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ABSTRACT

THE FIRST OBSERVED METAL COORDINATION OF A 1,2,3-DITHIAZOLE:

TOWARDS THE DESIGN OF NEW MOLECULAR MATERIALS

Chad Steven Smithson Advisor:
University of Guelph, 20 1 1 Professor K. E. Preuss

This thesis is an investigation of naphtho[l,2-ö/][l,2,3]dithiazolyl-4,5-dione and its use as a

spin bearing ligand. The synthesis of the ligand in the 1+, 0 and 1- oxidation states is given, with
the neutral ligand found to dimerize in the solid state. Cyclic voltammetry in MeCN reveals an

Eceii of 0.80 V vs SCE, and chemical