has also been 

shown to form condensation polymers with Lewis bases which can act as strong 

antibacterial agents
7
 and it has also been suggested that these compounds could be used 

as anti-cancer drugs.
8
 This chapter will review data associated with the new polymorph as 
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well as discuss the experiments that were carried out to determine the nature of the other 

polymorphs and the conditions under which they can be formed.  

 

4.2 X-ray Crystallography 

The new polymorph of IV-2 (IV-2a) was found to exist in the space group Pc.  Data 

were collected at 150 K and later at room temperature to confirm that it was not a low 

temperature phase of IV-2. This also allows a direct comparison to the other polymorphs 

which were analyzed at room temperature.  There are two crystallographically unique  

 

 
 

 

IV-2 

 

Figure 4-1. ORTEP depiction of the asymmetric unit of IV-2a showing both 

crystalographically unique molecules. 50% probability ellipsoids, H atoms omitted 

for clarity. 

 

molecules in the asymmetric unit, as can be seen in Figure 4-1.  The antimony complex 

was shown to possess trigonal bipyramidal geometry about the antimony center with the 

chlorine atoms occupying axial positions and the phenyl substituents occupying the 

equatorial sites in agreement with Bent’s Rules.      
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4.3 Discussion 

Prior to the discovery of IV-2a, there were three different polymorphs known.  The 

first was structurally characterized in 1966 (IV-2b)
9
 and shown to be in the space group 

P212121.  This initial report confirmed the 5-coordinate trigonal bipyramidal geometry 

with chlorine atoms in the apical positions and the phenyl groups in the equatorial sites.  

The structure was later refined by a different group with a reassignment of cell axes.
10

  

This latter group previously reported an attempt to isolate the mixed halide complex 

SbPh3ClF, but instead revealed a different polymorph of IV-2 (IV-2c).
11

  This polymorph 

was also found to inhabit the P212121 space group, however there were two molecules in 

the asymmetric unit instead of the one observed in IV-2b.  The molecular formula for IV-

2c was actually found to be Sb(C6H5)Cl1.8F0.2, which may account for the doubling of the 

unit cell volume observed.  A third polymorph with four crystallographically unique 

molecules in the unit cell was also discovered to exist in the space group Pbca.  This 

polymorph (IV-2d) was thought to be a decomposition product of the a metal complex 

with the molecular formula: [Os
IV

2(μ-O)(μ-O2CCH3)2Cl4(SbPh3)2].
12

 The crystallographic 

data for each of these polymorphs have been summarized in table 4-1. 

Several small-scale crystal growth experiments were performed on commercially 

obtained IV-2.  It was found that when a solution of the compound in methylene chloride 

or acetonitrile was slowly concentrated to dryness in the atmosphere, polymorph  

IV-2b was obtained exclusively. By contrast, it was found that when the solvent was 

flash distilled from an acetonitrile solution, clear, colourless crystalline needles, rods and 

plates were formed.  The majority of the sample was found to be the colourless needles 
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Polymorph 

and CSD 

refcode
13

 

Unit-cell 

parameters 

(Å, °) 

Volume 

(Å
3
) 

Space 

Group 
Temperature R value Solvent 

IV-2a 

PCSTIB04 

a = 13.8005(5) 

1665 Pc 150 K 1.56 CH3CN 
b = 10.0348(3) 

c = 13.4973(4) 

β = 117.008(1) 

IV-2b 

PCSTIB02 

a = 10.882(4) 

1713 P212121 RT 5.80 CHCl3 b = 12.127(4) 

c = 12.986(4) 

IV-2c 

PCSTIB01 

a = 9.104(4) 

3433 P212121 RT 2.72 CH2Cl2 b = 17.048(7) 

c = 22.121(9) 

IV-2d 

PCSTIB03 

a = 13.122(2) 

13735 Pbca RT 3.53 
Glacial 

acetic acid 
b = 23.885(3) 

c = 43.823(8) 

 

Table 4-1.  Selected crystallographic and experimental parameters for polymorphs IV-2a, IV-2b, IV-2c 

and IV-2d. 

 

 

corresponding to IV-2b however there were also colourless rods corresponding to 

polymorph IV-2d and colourless plates belonging to the new polymorph reported here 

(IV-2a).  This is indicative of the polymorph IV-2b being thermodynamically preferred 

while IV-2a and IV-2d are both kinetic forms.  The simple packing motif of IV-2b, as 

well as the small torsion angles about the equatorial region of the molecule, is consistent 

with this conclusion.  

The fundamental geometric trigonal bipyramidal structure for the molecule is the 

same for all polymorphs and the Cl-Sb-Cl bond angles deviate from 180° only slightly, 

ranging from 175.55(8)° in IV-2c to 178.71(9)° for one of the molecules from IV-2a.  

The most obvious differentiating structural feature is the angle of the mean plane of each 

of the phenyl rings defined by the six carbon atoms of the phenyl substituent with respect 

to the angle of the equatorial plane defined by the antimony center and the three 

coordinated carbon atoms of each of the phenyl rings. Most of these angles average out to 

approximately 35° (derived from angles ranging from 24.96(11) to 41.4(6)°) or to 55° 
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(derived from angles ranging from 47.01(11) to 66.2(9)°).  However there are several 

exceptions where the phenyl substituent lies almost perpendicular to the equatorial plane 

(86.6(9)°) or almost parallel to the equatorial plane (6.51(11), 10.9(7) and 13.3(7)°).  A 

full list of these angles and their corresponding polymorph is given in table 4-2.  The 

angles which are close to 0° or 90° are in bold. 

 

 
IV-2a 

PCSTIB04 
IV-2b 

PCSTIB02 
IV-2c 

PCSTIB01 
IV-2d 

PCSTIB03 

Sb1 39.68(11) 40.0(4) 34.3(9) 52.3(6) 

47.01(11) 33.1(4) 54.7(9) 13.3(6) 

49.01(11) 60.0(4) 86.6(9) 26.6(6) 

Sb2 24.96(11) 

 

66.2(9) 52.4() 

6.51(11) 51.2(9) 54.6(6) 

51.40(11) 32.0(9) 38.1(6) 

Sb3 

   

52.4(6) 

66.0(6) 

41.4(6) 

Sb4 

   

59.5(6) 

10.9(6) 

37.9(6) 

 

Table 4-2. Twist angle of phenyl ring (defined by six carbon atoms of each phenyl ring) with respect to the 

equatorial plane of the molecule (defined by the antimony and the three coordinated carbon atoms). 

 

 

Another interesting structural feature which indicates the extent to which these 

molecules are strained is the angle created between the central antimony atom, the 

coordinated carbon atom and the carbon atom in the para position of the same phenyl 

ring.  These angles do not differ substantially from the expected 180° however and range 

from 174.9(3) to 179.9(4)°. 

The thermodynamically preferred polymorph IV-2b has the simplest packing motif 

and contains only one molecule in the asymmetric unit.  The three phenyl rings about the 

antimony center are arranged in a propeller-like fashion with each of the mean planes of 

the phenyl rings rotated in the same direction with respect to the trigonal plane of the 
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molecule, resulting in only one enantiomer in the crystal.  Polymorph IV-2c has two 

molecules in the asymmetric unit and while one of them possesses the same propeller-

type arrangement of the phenyl substituents, one phenyl ring of the other molecule is 

nearly perpendicular to the trigonal plane of the molecule. Polymorph IV-2d contains 

four crystalographically unique molecules in the asymmetric unit and is therefore quite a 

bit more complex than the others.  None of the molecules correspond to the simple 

propeller-type arrangement exhibited in IV-2b. The two molecules containing the Sb1 

and Sb4 respectively have one phenyl ring each which is nearly parallel to the molecular 

plane of the molecule.  Also, the only molecule which has all of the phenyl rings tilted in 

the same direction is that which contains Sb4.  The new polymorph IV-2a contains 2 

molecules in the asymmetric unit and neither one has a simple propeller-type 

arrangement. A phenyl ring of one of the molecules is nearly coincident with the mean 

plane of the molecule and the rings that are twisted out of the plane are not twisted in the 

same direction.  

The packing for polymorphs IV-2a, IV-2b and IV-2d is shown in Figure 4-2.  IV-2c 

has not been included due to the fact that the lattice was complicated due to Cl/F disorder 

and therefore is not considered to be a pure sample of the IV-2.  The new polymorph  

IV-2a shows columnar packing along the [010] direction with each column being 

composed of crystalographically identical molecules. The spacing between the molecules 

within the column is one unit cell length 10.0348(3) Å. The compound IV-2b, which was 

the first reported, shows similar columnar packing, this time along the [100] direction. 
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a b 

 
c 

 

Figure 4-2.  Packing diagrams for a) IV-2a viewed down the b axis showing the Sb1 containing 

molecule and Sb2 containing molecule packed in columns.  b) IV-2b viewed down the a axis c) IV-2d 

viewed down the c axis, showing the two different ways that the molecular pairs pack. 

 

The spacing between the molecules in the columns is once again equal to one unit cell 

length (10.882(4) Å) such that there are no close contacts between neighbouring 

molecules.  With four molecules in the asymmetric unit and the largest unit cell of any of 

the observed polymorphs, IV-2d is much more complicated than any of its higher 

symmetry counterparts.  While this lattice is still composed of columnar arrays as those 

seen in IV-2a and IV-2b, the columns here are made up of alternating Sb1 containing 

molecules and Sb4 containing molecules propagating along the [001] direction spaced by 
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half a unit cell length. The distance between neighbouring molecules in this column can 

be approximated by measuring the distance between consecutive antimony atoms giving 

alternating values of 10.775(3) and 11.143(3) Å.  The Sb2 and Sb3 containing molecules 

by contrast do not pack in regular columnar arrays, but are actually stacked in mixed 

molecular pairs, the distances between antimony atoms in one of these pairs is 

comparable to that observed in the columns investigated thus far with a distance of 

10.813(3) Å.  

Polymorphs IV-2a and IV-2b both pack in noncentrosymmetric space groups 

consistent with the columns observed.  IV-2b shows head-to-tail orientation of the phenyl 

rings of neighbouring columns, whereas IV-2a has these rings oriented in a head-to-head 

fashion.  Polymorph IV-2d has examples of both of these orientations and the direction 

changes mid-unit cell as this polymorph packs in a centrosymmetric space group.  

Recent studies indicate that polymorphism is quite common in organic chemistry
14

 

and organometallic chemistry
15

 and is of significant importance within the 

pharmaceutical industry.
16

  IV-2 provides an example of an organometallic compound 

which exists in several different polymorphic forms and shows some conformational 

polymorphism related to relative positions of the phenyl rings.  There is also evidence to 

suggest that there is some degree of control associated with isolation of any of the 

different polymorphs.  The simplest packing arrangement seems to be obtained for the 

thermodynamically preferred polymorph and can therefore be selected by growing the 

crystals rather slowly. The phenyl rings in this polymorph can be likened to a propeller 

type arrangement. If the crystals are grown more quickly, the molecules arrange 

themselves in less symmetrical configurations associated with two of the other 
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polymorphs observed and are therefore most likely kinetically preferred.  The phenyl 

rings in these polymorphs do not arrange themselves in a propeller type fashion.  

 

4.4 Experimental 

Dichloridotriphenylantimony was purchased from Aldrich and used as received. The 

methylene chloride and acetonitrile solvents used in the crystallization trials were 

purchased from Caledon as HPLC grade and used as received. H atoms were positioned 

geometrically and refined using a riding model, with C-H = 0.95 Å and Uiso(H) = 

1.2Ueq(C). Data collection: APEX2 (Bruker–Nonius, 2008); cell refinement: APEX2 and 

SAINT (Bruker–Nonius, 2008); data reduction: SAINT; program(s) used to solve 

structure:  SHELXS97;
17

 program(s) used to refine structure: SHELXL97;
17

 molecular 

graphics: XP in SHELXTL
17

 and PLATON
18

 software used to prepare material for 

publication: XP in SHELXTL and PLATON. 
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Chapter 5 

5.1 Overview 

There are several projects dealing with targets that have not been fully characterized 

as of yet. While there is some work still to be done before these can be considered to be 

complete, the work done on them thus far will be reviewed here.  Each of the three 

projects will be divided into their own sections of chapter 5.  The first section will be 

dealing with 5-chloro-1H-[1,2,5]thiadiazolo[3,4-e][1,2,3]benzodithiazol-1-yl, nicknamed 

TDA-BDTA and the chloride, tetrachlorogallate and hexafluorophosphate salts.  The 

second to be reviewed is similar to o-DTANQOH (III-1) except that the nitrogen of the 

1,2,3-DTA ring is in the 3 position of the aromatic system (the numbering system is 

shown in scheme 5-4 on page 150).  The final project is also similar to III-1 except that 

the framework is based on two naphthoquinone moieties fused via a carbon-carbon bond 

at the 4 position.  

 

5.2. TDA-BDTA 

5.2.1  General 

The compound 5-chloro-1H-[1,2,5]thiadiazolo[3,4-e][1,2,3]benzodithiazol-1-yl 

(TDA-BDTA) (V-1) was originally designed to have a hydrogen in the 5-position as 

opposed to the chlorine that was later observed to be there (as is shown in scheme 5-1).  

However due to the nature of the Herz ring closure reaction
1
 the position para to the 

nitrogen of the 1,2,3-DTA ring that is formed is often chlorinated.
2
 Since the primary 

feature of interest in this compound is the bidentate chelation pocket similar to that 
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observed in bipyridine or phenanthroline, the chlorination at the 5 position was not a 

concern. Several salts which could each act as precursors to the radical V-1 were 

investigated and will be discussed in this chapter including the chloride salt (V-3), the 

tetrachlorogallate salt (V-4) and the hexafluorophosphate salt (V-5). This compound 

possesses a bidentate N-N chelation pocket similar to bipyridine which will make it a 

good donor to form coordination complexes with various metal nuclei.  An investigation 

of the magnetic coupling between the radical and metal components of these systems 

could reveal interesting magnetic properties. 

 

5.2.2 Synthesis  

Each of the compounds related to V-1 were derived from the same commercially 

available starting material: 5-chlorobenzo[c][1,2,5]thiadiazol-4-amine (V-2). This was an 

ideal starting material as the 1,2,5-thiadiazole ring was already present. Initial efforts  

 

 
V-1 

 

were put toward substituting the chlorine atom with a thiol group so that a second sulfur 

atom could be inserted into the space between the sulfur and the nitrogen to form the 

1,2,3-dithiazole ring using thionyl chloride.
3
  Several routes were attempted without 
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success and so a Herz ring closure reaction was attempted directly on V-2. There was 

some concern that the chlorine in the position ortho to the amine would hinder the 

progress of the Herz ring closure, however refluxing the starting material with eight 

equivalents of sulfur monochloride overnight did yield the ring closed chloride salt (V-3) 

as a dark green powder. It was not known if the reaction proceeded via the Herz ring 

 

 

Scheme 5-1. The reaction used to isolate V-3 from the commercially available starting material V-2. 

 

closure as is implied by the orientation of the molecules in scheme 5-1, and it is possible 

that the chlorine-carbon bond did not break during the reaction. Four equivalents of sulfur 

monochloride are required for the Herz ring closure to proceed and the exact nature of the 

mechanism behind the formation of the 1,2,3-DTA ring is not known. It is possible that 

an S-N bond was broken and the sulfur monochloride reacted to give a ring-closed 

species via substitution with the hydrogen atom. The production of elemental sulfur is 

inherent to the nature of this reaction, resulting in crude yields which far exceed 100% 

based on the quantity of the substrate starting material.   

Typically, a chloride salt can be reduced with triphenyl antimony to yield a crude 

sample of the radical which can be purified by dynamic vacuum sublimation.  This was 

attempted for V-3 and a black powder was obtained which provided a three-line pattern 
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suggesting a dominant coupling to one nitrogen atom. However the intensity of the signal 

was very low.  Since EPR is an extremely sensitive technique, this implies that if the 

target radical was, in fact, obtained, that it was only in trace quantities or that the solution 

was not dilute enough.  Furthermore, it seemed that purification of these compounds via 

sublimation was not possible and it was also very difficult to recrystallize the black 

powder or V-3 in solution due to their poor solubilities.  

Tetrachlorogallate salts are known to be soluble in acetonitrile
4
 and can easily be 

obtained from the chloride salt by addition of gallium trichloride. A slurry of the crude 

chloride salt was suspended in dry acetonitrile and a separate solution of gallium 

trichloride, also in acetonitrile, was added through a glass frit.  The reaction occurred 

very quickly and the mixture became dark and a pale greyish solid was formed which did 

not absorb in the infrared.  After stirring for about half an hour, the grey solid was filtered 

and dried to confirm that it did not contain the target substrate by IR , however based on 

the expected solubility it was assumed that the tetrachlorogallate salt (V-4) was still in the 

 

 

Scheme 5-2. The reaction of V-3 with gallium trichloride to give V-4. 

 

filtrate.  As these salts are typically not soluble in chlorobenzene, an amount of this 

solvent was added to match the amount of acetonitrile already present.  Compound V-4 
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did not immediately precipitate, but the solution was concentrated under vacuum and due 

to the disparity of volatility of the two solvents, the acetonitrile was removed more 

quickly than the chlorobenzene such that when the solution was concentrated to half of 

the original volume of the 1:1 mixture, chlorobenzene was in the majority.  The flash 

distillation was fairly slow and some crystalline material precipitated from this procedure.  

This reaction is outlined in scheme 5-2. 

 While this experiment did provide soluble material, no pure sample for elemental 

analysis could be obtained. However the isolation the PF6 salt (V-5) did provide a 

suitably pure material. The PF6
-
 containing starting material used for this reaction was 

nitrosyl hexafluorophosphate, which is an ideal choice since the byproduct is a gas which 

 

 

Scheme 5-3.  The reaction of V-3 with NOPF6 to give V-5. 

 

is liberated from the reaction medium.  Since the NOPF6 has limited solubility in 

methylene chloride, it was only partially dissolved before it was transferred to a slurry of 

V-3, also in methylene chloride.  Despite the poor solubility, a colour change was 

observed instantaneously and the reaction mixture was stirred for an additional 15 

minutes. A fine brown solid was filtered and dried.  This was confirmed as the target 

species by IR spectroscopy, but the yield of this solid was fairly low and so the filtrate 
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was placed in the freezer overnight.  While a crystalline product was not obtained, a dark, 

amorphous powder did precipitate from solution.  This was also identified as the target 

species and was also shown to be pure by elemental analysis.  

 Despite these efforts we were never able to obtain anything more than infrared 

and EPR data for V-1, which were not enough to say that the target radical was actually 

obtained. The remainder of this portion of the chapter will review the characterization 

data obtained for each of the precursor salts and what data there is for V-1. 

 

5.2.3 Infrared Spectroscopy 

As the starting material V-2 is fairly complex and while the IR has been reported
5
 it 

is important to first examine this spectrum.  The sulfur-nitrogen stretches of the 1,2,5-

TDA moiety likely correspond to the weak absorption at 1262 cm
-1

 as well as the 

medium absorption bands at 918 and 566 cm
-1

.
 
The bands associated with the C-N double 

bonds of this ring are likely those at 1486 and 1537 cm
-1

. The N-H amine stretches are 

not shown in Figure 5-1, but there are two strong, sharp absorptions at 3494 and 3389 cm
-

1
 as well as the NH2 scissoring at 1606 cm

-1
. While this is in the same region as C-C 

aromatic stretches the relative intensity suggests that it is most likely from the amine.  

The C-Cl stretch shows up at 857 cm
-1

.  Only the components of the structure that will 

likely be useful for tracking the changes of the compound through the series of reactions 

to be discussed have been included.  The other peaks in the spectrum are likely those 

associated with ring bending and similar C-C infrared modes that will likely not change 

substantially and are therefore not worth intensive examination. 
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Figure 5-2 shows the IR spectra for both V-3 and the starting material V-2 overlaid 

with one another.  Only the peaks for the product are labelled in this Figure.  The weak 

absorption corresponding to the N-S vibration is largely unchanged at 1261 cm
-1

, while 

the other stretches associated with this moiety have shifted to from 918 to 936 and from 

566 to 584 cm
-1

 respectively.  Both the strong absorption at 1482 cm
-1

 and the weaker 

absorption at 1535 cm
-1

 corresponding to the C-N double bonds of this ring are the same  

 

 

Figure 5-1.  Infrared transmission spectrum of V-2. 

 

 within the maximum resolution of the method when compared to the starting material 

and can therefore be considered to have not shifted.  The N-H stretching absorptions 

above 3000 cm
-1

 (not shown in Figure 5-2), are no longer present and the strong 

absorption associated with the N-H scissoring motion at 1606 cm
-1

 is also absent (the full 

IR spectra are shown in the appendix).  These two missing peaks allow us to confidently 

say that the amine is no longer present. There is also a new peak at 721 cm
-1

 which is 

most likely the stretch corresponding to the new N-S bond formed in the 1,2,3-DTA ring. 

Finally, the peak at 861 cm
-1

 would likely correspond to the aryl chloride seen at  
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857 cm
-1

 in the spectrum for the starting material. If the postulated structure of V-3 is 

correct, then this is consistent with the insubstantial change associated with this 

stretching mode.  

 
Figure 5-2.  Infrared transmission spectra of V-3 overlaid with V-2.  Peak labels correspond to V-3 only. 

 

A recent study
6
 reported that the infrared stretches associated with the 

tetrachlorogallate anion appear at 380 and 150 cm
-1 

and are therefore not visible in the 

4000-400 cm
-1

 range investigated.  Therefore when V-4 is overlaid with V-3 as in Figure 

5-3 a, there are essentially no differences except for small anomalies related to either 

impurity of the sample or small permutations in the geometry of the cation due to solid 

state interactions with the anion.  The spectrum of the hexafluorophosphate salt, by the 

same logic also appears very similar to the starting material V-3 except for the very 

strong peak at 661 cm
-1

, which was confirmed as the ν(P-F) peak by comparison to the 

nitrosyl hexafluorophosphate starting material.  The overlay of V-5 with V-3 is shown in 

Figure 5-3 b. 

When V-3 is reduced with triphenyl antimony it was postulated to give rise to the 

radical V-1, although the radical has never been isolated and fully characterized.  A 
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comparison of the infrared data obtained will therefore contain some contamination, 

however as the primary contaminant is elemental sulfur which does not absorb in the 

infrared and would therefore not appear, these data can at least be used for comparison 

purposes.  Figure 5-4 shows the infrared transmission spectra of V-1 and V-3.  As the 

structure has not changed substantially the spectra do not differ widely.  However if the  

 

 

a 

 

b 

Figure 5-3. Infrared spectra of a) the gallate salt (V-4) and b) the hexafluorophosphate salt (V-5), both 

compared to the chloride salt starting material V-3. 

 

oxidation state has changed from a cation to a neutral species, there is expected to be 
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some effect on several of the bond lengths which would therefore impact frequency of the 

absorption associated with the stretches of the bonds that are most affected by the 

presence of the extra electron. The peak associated with the N-S bond within the new 

1,2,3-DTA ring was at 721 cm
-1

 and has shifted substantially to 680 cm
-1

. The weak 

intensity peak at 1261 cm
-1

 associated with the N-S stretches of the 1,2,5-TDA ring is not 

shifted substantially, however the medium intensity peaks at 936 and 584 cm
-1 

in V-3 

have shifted to 913 and 575 cm
-1

 in V-1 respectively, both lower than in the precursor 

salt. Similarly, the C-N stretches have shifted form 1482 and 1535 cm
-1

 in V-3 to 1493 

and 1544 cm
-1

 respectively in V-1. The C-Cl stretch has also shifted from an absorption 

at 861 cm
-1

 in V-3 to 814 cm
-1

 in V-1. 

 

Figure 5-4.  Infrared spectra of V-1 and overlaid with V-3.  Peaks labelled for V-1 only.  

 

 

5.2.4 X-ray Crystallography 

The only compound for which X-ray crystallography quality crystals were obtained 

was V-4.  They were grown from a combination of acetonitrile and chlorobenzene as 
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discussed in section 5.2.2.  As the solvent was removed rather quickly, the crystals that 

were formed were not very good quality and resulted in a highly disordered structure.  

The tetrahedral tetrachlorogallate anion was found to have three-fold disorder modeled 

according to the ORTEP depiction in Figure 5-5 and contains elongated ellipsoids for the 

chlorine atoms. In addition, the cation was found to be incommensurate. As a 

consequence, the R value was only able to be minimized to 12.06%.  

With such a large R value there was some doubt cast on the nature of the compound 

isolated.  It should however be noted that the substituent was confirmed by EI/MS to be a 

chlorine atom from the chloride salt (V-3) and from the gallate salt (V-4) both giving an 

m/z of 245.9 and the isotopic distribution anticipated for one chlorine atom.  

 

 
Figure 5-5.  Ortep depiction of V-4 showing three-fold disordered tetrachlorogallate anion.  Ellipsoids are 

50%, H atom assigned isotropically.  

 

 

In addition to the target tetrachlorogallate salt, another compound was identified 

from the same crystalline sample investigated (V-6).  This compound was also a 
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tetrachlorogallate salt, but was found to co-crystallize with a chlorobenzene molecule.  

The structure of V-6 is similar to that of the target species, however a second 1,2,5-TDA 

 

 
Figure 5-6. Ball and stick X-ray structure of V-6.  Hydrogen atoms have been removed. 

 

 V-4 V-6 

Molecular 

Formula 

 

Cl4Ga, C6HClN3S3 C6H5Cl, Cl4Ga, 

C12HCl2N6S4 

space group P21/c P21/c 

R 12.06 6.01 

Z 4 8 

a, Å 7.0118(16) 9.6399(19) 

b, Å 23.522(5) 18.604(4) 

c,  Å 11.258(3) 14.979(3) 

β, ° 97.594(9) 103.67(3) 

V, Å
3
 1842 2610 

Table 5-1.  X-ray crystallography data for V-4 and V-6. 
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ring was formed. One of the nitrogen atoms in this second TDA moiety actually formed a 

third bond to bridge two 6-membered carbon rings. A sulfur atom positioned ortho to the 

bridging nitrogen atom also formed a bridging interaction with the other ring.  

This crystal structure is shown in Figure 5-6. The R value for this compound was found 

to be 6.01% and therefore the identities of the chlorine atoms on the cation are less in 

question.  Important crystallographic parameters for these two compounds are outlined in 

table 5-1. 

 

5.2.5 EPR Spectroscopy 

Despite not obtaining a purified product we were able to obtain an EPR spectrum of 

what is believed to be V-1. The spectra obtained from full scale reductions of any of the 

precursor salts were usually low intensity and poorly defined, especially from reactions 

using V-3 or V-4. Higher quality data were obtained from performing the reduction in 

situ, using an EPR tube with a wide reservoir outside of the narrow quartz tube which is 

inserted into the instrument. The spectrum shown in Figure 5-7 was obtained from V-3, 

using triphenyl antimony as the reducing agent in methylene chloride which was added 

under argon before the cell was sealed with a rotoflo to ensure an inert atmosphere. The 

portion of the signal on the far right of the spectrum is not as well resolved as the portion 

on the left, arising from slow tumbling of the radical in solution. The experimental 

spectrum appears at the top and it can be seen that the primary signal has been split into 

three separate lines and each of the these have been split further for a total of 7 lines. As 

14
N has a nuclear spin of 1, the three primary lines of the spectrum are from strong 

coupling to one of the nitrogen atoms in the molecule. This is most likely the nitrogen 
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atom from the 1,2,3-DTA ring which should bear the majority of the spin density as will 

be explained in section 5.2.5 with comparison to the calculations. The carbon and sulfur 

atoms will not couple with the unpaired electron as the most abundant isotopes have no 

net, nuclear spin. However the other two nitrogen atoms as well as the hydrogen and 

chlorine atom can potentially couple.   

 
Figure 5-7.  EPR spectrum (above) in CH2Cl2 and simulation (below) of V-1. Coupling parameters:  

aN = 6.35G, aN = 0.653, aCl = 0.705, aH = 0.473, g = 2.00796, LW = 0.22. 

 

A simulation using WinSim2002 was run to provide coupling constants for the 

different atoms; the primary splitting from the nitrogen atom with the greatest amount of 

spin density was found to be 6.35 G.  Only one of the other two nitrogen atoms was 



150 
 

required to obtain a decent agreement with the experimental spectrum.  This nitrogen 

atom was found to have a coupling constant a factor of 10 lower than the primary 

splitting factor at 0.653 G.  
1
H has a nuclear spin I = 1/2 and was assigned a coupling 

constant with the value 0.473 G and the chlorine atom, the two major isotopes for which 

have a spin of I = 3/2, was assigned with a value of 0.705 G. The g value was found to be 

2.00796, higher than the measured value for a free electron at 2.0032.
7
 An agreement 

factor of 93.3% was obtained using a line width of 0.22.  There are yet features that are 

not present in the simulation such as a shoulder on the central peak of each of the first 

two multiplets, but it may be impossible to simulate these given the anisotropy of the 

spectrum. It should be noted that the substantial anisotropy seen in the experimental 

spectrum implies slow tumbling which is characteristic of a molecule much larger than 

the expected structure of V-1. 

 

5.2.6 Conclusions and Future Work 

Calculations were carried out for the radical V-1 and the SOMO is shown in Figure 

5-8.  There are substantial coefficients on the chlorine atom as well as the halide-bearing 

carbon and the Mulliken atomic spin densities of 2% and 23% respectively confirm that 

there is a substantial amount of the radical character at these atoms. No evidence has been 

found suggesting that a carbon-carbon bond is being formed between two of these 

molecules to destroy the radical, however the calculations suggest that it may be a 

possibility. While there is a small amount of spin density expected to be on the chlorine-

bearing carbon atom, the steric bulkiness of the halogen may be enough to prevent the 

file:///C:/Users/Dan/Desktop/Full%20Thesis/Chapter%205.docx%23_ENREF_7


151 
 

close approach required to form this irreversible bonding interaction. However it is hard 

to say for certain whether or not this is true. 

 

Figure 5-8.  SOMO of V-1. Calculated using G03W, B3LYP, 6311G(d,p).  

 

The calculations also provided predictions for the EPR coupling constants and are 

shown in table 5-2 along with the numbering scheme associated with these data. It is 

evident that these values are poorly correlated. 

 EPR Coupling Constants 

 

Atom Calculated Value (G) Simulated Value (G) 

10 N 4.821 6.35 G 

11 N 0.828 0.653 G 

13 N 0.583 - 

14 Cl 0.681 0.705 G 

7 H 2.186 0.473 G 

 

Table 5-2. EPR Coupling Constants for the V-1 showing the 

calculated values from Gaussian 03W as well as the 

simulation values from WinSim2002.   

 

 Numbering for table 5-2. 
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Considerations have been put toward the development of a compound analogous to 

V-1 which has a nitrogen atom in the place of the chlorine-bearing carbon atom (V-7). 

This would remove the possibility of a carbon-carbon bond destroying the radical to form  

 

 

 

V-7 
V-8  

 trinuclear generic coordination complex of V-7 to metal ions with 

ancillary hfac ligands. 
 

a diamagnetic dimer.  In addition to the bidentate chelation pocket in both V-1 and V-7, 

this would also provide the possibility of a third monodentate coordination site which 

could potentially link mononuclear units into a polymeric chain or lead to the formation 

of a trinuclear species such as V-8. Since there is a significant SOMO coefficient on the 

monodentate nitrogen atom, this means that if the interaction between the metal 

coordinated to the bidentate pocket were for example AFM, then the coupling between 

the monodentate nitrogen atom the central metal ion would also be AFM, resulting in the 

spin vectors for each of the metal ions being aligned in the same direction. If this were 

achieved with manganese for example, with ancillary hfac ligands it is likely that this 

coupling pattern would be observed and provide a trinuclear material with a ground state 

S = 13/2.   
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This bidentate pocket which is also present in V-1 could be used to create 

mononuclear coordination complexes which would assist in elucidating the nature of the 

magnetic interactions between 1,2,3-DTA radical ligands and metal ions. So while V-1 

has not been isolated as a pure, crystalline material as of yet, the preliminary work on the 

precursors should provide insight towards the development of this compound as a useful 

neutral radical ligand in the future which could give way to interesting coordination 

complexes.  

 

5.3 Reverse oDTANQ 

 5.3.1 General 

The title compound of this section (V-9) was adapted from the neutral radical III-2 

and is actually a structural isomer, the only difference being the position of the nitrogen 

atom of the 1,2,3-DTA ring with respect to carbonyl groups.  The 1,2,3-DTA ring is 

therefore cyclised in the opposite direction, hence the nickname reverse oDTANQ. While 

there has been no success coordinating the neutral radical III-2, the presence of the O-N  

 

   

III-2 V-9 V-10 
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chelation pocket is similar to that seen in the para-quinone 1,2,3-DTA isomer (V-10) 

which has been shown to coordinate to metal ions in unpublished work. This implies that 

coordination of V-9 may be possible when in the neutral oxidation state and that it could 

also have similar electronic properties to that explored for compound III-2. 

 

5.3.2 Synthesis 

The starting material 1,2-naphthoquinone, while rather expensive (more then $400 

for 25 g), is commercially available at 97% purity.  The first step in the reaction sequence 

outlined in scheme 5-4 was adapted from the original synthetic methodology used to 

obtain the nitrated species.
8
 The amount of concentrated nitric acid that was required for 

this reaction was much greater than the paper stated. A typical reaction used one gram of 

the 1,2-naphthoquinone dissolved, neat, in approximately 50 mL of concentrated nitric 

acid (~68% assay). The reaction mixture was heated to reflux for around one half of an 

hour or until the solution became clear, dark red and homogenous. After the reaction was 

completed it was allowed to cool until it reached room temperature and then cooled 

further on ice before being diluted by half with deionized water.  This was poured into a 

separatory funnel and extracted with three portions of 100 mL of methylene chloride.  

The extracts were dried with sodium sulfate and evaporated to dryness.  The resulting 

bright orange powder was usually of good enough quality to be used for the next step, 

although on several occasions was found to be slightly tacky.  This problem was solved 

by adding several millilitres of hexanes to the powder, followed by flash distillation on 

the rotary evaporator and repeating the process several times until a free-flowing powder 
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of 3-nitronaphthalene-1,2-dione (V-11) was obtained. This problem occurred more 

frequently when the scale was in excess of one gram.  

 

 
Scheme 5-4.  The reaction sequences of o-naphthoquinone to obtain V-11, V-12 and V-13. 

 

The second step of the reaction scheme was a reduction of this nitro compound to 

give the primary amine.  This was carried out under hydrogen gas, using 10% palladium 

on carbon as a catalyst.  The hydrogen flushed through the a three-necked round 

bottomed flask with a balloon affixed to the central neck, three times before the system 

was sealed with the hydrogen balloon full. Over the course of one hour the reaction 

mixture changed from an orange colour to a dark red.  When the reaction was completed, 
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the mixture was filtered to remove the palladium on carbon and several milliliters of 

concentrated HCl were added to afford the HCl salt of the primary amine.  Preliminary 

investigations into this reaction found that the free-base was quite tacky and exhibited 

poor stability in the air. Converting this into the HCl salt gave 3,4-dioxo-3,4-

dihydronaphthalen-2-aminium chloride (V-12) as a dark red, free-flowing powder which 

was stable in the air.  

With the amine HCl in hand the Herz ring closure was attempted using sulfur 

monochloride. The HCl salt was dissolved in acetonitrile and 6 equivalents of pyridine 

were added to prevent the hydrochloric acid from decomposing the sulfur monochloride 

and inhibiting the reaction. Six equivalents of sulfur monochloride were then added to the 

reaction mixture resulting in the immediate appearance of a thick orange precipitate 

which as the reaction flask was heated to reflux slowly gave way to a dark reddish, 

homogenous solution.  Over the course of an hour, a bright yellow precipitate was 

formed, but was allowed to continue for a total of 90 minutes to ensure the reaction had 

gone to completion. The yellow precipitate was filtered hot and washed with acetonitrile 

before being dried under vacuum and later determined to be the 1,2,3-DTA chloride salt 

(V-13) by proton NMR and FTIR. Only preliminary work has been put toward isolating 

the radical V-9. Substantial sulfur impurities made isolation of this compound quite 

difficult.  

 

5.3.3 Infrared Spectroscopy 

The spectrum for the starting material 1,2-naphthoquinone is not very complicated 

due to the fact that the molecule has high symmetry. The most important piece of 
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information from the spectrum for this compound seen in Figure 5-9 is the carbonyl 

stretching frequency which appears at 1660 cm
-1

.  As this portion of the molecule has a 

diagnostic stretching frequency, it will be useful in tracking the changes in the electronic 

environment of the subsequent species outlined in scheme 5-4. 

 

Figure 5-9. The infrared transmission spectrum of the starting material 1,2-naphthoquinone. 

 

 
Figure 5-10. Infrared transmission spectrum of V-11. 

  

The infrared transmission spectrum for V-11 is shown in Figure 5-10. The ortho-

quinone, carbonyl stretch has shifted slightly to 1687 cm
-1

.  The nitro group provides a 
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good spectroscopic handle for this species as it possesses very characteristic stretching  

frequencies.  The asymmetric stretch appears as a strong absorption at 1513 cm
-1

 and the 

symmetric stretch is at 1354 cm
-1

. The peaks at 533 and 764 cm
-1

 also arise due to the in-

plane deformation of the NO2 group.
9
 A large majority of the other peaks are related to 

the C-C stretches and bends or C-H bending vibrations and do not change substantially 

across the series of compounds in this section and are therefore of less concern than those 

discussed already.  

Figure 5-11 shows the infrared transmission spectrum of V-12 from approximately 

2000 to 400 cm
-1

.  Not shown in this spectrum are the strong intensity peaks in the 3350-

3100 cm
-1

 range corresponding to the N-H stretching vibrations.  There is also a band at 

2575 cm
-1

 of a medium intensity, related to these modes (the full spectrum can be seen in 

the appendix). The quinone carbonyl stretch has shifted substantially to 1736 cm
-1

 

suggesting that a greater amount of electron density has been donated into the anti-

bonding C-O orbital. The disappearance of the other peaks associated with the nitro 

group is also evidence for a successful transformation. The high intensity peaks at 1643 

and 1509 cm
-1

 are related to symmetric and asymmetric deformation vibrations, although 

there are also aromatic C=C stretching vibrations in this region and so definitive 

assignment is difficult.  The low intensity bands around 1925 and 1951 cm
-1

 are believed 

to be a combination band involving NH3
+
 deformation vibrations.  There are several 

sharp peaks from 1260 to 1190 cm
-1

, two of which are characteristic for primary amine 

hydrohalides arising from the rocking vibration of the NH3
+
 group.  The C-N stretching 

vibrations show up at 1361 cm
-1 

and one of the peaks between the 1260 and 1190 cm
-1
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region due to the fact that the lone pair on the nitrogen atom is interacting with the carbon 

atom which imparts some double bond character to this part of the molecule.  

 

Figure 5-11. Infrared transmission spectrum of V-12. 

 

 

Figure 5-12.  Infrared transmission spectrum of V-13. 

  

The next step of the reaction scheme is the Herz ring closure reaction which gives 

rise to V-13.  The infrared transmission spectrum for this compound is shown in Figure 

5-11. The only features this spectrum contains that are not shown are the C-H stretching 

modes expected in the 3000-3200 cm
-1

 region. Shown in this Figure is the portion of the 
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spectrum from about 1900 to 400 cm
-1

 and the peak farthest to the left is the carbonyl 

stretch associated with the quinone moiety which is at 1731 cm
-1

. This value is fairly 

similar to that seen in V-12, which is consistent with the electronic environment of the 

molecule having not changed substantially with respect to this part of the molecule. The 

newly added 1,2,3-DTA ring has diagnostic stretches at 541 and 706 cm
-1

 corresponding 

to the N-S linkage.  The S-S bond has two absorptions at 529 and 466 cm
-1

. 

 

5.3.4 
1
H NMR Spectroscopy  

 

 

Figure 5-13. 
1
H NMR of V-11 at 300 MHz in d6-DMSO. 
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The other piece of information acquired for the compounds shown in scheme 5-4 

was the 
1
H NMR.  Compound V-11 has five protons and each has a unique environment, 

resulting in five signals in the 
1
H NMR spectrum each integrated to only one proton. The 

signal furthest downfield is seen at 8.67 ppm and is a singlet.  This signal corresponds to 

the hydrogen atom in the 4 position on the ring which is otherwise fully substituted and 

 

 

Figure 5-14. 
1
H NMR spectrum of V-13 at 300 MHz in d6-DMSO. 

 

 so there are no other protons nearby for it to couple with. As the four protons on the 

other ring are all adjacent and therefore each of the signals exhibit coupling which can be 

described as multiplets, but have discrete coupling constants consistent with the 

multiplicities given in the experimental section and discussed here. There are two 
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doublets of triplets associated with the two protons in the 6 and 7 positions and two 

doublets of doublets associated with the protons in the 5 and 8 positions.  

Compound V-12 had poor solubility in organic media and DMSO which had been 

used for the other compounds, resulted in partial deprotonation of the hydrochloride salt 

giving two distinct species in the spectrum.  Therefore the 
1
H NMR spectrum for this 

compound is not be included.  

The 
1
H NMR spectrum for V-13 is shown in Figure 5-14.  The coupling patterns for 

these signals are identical to those seen in the spectrum for V-11, although the shifts have 

changed and are no longer overlapping. While their relative positions are the same, they 

have all shifted upfield as the electropositive sulfur atoms in the 1,2,3-DTA ring are not 

as electron withdrawing as the nitro group from V-11.  The actual values for the 
1
H NMR 

shifts are given in the experimental sections. 

 

5.3.5 Conclusions and Future Work 

As a structural isomer of III-2 and V-10, the radical V-9 is a natural extension of the 

work which has been put toward 1,2,3-DTA radicals with quinone moieties by our group 

in the last few years. Investigations into III-2 have revealed several limitations which V-

9 may not have. While attempts at coordination of the neutral radical III-2 failed, it has 

been demonstrated that having a nitrogen atom ortho to the one of the quinone oxygen 

atoms does provide a suitable coordination environment for nickel(II) with ancillary hfac 

ligands by successful coordination of V-10 and methylated derivatives.
10

 It is therefore 

quite possible that coordination complexes such as V-14 may be possible. As 
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coordination complexes of 1,2,3-DTA radical ligands are very uncommon, investigating 

the magnetic behaviour of systems of this kind is very important to understanding the 

nature and utility of the types of compounds as potential components of magnetic 

materials.  

 
 

V-14 

Generic coordination complex of V-9 to a metal ion 

with ancillary hfac ligands 
III-2

- 

 

The electrochemical properties were of substantial interest in chapter 3 due to the 

fact that the neutral radical was not as useful for coordination. While the electrochemical 

properties are fairly difficult to predict for any given material, the potential oxidation 

states that are expected for V-9 are shown in Figure 5-15. On the far right is the neutral  

 

 
Figure 5-15. Possible oxidation states for V-9. 

  



164 
 

radical, followed by the closed-shell anion in the center which is theoretically accessible 

by the removal of one electron. The most important characteristic related to this 

compound is the nature of the C-N bond linking the DTA ring to the carbon back-bone.  

In the anionic compound this is depicted as a double bond with the negative charge 

formally on the oxygen meta to the nitrogen position. For III-2
-
, when the 1,2,3-DTA 

ring is cyclised in the reverse direction, the other oxygen has the formal negative charge, 

and is ortho to the 1,2,3-DTA nitrogen atom.  

The electronic configuration of the anion V-9
-
 does imply that if the hydroxyl 

derivative were obtained, analogous to III-1, then the hydrogen atom would be on the 

oxygen atom directly adjacent to the bridge head carbon of the aromatic ring system as 

opposed to the oxygen atom adjacent to the 1,2,3-DTA ring as it is for III-1. The 

investigation into the radical dianionic form of III-2 was only initiated due to the fact that 

the neutral radical was not found to be a suitable donor, however since there is a greater 

potential for V-9 to be coordinated to the metal ions the reversibility of the 

electrochemical processes illustrated in Figure 5-13 are not as important as they were for 

the compounds discussed in chapter 3.  

 

5.4 Dimer oDTANQ 

 5.4.1 General 

The final series of compounds discussed in this chapter is also derived from 1,2-

naphthoquinone. This compound is composed of 2 naphthoquinone molecules joined 

together by a carbon-carbon bond in the 4 position. While the position of the 1,2,3-DTA 
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ring does not allow for the possibility of an O-N bidentate coordination pocket like in V-

9 there are interesting potential oxidations states including the possibility of a zwitterion.  

This project has only been taken as far as the HCl salt (similar to the direct precursor for 

V-9) and while there has been some preliminary work put towards the formation of the 

dichloride salt not enough evidence has been collected to verify that this reaction has 

been completed successfully. The following will discuss the characterization data 

obtained for the dinitro species as well as the subsequent HCl salt.  

 

 5.4.2 Synthesis 

The first step of this reaction was originally carried out in an early attempt at 

obtaining V-11.  After attempting to replicated the synthesis outlined in the original 

reference for this compound,
8
 several other methods of nitration were attempted 

including the harsh conditions involving concentrated sulfuric acid as the solvent with the 

addition of concentrated nitric acid as the nitrating agent. When the 1,2-naphthoquinone 

was first dissolved in sulfuric acid at 0 °C the orange/brown solid gave way to a dark blue 

solution. Then a small amount of concentrated nitric acid, consistent with approximately 

2 equivalents of NO2 was added while the reaction mixture was held at 0 °C. This 

resulted in a slight red tinge emerging in the reaction mixture which was then warmed to 

room temperature and then further heated to approximately 60-70 °C for about 45 

minutes. After this time the solution was clear and dark red and it was allowed to cool to 

room temperature.  It was then poured on crushed ice resulting in a large amount of pale 

orange solid crashing out of the solution (V-15). This was filtered and washed with a 

small amount of water followed by diethyl ether to ensure that the compound would be 
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completely dry after being under vacuum for several hours. It was later discovered that 

when 1,2-naphthoquinone was reacted with concentrated sulfuric acid it resulted in both 

reduction to the diol as well as the formation of the carbon-carbon bond that was 

observed.
11

 However the addition of the nitric acid both converted the diol back to the 

quinone and added a nitro group.  

 
Scheme 5-5.  The reaction sequence of o-naphthoquinone to obtain V-15 and V-16. 
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The following step was carried out in a similar fashion to that for V-10 except that 

the reaction times differed significantly. After the bright orange slurry of V-15 with 

palladium on carbon was secured under an atmosphere of hydrogen gas, it was allowed to 

stir overnight to ensure the reaction proceeded to completion. This was followed by 

filtration to remove the catalyst and give a dark red homogeneous solution.  Similar to the 

previous reaction scheme, isolation of the free-base was attempted, but it was also found 

to be tacky and air sensitive.  This problem was solved in the same way by addition of 

concentrated hydrochloric acid to produce the HCl salt which provided a free-flowing 

powder, stable in the air (V-16). These reaction steps are outlined in scheme 5-5.  

 

5.4.3 Infrared Spectroscopy  

The carbonyl stretching frequency in V-15 is at 1672 cm
-1

 as seen in the infrared 

transmission spectrum in Figure 5-16. The starting material, 1,2-naphthoquinone seen in 

Figure 5-8 has a diagnostic carbonyl stretching frequency 1660 cm
-1

 which has not  

 

 

Figure 5-16. The infrared transmission spectrum of V-15. 
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changed substantially after the transformation outlined in the first step of scheme 5-5.  

The two strong absorptions at 1522 and 1349 cm
-1

 correspond to the symmetric and 

asymmetric stretching vibrations respectively for the NO2 group.  The weak to medium 

intensity bands at 506, 862 and 723 cm
-1

 are associated with the in-plane deformation of 

the NO2 group.  Besides the non-diagnostic peaks associated with the aromatic ring 

systems, the only other useful piece of information in this spectrum is the band at 1008 

cm
-1

 which represents a stretch for the C-C bond joining the two aromatic moieties. 

The infrared transmission spectrum for compound V-16 is shown in Figure 5-17.  

The most prominent features in this spectrum are similar to those found in the IR 

spectrum of V-12 such as the broad absorption range around the 3000 cm
-1

 region as well 

as the two peaks close to 2600 cm
-1 

which are not shown in this Figure.  There are two 

medium intensity deformation bands associated with this portion of the molecule at 1514 

and 1691 cm
-1

. There is also a fairly strong vibration at 1295 cm
-1

 corresponding to the  

 

 

Figure 5-17.  The infrared transmission spectrum of V-16. 
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rocking of the NH3
+
 group. The carbonyl absorption has shifted to 1637 cm

-1
, which is 

less dramatic than the changes noted for the previous series of reactions likely due to the 

fact that the nitration takes place on the ring of the aromatic system which does not  

contain the carbonyl bonds.  Finally the stretch at 1011 cm
-1

 corresponding to the C-C 

stretching mode has not changed substantially from the previous absorption at 1008 cm
-1

 

in the precursor.  

 

 

 5.4.4 
1
H NMR Spectroscopy 

 

Figure 5-18. 
1
H NMR spectrum of V-15 at 300 MHz in d6-DMSO. 
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The reaction to produce V-15 was quite selective and gave a very high yield of the 

compound in high purity.  This is evident from the 
1
H NMR which exhibits no indication  

of contaminants other than the water inherent to the DMSO used to obtain the spectrum. 

There are four peaks which each have the same integration value. In light of the structure 

of the compound there should be identical protons on each of the aromatic ring systems 

making the integration value for each of these signals 2. The singlet with a shift of 6.63 

ppm corresponds to the proton directly adjacent to the carbon-carbon bond linking the 

two aromatic units.  The low ppm value is consistent with being the most distant from the 

electron withdrawing NO2 group on the other ring of the aromatic 

system as well as being directly adjacent to the extended π system provided by the 

dimerization link. Moving downfield the next peak is at 7.80 ppm and has a large  

coupling constant consistent with a proton directly adjacent on the ring indicating that 

this proton is in the meta position with respect to the nitro group. The other peaks have 

multiplicities similar to those seen in the previous group of compounds investigated and 

possess similar coupling constants. 

The compound V-16 behaved in a similar manner to V-12 in DMSO and was 

partially deprotonated giving two distinct species in solution.  However the extent to 

which this was observed was not as substantial as that seen for V-12 and so the peaks 

corresponding to the deprotonated compound was of a much lower intensity allowing a 

more accurate interpretation of the spectral data provided by this experiment. Like the 

nitro species, the protons on each aromatic system are in identical environments and are 

therefore indistinguishable. The broad signal upfield at 3.54 ppm integrates to 3 protons 

and is consistent in appearance with that which is expected for NH3
+
 participating in 
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hydrogen bonding with a polar solvent in that it is much broader than the other peaks in 

the spectrum. The other four signals have the same coupling patterns as those observed 

for V-15, except that they have shifted substantially.  

 

Figure 5-19. 
1
H NMR spectrum of V-16 at 300 MHz in d6-DMSO. 

 

The aromatic signal farthest downfield is now the doublet with the larger of the two 

coupling constants at 7.40 ppm and corresponds to the proton meta to the ammonium 

substituent, while the singlet corresponding to the proton adjacent to the carbon-carbon 

dimerization linkage has shifted to a value of 7.47 indicating that it is more deshielded in 

V-16 than in V-15. Continuing to move downfield, the next signal that appears is a 

doublet of doublets which, just like in V-15, corresponds to the proton directly adjacent 

to the ammonium group in a counter-clockwise direction, with the larger of the coupling 

constants corresponding to the proton directly adjacent, while the smaller corresponds to 
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the proton two carbons away next to the ammonium group in the other direction.  Finally 

the signal farthest downfield is at a value of 9.17 ppm, which shifted substantially from 

the value observed in the nitro compound indicating that this position is much more 

deshielded than it was in the precursor compound. 

 

 5.4.5 X-ray Crystallography 

X-ray crystallography quality crystals were obtained for V-15 by slow evaporation of 

dioxane to give an inclusion compound with the recrystallization solvent.  The unit cell 

for this compound is shown in Figure 5-14 normal to the c axis. The solvent molecules fit 

into channels walled by the molecules of the target species. The dihedral angle defined by 

the two bridging carbon atoms and one from each of the linked rings, indicates the degree  

 

 
Figure 5-20. Unit cell of V-15 showing the co-crystallized dioxane molecules as space-fill with the 

dimerized molecule as wire-frame, illustrating the channels. Hydrogen atoms have been omitted.  
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to which the two planar aromatic fragments are twisted with respect to one another and 

was measured to be 73.91(4)° and one of these segments is nearly co-planar to the mean 

plane defined by the dioxane molecules (6.20°) and make up one wall of the channel, 

while the twisted portion of the molecule is nearly perpendicular to the mean plane of the 

dioxane molecule (82.94°) and makes up the other wall of the channel. These channels 

are coincident with b axis and are oriented vertically in Figure 5-20. 

 
 

 

V-15 

Molecular 

Formula 

 

C20H8N2O8 

space group C 2/c 

R 6.06 

Z 8 

a, Å 39.192(5) 

b, Å 13.6371(14) 

c,  Å 12.0986(13) 

β, ° 107.471(3) 

V, Å
3
 6167 

Table 5-3. X-ray crystallography data 

for V-15. 
 

 
 Figure 5-21. ORTEP depiction of V-15 with 50% probability 

ellipsoids. Hydrogen atoms and dioxane molecules have been 

omitted. 

  

Figure 5-20 shows an ORTEP depiction of the target molecule with the dioxane 

molecules omitted. The planar nitro groups are slightly twisted with respect to the plane 

of the aromatic system to which each is attached; the nitro group on the aromatic system 
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which is parallel to the mean plane of the dioxane molecules is twisted the most with an 

angle between the plane of the atoms in the nitro substituent at an angle of  

14.75°, whereas the other nitro group is only twisted by 2.37°. This is likely related to the 

role they each play in forming the walls of the channels into which the dioxane molecules 

are packed.  

The C=O bond lengths average out to 1.212(5) Å which are slightly shorter than the 

analogous carbonyl bond distance observed in III-2, but slightly longer than the ester 

carbonyl. These data match up well with the infrared data obtained for each of these 

compounds discussed previously. 

 

5.4.6 Conclusions and Future Work 

The work carried out on this project thus far shows promise toward the development 

of the a dication with two 1,2,3-DTA rings (V-17).  This compound can theoretically act 

as a precursor to a variety of possible radical species as depicted in Figure 5-18. The first 

is the dication which would likely be isolated as a chloride salt from a Herz ring closure 

which would be performed on the HCl salt V-16 or the free-base, with an excess of sulfur 

monochloride.  The free-base could either be regenerated from V-16 or could be used 

without isolation after the reduction of the dinitro species V-15. A one electron reduction 

would yield a radical cation and a second one electron reduction would most likely result 

in the formation of a zwitterion.  There is also the potential to access a radical anion 

oxidation state where the negative charge is formally on the oxygen from one of the 

naphthoquinone moieties while the other naphthoquinone fragment possesses the 

unpaired electron. 
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Figure 5-22. Possible oxidation states of V-17. 

 

There is the possibility of coordination for these species, however the neutral species 

would likely suffer from the same problems that III-2 had in that the neutral O-O 

chelation pocket would not have sufficient donor properties to coordinate effectively. 

Therefore the most likely way to obtain a coordination complex would be by use of the 

radical anion shown in the bottom right of Figure 5-17.  The nitrogen from either or both 
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of the 1,2,3-DTA rings could act as a monodentate coordination site as well to extend the 

dimensionality of the system to give V-18. It is very difficult to predict the coordination 

properties of such a system given the uncertainty of the potential donor properties of 

these portions of the molecule.  However a complex such as V-18 would certainly exhibit 

potentially interesting magnetic properties.   

 

 

 
V-18 

Potential multinuclear coordination complex of V-17
-
 to metal ions with ancillary hfac ligands. 
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5.5  Experimental 

General 

All reactions and manipulations were performed under an argon atmosphere using 

standard Schlenk techniques. Solvents were dried and distilled under argon prior to use: 

tetrahydrofuran (THF) dried over sodium/benzophenone ketyl; methylene chloride dried 

over CaH2; acetonitrile dried over P2O5. All acids were purchased from Fisher and used 

as received. 1,2-Napthaquinone was purchased from Acros and used as received. 

Triphenyl antimony was purchased from Aldrich and recrystallized from acetonitrile 

prior to use.  Nitrosyl hexaflurophosphate was purchased from Acros and sublimed prior 

to use. 5-Chlorobenzo[c][1,2,5]thiadiazol-4-amine was purchased from TCI America and 

used as received.  All other reagents were purchased from Aldrich and used as received.  

IR spectra were recorded as pressed KBr pellets on a Nicolet 510-FTIR spectrometer at 

ambient temperature. Elemental analyses were performed at MHW Laboratories, 

Phoenix, A .  Electron paramagnetic resonance (EPR) spectra were recorded on a Br ker 

EMX spectrometer. Electrochemical measurements were obtained at ambient temperature 

using an Autolab PGSTAT 30 instrument and a three-electrode (platinum) glass cell, 

sealed under an argon atmosphere. 

 

5-Chloro-1H-[1,2,5]thiadiazolo[3,4-e][1,2,3]benzodithiazolium chloride (V-3). Sulfur 

monochloride (11.942 g, 88.440 mmol) was added to a homogeneous solution of 5-

chlorobenzo[c][1,2,5]thiadiazol-4-amine (2.0155 g, 10.998 mmol) in distilled and 

degassed acetonitrile (60 mL).  A thick, orange precipitate was formed immediately and 

over the next hour the solution turned to a brown, heterogeneous mixture.  The reaction 
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mixture was refluxed for 20 h yielding a very dark, opaque mixture which was filtered 

hot.  The precipitate was washed with 2 × 10 mL portions of distilled acetonitrile and 

dried under dynamic vacuum to afford the title compound as a dark green powder 

(4.3536 g, 15.428 mmol), 140% yield based on 5-chlorobenzo[c][1,2,5]thiadiazol-4-

amine.  The high yield is an inherent result of elemental sulfur generated from the large 

excess of sulfur monochloride required for the reaction to proceed. νmax (KBr)/cm
−1

: 

3040(w), 3005(w), 2950(w), 1553(w), 1518(m), 1482 (s), 1424(m), 1388(w), 1349(s), 

1286(w), 1261(w), 1213(m), 1176(w), 11569(w), 1106(m), 1020(m), 934(w), 907(w), 

877(m), 861(s), 824(m), 758(m), 720(m), 628(w), 584(w), 505(m), 490(w). MS (EI
+
): 

m/z 245.9 (parent ion), 178.0 (-SCl). 

 

5-Chloro-1H-[1,2,5]thiadiazolo[3,4-e][1,2,3]benzodithiazolium tetrachlorogallate (V-

4).  Solid gallium(III) chloride (4.5377 g, 25.771 mmol) was added to a dark green slurry 

of V-3 (8.0707g, 28.600 mmol) in distilled acetonitrile (80 mL) to give a dark, 

heterogeneous reaction mixture which was stirred at room temperature for 30 minutes.  A 

pale greyish precipitate was filtered and discarded.  Chlorobenzene (80 mL) was added to 

the filtrate which was concentrated to half volume via flash distillation to afford the title 

compound as a dark, semi-crystalline solid.  The product was filtered and washed with 3 

× 10 mL portions of chlorobenzene and dried under dynamic vacuum (7.4878 g, 9.8697 

mmol), 58% yield based on chloride salt (V-3). νmax (KBr)/cm
−1

: 3079(w), 2968(w), 

1578(w), 1551(m), 1515(m), 1479(s), 1443(w, 1423(m), 1381(w), 1348(s), 1328(s), 

1262(m), 1222(m), 1153(w), 1104(s), 1080(s), 1024(s), 951(w), 935(w), 868(s), 825(m), 

804(m), 756(m), 723(w), 699(w), 688(w), 583(w), 538(w), 520(w), 503(w), 473(w).  X-
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ray: P21/c, a = 7.0118(16), b = 23.552(5), c = 11.258(3), β = 87.584(9), R = 12.06.  

Further refinement was not possible as the cation was incommensurate and the anion was 

highly disordered within the crystal lattice. MS (EI
+
): m/z 245.9 (parent ion, 100%), 

226.9, 210.9, 175.8, 140.9. 

 

5-Chloro-1H-[1,2,5]thiadiazolo[3,4-e][1,2,3]benzodithiazolium hexafluorophosphate 

(V-5). A suspension of nitrosyl hexafluorophosphate (0.3126 g, 1.787 mmol) in 

methylene chloride (35 mL) was added to a dark green slurry of V-3 (chloride salt) 

(0.5082 g, 1.801 mmol), also in methylene chloride (20 mL).  The reaction mixture 

quickly darkened upon addition and a fine brown precipitate was formed.  After stirring 

at room temperature for 15 minutes, the precipitate was filtered, washed with methylene 

chloride (5 mL), and dried under dynamic vacuum to afford the crude title compound, 

yield, 0.1374g (20% yield based on V-3).  An amorphous sample, suitable for elemental 

analysis was obtained from cooling the filtrate to 4 °C for 24 hours (12% based on initial 

quantity). νmax (KBr)/cm
−1

: 3085(w), 2962(w), 1638(w), 1550(w), 1517(s), 1482(s), 

1427(s), 1391(w), 1351(m), 1328(m), 1292(w), 1263(w), 1175(w), 1160(w), 1107(w), 

1085(w), 1024(m), 953(w), 935(m), 862(s), 850(m), 828(m), 763(w), 733(m), 723(m), 

661(vs), 576(w), 541(w), 523(m), 435(w). Anal. Calcd for C6N3S3ClHPF6: C, 18.40; H, 

0.26; N, 10.72. Found: C, 18.29; H, 0.36; N, 10.98%. 

 

3-Nitronaphthalene-1,2-dione (V-11).  1,2-Napthaquinone (1.2293 g, 7.7727 mmol) 

was dissolved in 50 mL conc. HNO3 to give a dark red, opaque reaction mixture which 

was then heated to reflux for 30 minutes.  After the solution became a clear red/orange, 
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the heat source was removed and the reaction mixture was allowed to cool to room 

temperature.  The solution was diluted with 50 mL d.i. H2O and extracted with 3 x 100 

mL CH2Cl2.  The combined extracts were dried with Na2SO4 and evaporated to dryness 

to yield the title compound as a bright orange powder (0.8139 g, 4.006 mmol) 52%, 

which was used without further purification. νmax (KBr)/cm
−1

:  3050(w), 1714(m), 

1687(s), 1613(m), 1585(m), 1570(m), 1513(s), 1451(m), 1354(s), 1276(s), 1242(s), 

1153(w), 1100(w), 1040(w), 979(m), 923(w), 897(w), 881(w), 823(m), 775(s), 764(s), 

730(w), 888(w), 656(w), 594(m), 533(m), 506(m), 460(w). 
1
H NMR (300 MHz, DMSO-

d6): δ 8.67 (s, 1H), δ 8.02 (dd, J = 0.9, 6.6 Hz, 1H), δ 7.91-7.87 (dt, J = 1.5, 6.0 Hz, 1H), 

), δ = 7.80 (dt, J = 0.9, 4.8 Hz, 1H), δ = 7.77 (dt, J = 1.8, 7.2 Hz, 1H). 

 

3,4-Dioxo-3,4-dihydronaphthalen-2-aminium chloride (V-12).  Pd/C (10 mg) was 

added to a solution of V-11 (0.7890g 3.884 mmol) in bubble de-gassed MeOH (80 mL).  

A balloon was fitted to the middle neck of a three neck flask and the system was flushed 

with H2 three times. The balloon was then inflated once more with H2 and the system was 

sealed. The reaction mixture was stirred for 1h at room temperature.  The red solution 

was then filtered to remove the Pd/C and 5 mL of conc. HCl was added and stirred 

overnight. The MeOH was then rotary-evaporated to afford the title compound as a dark 

red powder (0.5701 g, 3.029 mmol) 78% yield.  Used without further purification. νmax 

(KBr)/cm
−1

:  3057(s, broad), 2582(w), 1736(m), 1642(s), 1611(m), 1592(s), 1558(s), 

1509(s), 1473(s), 1396(s), 1361(w), 1339(w), 1260(m), 1228(m), 1195(m), 1104(w), 

1071(s), 1023(s), 964(m), 918(m), 871(m), 839(m), 766(s), 737(s), 713(m), 680(w), 

648(w), 605(w), 548(m), 443(m). 
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4,5-Dioxo-4,5-dihydronaphtho[2,1-d][1,2,3]dithiazol-2-ium chloride (V-13):  Pyridine 

(approx. 1 mL) was added to a slurry of 3,4-dioxo-3,4-dihydronaphthalen-2-aminium 

chloride (0.4205 g, 2.010 mmol) in dry acetonitrile (20 mL).  Then sulfur monochloride 

(approx. 1 mL) was added and the reaction mixture was heated to reflux for 1.5h and 

filtered hot.  The precipitate was washed with dry acetonitrile (10 mL) and dried under 

dynamic vacuum to give the title compound as a yellow powder (0.4200g, 1.557 mmol) 

77% yield.  νmax (KBr)/cm
−1

:  3066(w), 3010(w), 1731(s), 1684(s), 1641(m), 1585(s), 

1566(s), 1481(s), 1454(w), 1423(s), 1364(s), 1318(w), 1285(m), 1264(m), 1231(m), 

1163(w), 1109(s), 976(m), 903(w), 869(m), 821(s), 806(m), 780(s), 708(w), 669(m), 

656(m), 603(m), 541(m), 529(m), 497(m), 466(s), 406(w).  
1
H NMR (300 MHz, DMSO-

d6): δ 7.88 (dd, J = 0.9, 7.5 Hz, 1H), δ 7.65 (td, J = 1.2, 7.5 Hz, 1H), δ 7.44 (td, J = 1.2, 

7.5 Hz, 1H), δ 7.26 (dd, J = 0.7, 6.6 Hz, 1H). 

 

6,6′-Dinitro-1,1′-binaphthyl-3,3′,4,4′-tetraone (V-15).  1,2-Napthaquinone (2.1562 g, 

13.633 mmol) was dissolved in conc. H2SO4 (20 mL) to give a deep blue solution.  

Approximately 2 mL of conc. HNO3 were added to give a dark red reaction mixture 

which was subsequently heated gently in a warm water bath at 65 °C for 45 min.  The 

solution was cooled and then poured on 100 g of crushed ice to give a thick orange 

precipitate which was filtered and washed with a minimum of water followed by 20 mL 

of ether, dried in the air and used without further purification (2.6236 g, 12.979 mmol) 

95% yield.  Crystals suitable for X-ray diffraction were grown from slow evaporation of 

dioxane.  νmax (KBr)/cm
−1

: 3104(w), 3072(w), 3042(w), 1713(m), 1671(s), 1592(m), 

1571(w), 1522(s), 1419(w), 1349(s), 1330(m), 1276(s), 1245(m), 1217(w), 1198(w), 
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1085(w), 1059(w), 1008(w), 917(w), 862(w), 844(w), 799(w), 785(w), 723(m), 506(w), 

432(w). 
1
H NMR (300 MHz, DMSO-d6): δ 8.64 (d, J = 2.4 Hz, 2H), δ 8.36 (dd, J = 8.4, 

2.4 Hz, 2H), δ 7.80 (d, J = 8.7 Hz, 2H), δ = 6.63 (s, 2H). X-ray: C 2/c, a = 39.192(5), b = 

13.637(14), c = 12.0986(13), β = 107.471(3). 

 

3,3′,4,4′-Tetraoxo-3,3′,4,4a,4′,8a-hexahydro-1,1′-binaphthyl-6,6′-diaminium 

chloride (V-16).  Pd/C (20 mg) was added to a slurry of 6,6′-dinitro-1,1′-binaphthyl-

3,3′,4,4′-tetraone (1.2291g, 3.0401 mmol) in MeOH (8 mL).  A balloon was fitted to the 

middle neck of a three neck flask and the system was flushed with H2 three times. The 

balloon was then inflated once more with H2 and the system was sealed. The reaction 

mixture was stirred overnight at room temperature.  After 16h the red solution was 

filtered to remove the Pd/C and 5 mL of conc. HCl were added and the mixture was 

stirred for 10 minutes. The MeOH was then evaporated to afford the title compound as a 

dark red powder (1.1453 g, 2.7448 mmol) 90% yield.  Used without further purification. 

νmax (KBr)/cm
−1

:  3311(m, broad), 1628(s), 1613(s) 1590(s), 1525(s), 1502(s), 1432(w), 

1111(w), 1387(w), 1299(s), 1248(s), 1193(s), 1074(m), 1047(m), 1005(s), 912(m), 

869(m), 839(m), 825(m), 794(w), 741(m), 716(w), 696(m), 656(w), 581(m), 438(m). 
1
H 

NMR (300 MHz, acetone-d6): δ = 9.17 (d, J = 0.3 Hz, 1H), δ = 7.86 (dd, J = 2.4, J = 7.3 

Hz, 1H), δ = 7.47 (s, 1H), δ = 7.40 (d, J = 4.8, 1H), δ = 3.54 (s, broad, 3H). 

 

5.6 References 

(1) Herz, R.; Leopold Cassella & Co.: German, DE 1923-C33548, 1923. 

(2) Hope, P.; Wiles, L. A. Chem. Ind. 1966, 32. 



183 
 

(3) Oakley, R. T.; Reed, R. W.; Robertson, C. M.; Richardson, J. F. Inorg. Chem. 

2005, 44, 1837. 

(4) Burford, N.; Conroy, K. D.; Landry, J. C.; Ragogna, P. J.; Ferguson, M. J.; 

McDonald, R. Inorg. Chem. 2004, 43, 8245. 

(5) Wu, B.; Shen, Y.; Zhou, M.-q.; Deng, Y. Z. Xin. Za. 2006, 15, 621. 

(6) Szklarz, P.; Jakubas, R.; Bator, G.; Lis, T.; Kinzhybalo, V.; Baran, J. J. Phys. 

Chem. Solids 2007, 68, 2303. 

(7) Odom, B.; Hanneke, D.; D’Urso, B.; Gabrielse, G. Phys. Rev. Lett. 2006, 97, 

030801. 

(8) Stenhouse, J.; Groves, C. E. Dalton, Trans. 1878, 33, 415. 

(9) Green, J. H. S.; Harrison, D. J. Spectrochim. Acta, Part A 1970, 26, 1925. 

(10) Ian Morgan, K. P., Scott Van Doormaal, David Sullivan; Unpublished Work 

2010. 

(11) Arai, T. Shin. Daig. Bunr. K. 1957, 7, 23. 

 

 

 

 

 

 

 

 

 

 

 

 



184 
 

 

 

 

 

 

 

 

 

 

 

 

_________________________________________ 

APPENDIX: 

 

COMPOUND DATA SHEETS 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



185 
 

Compound Name:  4-(2′-pyrimidyl)-1,2,3,5-diselenadiazolyl  

 

MW: 277.0 g/mol 

 

Appearance: 

black blocks 

 

 

Lit. and/or 

notebook # and page: 

 

DM06-36  p53 

DM06-38  p56 
 

First made on 

date: Jan 19, 2010 

 

Made by:  Dan J. MacDonald 

 

Experimental Data: Solid triphenylantimony (2.0622 g, 5.8408 mmol) was added to a 

128 slurry of [pymDSDA
+
][Cl

−
] (3.5902 g, 11.489 mmol) in 100 mL of  acetonitrile and 

refluxed for 1.5 h. The resulting black powder was filtered and washed with 3 × 20 mL of 

acetonitrile and dried in vacuo.  Crude yield: 2.9619 g (94% based on 

[pymDSDA
+
][Cl

−
]). Crystals suitable for X-ray crystallography were obtained by 

dynamic vacuum sublimation (10
−2

 Torr) at 110 °C. The solution X-band EPR spectrum 

(CH2Cl2, 295 K) consists of one broad, featureless absorption (spectral signal width of ca. 

150 G), with g = 2.0382, consistent with similar DSDA radical species. In the solid state, 

the magnetic  susceptibility measurements reveal that the title compound is diamagnetic 

as expected on the basis of the strongly dimerized structure described.  

 

.FTIR (KBr): 3122(w), 3058(w), 3028(w), 3018(w), 2977(w), 2964(w), 1736(w), 

1557(s), 1435(w), 1418(s), 1345(m), 1270(w), 1256(w), 1226(w), 1180(m), 1106(w), 

989(w), 968(w), 893(w), 877(w), 825(m), 798(w), 736(s), 723(s), 646(s), 632(s), 469(w), 

426(w), 416(w). 

 

EA  Anal. Calcd for C5H3N4Se2: C, 21.68; H, 1.09; N, 20.22. Found: C, 21.86; H, 1.31; 

N, 20.05 

   

 

Synthesis and Structure:  
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Crystallography 

 

P 21/c 

a = 9.1678, b = 10.2767, c = 7.7130 

α = 90.00, β = 101.622, γ = 90.00 

Volume = 711.78 

Z = 2 

 
 

 

 

CV: The cyclic voltammetry of the title compound in CH3CN (4 mM analyte; 0.18 M 

[
n
Bu4N][PF6] electrolyte; the ferrocene/ferrocenium couple at E1/2 = 0.40 V vs SCE as the 

internal standard12) reveals a reversible oxidative process E1/2 = 0.79 V vs SCE (ΔEpp = 

120 mV) and a reductive process with poor chemical reversibility 149(cathodic peak 

potential Epc = −0.76 V vs SCE; anodic peak potential 150Epa = −0.59 V vs SCE). 
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Compound Name:  4-(2′-pyrimidyl)-1,2,3,5-diselenadiazolium chloride 

 

MW: 312.5 g/mol 

 

Appearance: 

Bright orange 
powder 

 

Lit. and/or 

notebook # and page: 

 

DM06-35, p52 

DM07-40, p65 
 
 

First made on date:   

Jan 15, 2010 

 

Made by:  Dan J. MacDonald 

 

Experimental Data: 

A solution of 4,2`-pyrimidyl-N,N,N`-tris(trimethylsilyl)amidine (1.1072 g, 3.2988 mmol) 

in 10 mL of acetonitrile was added to a solution of SeCl2 (generated in situ from SeCl4 

(0.6588 g, 2.984 mmol) and Se powder (0.2473 g, 3.132 mmol)) in 20 mL of acetonitrile 

and heated gently for 1 h.  The resulting orange powder was filtered and washed with 3 × 

5 mL portions of acetonitrile and dried in vacuo to afford the title compound used 

without further purification, yield: 0.7026 g (69% based on amidine). 

 

FTIR (KBr): 3123(w), 3056(w), 3029(w), 3018(w), 2974(w), 2958(w), 1695(w), 

1561(s), 1428(m), 1373(m), 1358(m), 1262(w), 1188(m), 1177(m), 1100(w), 992(w), 

845(w), 823(w), 781(m), 745(m), 714(w), 680(mw), 661(w), 648(w), 631(m), 596(w), 

449(w), 411(w). 

   

 

 

 

 

 

Synthesis and Structure: 
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Compound Name:  [μ-4-(2′-pyrimidyl)-1,2,3,5-diselenadiazolyl] di[bis(1,1,1,5,5,5-

hexafluoroacetylacetonate) nickel(II)]   

 

MW: 1222.6 g/mol 

 

Appearance: 

Dark red 
needles 

 

Lit. and/or 

notebook # and page: 

 

DM08-24, p29 

DM08-44, p56 
 
 

First made on 

date:   Jan 1, 2011 

 

Made by:  Dan J. MacDonald 

 

Experimental Data: 

A solution of Ni(hfac)2·2THF (0.4466 g, 0.7238 mmol) in 20 mL of dry methylene 

chloride was added to a solution of pymDSDA (0.1044 g, 0.3768 mmol) in 300 mL of 

dry methylene chloride.  The reaction mixture was stirred at room temperature for 40 

minutes.  The solvent was then flash distilled to give a dark solid residue which was 

sublimed at 135 °C (10
-2

 torr) to give small dark crystals.  Crystals suitable for x-ray 

crystallographer were obtained by static sublimation at 130 °C (10
-3

 torr). 

 

FTIR (KBr): 3145(w), 2955(w), 2914(w), 2847(w), 1642(s), 1594(w), 1557(m), 

1530(m), 1472(s), 1370(m), 1350(w), 1257(s), 1203(s), 1148(s), 1098(w), 800(m), 

766(w), 745(w), 674(s), 650(w), 588(m), 530(w). 

 

EA Calculated. for Ni2(C5H3O2F6)4(C5H3N4Se2):  C, 24.71; H, 0.581; N, 4.61%.  Found:  

C, 24.60; H, 0.73; N, 4.51% 

Synthesis and Structure: 
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Crystallography 

 

P-1 a = 8.9576, b = 12.2520, c = 18.6441 

 α = 96.563,   β = 91.865, γ = 110.633 

 volume: 1896.52 

 Z = 2 

 R-Factor = 5% 
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Magnetometry 
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Compound Name:  [μ-4-(2′-pyrimidyl)-1,2,3,5-diselenadiazolyl] di[bis(1,1,1,5,5,5-

hexafluoroacetylacetonate) manganese(II)]   

 

MW: 1215.1 g/mol 

 

Appearance: 

Dark red 
needles 

 

Lit. and/or 

notebook # and page: 

 

DM08-3, p3 

DM08-15, p18 
 
 

First made on 

date:   Feb 8, 2010 

 

Made by:  Dan J. MacDonald 

 

Experimental Data: 

Methylene chloride (120 mL) was distilled directly into a reaction flask containing 

Mn(hfac)2·2THF (0.1106g, 0.3992 mmol) to give a homogenous golden solution to 

which a solution of Mn(hfac)2·2THF (0.4903, 0.7995 mmol) in 15 mL of methylene 

chloride was delivered slowly via syringe. The resulting homogenous red reaction 

mixture was allowed to stir at room temperature for 45 min and the solvent was removed 

by flash distillation to leave a deep blue residue, crude yield 0.3105 g (64% based on 

Mn(hfac)2·2THF).  Dark red crystals, suitable for X-ray crystallography and 

magnetometry, were obtained by vacuum sublimation (10
-2

 torr) at 135 °C. 

 

FTIR (KBr): 3295(w), 3144(w), 2963(w), 2918(w), 2900(w), 2849(w), 1647(s), 

1606(w), 1596(w), 1560(m), 1534(m), 1503(m), 1483(m), 1449(w), 1399(w), 1386(w), 

1366(w), 1345(w), 1324(w), 1259(s), 1214(s), 1200(s), 1143(s), 1097(m), 1030(m), 

948(w), 921(w), 873(w), 803(s), 775(mw), 742(mw), 665(s), 637(w), 586(m), 527(w), 

465(w), 452(w), 439(w), 406(w). 

EA Calculated. for Mn2(C5H3O2F6)4(C5H3N4Se2):  C, 24.71; H, 0.581; N, 4.61%.  Found:  

C, 24.60; H, 0.73; N, 4.51% 

 

Synthesis and Structure: 
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Crystallography 

 

P-1 a = 8.9576, b = 12.2520, c = 18.6441 

 α = 96.563,   β = 91.865, γ = 110.633 

 volume: 1896.52 

 Z = 2 

 R-Factor = 5% 
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Magnetometry 
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Compound Name:  [μ-4-(2′-pyrimidyl)-1,2,3,5-diselenadiazolyl] di[bis(1,1,1,5,5,5-

hexafluoroacetylacetonate) zinc(II)] 

 

MW: 1142.23 g/mol 

 

Appearance: 

Pale blue 
blocks 

 

Lit. and/or 

notebook # and page: 

 

DM07-57, p87 

 
 
 
 
 

First made on date:   

Nov 11, 2010 

 

Made by:  Dan J. MacDonald 

 

Experimental Data: 

A colorless solution of Zn(hfac)2·2THF (1.4182 g, 2.2701 mmol) in 30 mL of methylene 

chloride was added to a dark-purple solution of pymDTDA (0.2023 g, 1.104 mmol) in 30 

mL of methylene chloride. The resulting dark-blue solution was stirred at room 

temperature for 30 min. The solvent was removed by flash distillation, and the residue 

was divided into four portions, each of which was sublimed under a dynamic vacuum at 

120 °C (10
−1

 Torr), yielding pale-blue blocks of the title compound [0.1322 g; 10% based 

on Zn(hfac)2·2THF] suitable for X-ray crystallography and magnetic measurements.   

 

FTIR 2961(w), 2918(w), 2844(w), 1647(s), 1596(w), 1562(m), 1535(m), 1486(s), 

1466(m), 1389(m), 1349(w), 1258(s), 1212(s), 1148(s), 1099(m), 1033(w), 948(w), 

853(w), 802(m), 764(w), 744(w), 670(m), 647(w), 587(m), 529(w). 

 

EA Calculated for C25F24N4S2O8H7Zn2:  C, 26.28%; H, 0.62%; N, 4.91%. Found: C, 

26.10%; H, 0.55%; N, 4.72% 

 

Synthesis and Structure: 
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Crystallography 

 

P21/n a = 21.486, b = 16.218, c = 13.036 

 α = 90.00,   β = 124.77, γ = 90.00 

 volume: 3731.45 

 Z = 4 

 R-Factor = 5.37% 
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Magnetometry: 
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Compound Name:  [μ-4-(2′-pyrimidyl)-1,2,3,5-dithiadiazolyl] di[bis(1,1,1,5,5,5-

hexafluoroacetylacetonate) zinc(II)]  : 4-(2′-pyrimidyl)-1,2,3,5-dithiadiazolyl 

bis(1,1,1,5,5,5-hexafluoroacetylacetonate) zinc(II)]    1:2 

 

MW: 2467.7 g/mol 

 

Appearance: 

Dark blue 
needles 

 

Lit. and/or 

notebook # and page: 

 

DM07-57, p87 

DM08-15, p18 
 
 

First made on 

date:   Nov 11, 2010 

 

Made by:  Dan J. MacDonald 

 

Experimental Data: 

A clear, colourless solution of Zn(hfac)2·2THF (1.0294 g, 1.6504 mmol) in 20 mL of dry 

methylene chloride was added to a clear, dark purple solution of pymDTDA (0.1693g, 

0.8186 mmol) in 30 mL of dry methylene chloride.   The resulting darkened solution was 

stirred at room temperature for 30 minutes after which time the solvent was removed by 

flash distillation and the residue was sublimed at 120 °C to give dark blue needles of the 

title compound (37% yield based on 2:1 ratio of complexes).  

 

FTIR 3138w, 2961w, 2914w, 2851w, 1647s, 1586w, 1560m, 1532m, 1487s, 1463m, 

1389m, 1348w, 1319w, 1259s, 1208s, 1150s, 1137s, 1097m, 861w, 841w, 813m, 796m, 

763w, 743w, 716w, 669m, 647w, 586m, 526w. 

 

EA Calculated for [Zn2hfac4·pymDTDA]:2[Znhfac2·pymDTDA]: C, 26.770;  H, 0.6944;  

N, 6.8113%.  Found:  C, 27.12;  H, 0.89;  N, 6.75%. 

 

Synthesis and Structure: 
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Crystallography: 

 

P21/n a = 19.884, b = 8.8599, c = 23.216 

 α = 90.00,   β = 100.73, γ = 90.00 

 volume: 4018.46 

 Z = 2 

 R-Factor = 5.09% 
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Magnetometry:   
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Compound Name:  5-oxo-5H-naphtho[1,2-d][1,2,3]dithiazol-4-yl acetate 

 

MW: 277.32 g/mol 

 

Appearance: 

Red needles.  
 

Lit. and/or 

notebook # and page: 

 

ML01-10, p19 

DM09-01, p1 

 
First made on 

date:   Nov 17, 2010 

 

Made by:  Dan J. 

MacDonald 

 

Experimental Data:  oDTANQOH (0.2333 g, 0.9915 mmol) was dissolved in dry THF 

(30 mL) and a slight excess of triethylamine was added (0.1452g, 1.435 mmol) to give a 

dark violet solution.  After 15 minutes, a slight excess of acetylchloride (0.1105 g, 1.408 

mmol) was added to give a light orange reaction mixture which was stirred at room 

temperature for 2 hours.  A pale, off-white solid was filtered and discarded.  The dark 

orange filtrate was evaporated under vacuum to give the title compound as a red powder 

(0.1749 g, 0.6307 mmol) 64% yield based on oDTANQOH.   Crystals suitable for x-ray 

crystallography were grown by dynamic vacuum sublimation at 120 °C. 

 

FTIR (KBr):  3271(w), 1759(s), 1616(m), 1610(m), 1590(s), 1582(s), 1541(s), 1497(s), 

1455(m), 1384(s), 1373(m), 1353(w), 1313(s), 1254(w), 1206(m), 1182(s), 1153(w), 

1096(w), 1040(m), 1018(m), 964(w), 860(w), 815(s), 770(s), 727(w), 689(m), 672(m), 

637(m), 618(w), 600(m), 584(m), 543(m), 486(w), 473(m), 419(w). 

 
1
HNMR (300 MHz, DMSO-d6): δ 8.44 (d, J = 9.0 Hz, 1H), δ 8.16 (d, J = 9.3 Hz, 1H), δ 

7.87 (m, 2H), δ 2.37 (s, 3H). 

 

MS (EI
+
):  m/z = 277.02 (parent ion, 100%), 235.00 (-C2H2O), 207.00(56%), 

177.99(43%), 130.05(36%), 103.06 (32%), 76.01(27%). 

 

Synthesis and Structure:  
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x-ray: 

P 21/n 

a: 4.7207(5), b: 13.3232(13), c: 18.4301(18) 

α: 90.00, β: 92.977(2), γ: 90.00 

 
CV:  0.1 M [

n
Bu4N][PF6] 2 mM [oDTANQOAc] in CH3CN.  Eox = 1.504 V; E = -0.981 

V  vs. SCE. 
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Compound Name:  5-chloro-1H-[1,2,5]thiadiazolo[3,4-e][1,2,3]benzodithiazolium 

chloride 

 

MW: 282.20 g/mol 

 

Appearance: 

Green powder  
 

Lit. and/or 

notebook # and page: 

 

DM02-6  p10 

DM02-22  p45 

 
 

First made on 
date:   Nov 13, 2007 

 

Made by:  Dan J. 

MacDonald 

 

Experimental Data:  Sulfur monochloride (11.9421 g, 88.440 mmol) was added to a 

homogeneous solution of 5-chlorobenzo[c][1,2,5]thiadiazol-4-amine (2.0155 g, 10.998 

mmol) in distilled and degassed acetonitrile (60 mL).  A thick, orange precipitate was 

formed immediately and over the next hour the solution turned to a brown, heterogeneous 

mixture.  The reaction mixture was refluxed for 20 h yielding a very dark, opaque 

mixture which was filtered hot.  The precipitate was washed with 2, 10 mL portions of 

distilled acetonitrile and dried under dynamic vacuum to afford the title compound as a 

dark green powder (4.3536 g, 15.428 mmol), 140% yield based on 5-

chlorobenzo[c][1,2,5]thiadiazol-4-amine.  The high yield an inherent result of elemental 

sulfur generated from the large excess of sulfur monochloride require for the reaction to 

proceed. 

 

FTIR (KBr):  3040(w), 3005(w), 2950(w), 1553(w), 1518(m), 1482 (s), 1424(m), 

1388(w), 1349(s), 1286(w), 1261(w), 1213(m), 1176(w), 11569(w), 1106(m), 1020(m), 

934(w), 907(w), 877(m), 861(s), 824(m), 758(m), 720(m), 628(w), 584(w), 505(m), 

490(w). 

 

MS (EI
+
): m/z 245.9 (parent ion), 178.0 (-SCl). 

Synthesis and Structure:  
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Compound Name:  5-chloro-1H-[1,2,5]thiadiazolo[3,4-e][1,2,3]benzodithiazolium 

tetrachlorogallate 

 

MW: 458.28 g/mol 

 

Appearance: 

Brown-
semicrystals. 

 

Lit. and/or 

notebook # and page: 

 

DM03-16, p 28 

DM03-33, p 56 

 

 

First made on 
date:   Mar 26, 2008 

 

Made by:  Dan J. MacDonald 

 

Experimental Data  Solid gallium(III) chloride (4.5377 g, 25.771 mmol) was added to a 

dark green slurry of II-X (8.0707g, 28.600 mmol) in distilled acetonitrile (80 mL) to give 

a dark, heterogeneous reaction mixture which was stirred at room temperature for 30 

minutes.  A pale greyish precipitate was filtered and discarded.  Chlorobenzene (80 mL) 

was added to the filtrate which was concentrated to half volume via flash distillation to 

afford the title compound as a dark, semi-crystalline solid.  The product was filtered and 

washed with 3, 10 mL portions of chlorobenzene and dried under dynamic vacuum 

(7.4878 g, 9.8697 mmol), 58% yield based on chloride salt 

 

FTIR (KBr):  3079(w), 2968(w), 1578(w), 1551(m), 1515(m), 1479(s), 1443(w, 

1423(m), 1381(w), 1348(s), 1328(s), 1262(m), 1222(m), 1153(w), 1104(s), 1080(s), 

1024(s), 951(w), 935(w), 868(s), 825(m), 804(m), 756(m), 723(w), 699(w), 688(w), 

583(w), 538(w), 520(w), 503(w), 473(w). 

 

 

 

 

Synthesis and Structure:  
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MS (EI
+
):  
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Crystallography 

 

P-1 a = 7.0118, b = 23.552, c = 11.258 

 α = 90.00,   β = 97.594, γ = 90.00 

 volume: 1842.86 

 Z = 4 

 R-Factor = 12% 
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Compound Name:  5-chloro-1H-[1,2,5]thiadiazolo[3,4-e][1,2,3]benzodithiazolium 

hexafluorophosphate 

 

MW: 391.71 g/mol 

 

Appearance: 

Black powder 
 

Lit. and/or 

notebook # and page: 

 

DM04-12 p 23 

DM04-16 p 31 

 

 

First made on 
date:   Sept 8, 2008 

 

Made by:  Dan J. MacDonald 

 

Experimental Data  A suspension of nitrosyl hexafluorophosphate (0.3126 g, 1.787 

mmol) in methylene chloride (35 mL) was added to a dark green slurry of chloride salt 

(0.5082 g, 1.801 mmol), also in methylene chloride (20 mL).  The reaction mixture 

quickly darkened upon addition and a fine brown precipitate was formed.  After stirred at 

room temperature for 15 minutes, the precipitate was filtered, washed with methylene 

chloride (5 mL), and dried under dynamic vacuum to afford the crude title compound, 

yield, 0.1374g (20% yield based on chloride salt.  An amorphous sample, suitable for 

elemental analysis was obtained from cooling the filtrate to 4 °C for 24 hours. 

 

FTIR (KBr):  3085(w), 2962(w), 1638(w), 1550(w), 1517(s), 1482(s), 1427(s), 1391(w), 

1351(m), 1328(m), 1292(w), 1263(w), 1175(w), 1160(w), 1107(w), 1085(w), 1024(m), 

953(w), 935(m), 862(s), 850(m), 828(m), 763(w), 733(m), 723(m), 661(vs), 576(w), 

541(w), 523(m), 435(w). 

 

Synthesis and Structure:  
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EA Calculated. for C6N3S3ClHPF6: C, 18.40; H, 0.257; N, 10.72. Found: C, 18.29; H, 

0.36; N, 10.98. 
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Compound Name:  3-nitro-1,2-naphthaquinone 

MW: 203.154 g/mol 

 

Appearance: 

bright orange powder 

Lit. and/or notebook # 

and page: 

DM 10 -65, p 82 

 

 
 

 

First made on date:    

Dec 16, 2011 

 

Made by:  Dan J. 

MacDonald 

 

Experimental Data:  1,2-napthaquinone (1.2293 g, 7.7727 mmol) was dissolved in 50 

mL conc. HNO3 to give a dark red, opaque reaction mixture which was then heated to 

reflux for 30 minutes.  After the solution became a clear red/orange, the heat source was 

removed and the reaction mixture was allowed to cool to room temperature.  The solution 

was diluted with 50 mL d.i. H2O and extracted with 3 x 100 mL CH2Cl2.  The combined 

extracts were dried with Na2SO4 and evaporated to dryness to yield the title compound as 

a bright orange powder (0.8139g, 4.006 mmol) 52%, which was used without further 

purification.  

 

FTIR (KBr):  3050(w), 1714(m), 1687(s), 1613(m), 1585(m), 1570(m), 1513(s), 

1451(m), 1354(s), 1276(s), 1242(s), 1153(w), 1100(w), 1040(w), 979(m), 923(w), 

897(w), 881(w), 823(m), 775(s), 764(s), 730(w), 888(w), 656(w), 594(m), 533(m), 

506(m), 460(w). 

 
1
HNMR (300 MHz, DMSO-d6): δ 8.67 (s, 1H), δ 8.02 (dd, J = 0.9, 6.6 Hz, 1H), δ 7.91-

7.87 (dt, J = 1.5, 6.0 Hz, 1H), ), δ = 7.80 (dt, J = 0.9, 4.8 Hz, 1H), δ = 7.77 (dt, J = 1.8, 

7.2 Hz, 1H). 

 

Synthesis and Structure:  
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Compound Name:  3,4-dioxo-3,4-dihydronaphthalen-2-aminium chloride 

MW: 209.632 g/mol 

 

Appearance: 

dark red powder 

Lit. and/or notebook # 

and page: 

DM 11-2, p 2 

 

 
 

 

First made on date:    

Jan 10, 2012 

 

Made by:  Dan J. 

MacDonald 

 

Experimental Data: Pd/C (10 mg) was added to a solution of 3-nitronaphthalene-1,2-

dione (0.7890g, 3.884 mmol) in bubble de-gassed MeOH (80 mL).  A balloon was fitted 

to the middle neck of a three neck flask and the system was flushed with H2 three times. 

The balloon was then inflated once more with H2 and the system was sealed. The reaction 

mixture was stirred for 1h at room temperature.  The red solution was then filtered to 

remove the Pd/C and 5 mL of conc. HCl was added and stirred overnight. The MeOH 

was then rotaryevaporated to afford the title compound as a dark red powder (0.5173 g, 

3.012 mmol) 77.55% yield.  Used without further purification.  

 

FTIR (KBr):  3057(s, broad), 2582(w), 1736(m), 1642(s), 1611(m), 1592(s), 1558(s), 

1509(s), 1473(s), 1396(s), 1361(w), 1339(w), 1260(m), 1228(m), 1195(m), 1104(w), 

1071(s), 1023(s), 964(m), 918(m), 871(m), 839(m), 766(s), 737(s), 713(m), 680(w), 

648(w), 605(w), 548(m), 443(m) 

 

 

 

Synthesis and Structure:  
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Compound Name:  4,5-dioxo-4,5-dihydronaphtho[2,1-d][1,2,3]dithiazol-2-ium chloride 

MW: 269.73 g/mol 

 

Appearance: 

yellow powder 

 

Lit. and/or notebook # 

and page: 

DM 11-7, p 7 

 

 

 

First made on date:    

Jan 16, 2012 

 

 

Made by:  Dan J. MacDonald 

 

Experimental Data: Pyridine (1 mL, 12.5 mmol) was added to a slurry of 3,4-dioxo-3,4-

dihydronaphthalen-2-aminium chloride (0.4205 g, 2.010 mmol) in dry acetonitrile (20 

mL).  Then sulfur monochloride (1 mL, 12.5 mmol) was added and the reaction mixture 

was heated to reflux for 1.5h and filtered hot.  The precipitate was washed with dry 

acetonitrile (10 mL) and dried under dynamic vacuum to give the title compound as a 

yellow powder (0.4200g, 1.557 mmol) 77% yield.   

 

FTIR (KBr):  3066(w), 3010(w), 1731(s), 1684(s), 1641(m), 1585(s), 1566(s), 1481(s), 

1454(w), 1423(s), 1364(s), 1318(w), 1285(m), 1264(m), 1231(m), 1163(w), 1109(s), 

976(m), 903(w), 869(m), 821(s), 806(m), 780(s), 708(w), 669(m), 656(m), 603(m), 

541(m), 529(m), 497(m), 466(s), 406(w). 

 

 
1
HNMR (300 MHz, DMSO-d6): δ 7.88 (dd, J = 0.9, 7.5 Hz, 1H), δ 7.65 (td, J = 1.2, 7.5 

Hz, 1H), δ 7.44 (td, J = 1.2, 7.5 Hz, 1H), δ 7.26 (dd, J = 0.7, 6.6 Hz, 1H) 

Synthesis and Structure:  
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Compound Name:  6,6′-dinitro-1,1′-binaphthyl-3,3′,4,4′-tetraone 

MW: 404.29 g/mol 

 

Appearance: 

 

Lit. and/or notebook # 

and page: 

DM 10 -35, p 40 

 

 

 

 

First made on date:    

Nov 2, 2011 

 

Made by:  Dan J. MacDonald 

 

Experimental Data:  1,2-napthaquinone (2.1562 g, 13.633 mmol) was dissolved in conc. 

H2SO4 (20 mL) to give a deep blue solution.  Approximately 2 mL of conc. HNO3 was 

added to give a dark red reaction mixture which was subsequently heated gently in a 

warm water bath at 65 °C for 45 min.  The solution was cooled and then poured on 100 g 

of crushed ice to give a thick orange precipitate which was filtered and washed with a 

minimum of water followed by 20 mL of ether, dried in the air and used without further 

purification (2.6236 g, 12.9788 mmol) 95% yield.  Crystals suitable for X-ray diffraction 

were grown from slow evaporation of dioxane.  

 

FTIR (KBr):  3104(w), 3072(w), 3042(w), 1713(m), 1671(s), 1592(m), 1571(w), 

1522(s), 1419(w), 1349(s), 1330(m), 1276(s), 1245(m), 1217(w), 1198(w), 1085(w), 

1059(w), 1008(w), 917(w), 862(w), 844(w), 799(w), 785(w), 723(m), 506(w), 432(w) 

 
1
HNMR (300 MHz, DMSO-d6): δ 8.64 (d, J = 2.4 Hz, 2H), δ 8.36 (dd, J = 8.4, 2.4 Hz, 

2H), δ 7.80 (d, J = 8.7 Hz, 2H), δ =, 6.631 (s, 2H). 

 

 

 

 

 

 

Synthesis and Structure:  
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Crystallography    

   recrystallized from dioxane 

 

C 2/c a = 39.192(5), b = 13.637(14), c = 12.0986(13)   

α = 90.00  β = 107.471(3)  γ = 90.00 
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Compound Name:  3,3′,4,4′-tetraoxo-3,3′,4,4a,4′,8a-hexahydro-1,1′-binaphthyl-6,6′-

diaminium chloride 

MW: 417.29 g/mol 

 

Appearance: 

dark red powder 

Lit. and/or notebook # 

and page: 

DM 11-3, p 3 

 

 

 

 

First made on date:    

Jan 10, 2011 

 

Made by:  Dan J. MacDonald 

 

Experimental Data: Pd/C (20 mg) was added to a slurry of 6,6′-dinitro-1,1′-binaphthyl-

3,3′,4,4′-tetraone (1.2291g, 3.0401 mmol) in MeOH (8 mL).  A balloon was fitted to the 

middle neck of a three neck flask and the system was flushed with H2 three times. The 

balloon was then inflated once more with H2 and the system was sealed. The reaction 

mixture was stirred overnight at room temperature.  After 16h the red solution was 

filtered to remove the Pd/C and 5 mL of conc. HCl was added and stirred for a 10 

minutes. The MeOH was then rotaryevaporated to afford the title compound as a dark red 

powder (1.1453g, 2.7448 mmol) 90% yield.  Used without further purification.  

 

FTIR (KBr):  3311(m, broad), 1628(s), 1613(s) 1590(s), 1525(s), 1502(s), 1432(w), 

1111(w), 1387(w), 1299(s), 1248(s), 1193(s), 1074(m), 1047(m), 1005(s), 912(m), 

869(m), 839(m), 825(m), 794(w), 741(m), 716(w), 696(m), 656(w), 581(m), 438(m). 

 

 
1
HNMR 300 MHz, acetone-d6): δ = 9.17 (d, J = 0.3 Hz, 1H), δ = 7.86 (dd, J = 2.4, J = 

7.3 Hz, 1H), δ = 7.47 (s, 1H), δ = 7.40 (d, J = 4.8, 1H), δ = 3.54 (s, broad, 3H). 

 

 

Synthesis and Structure:  
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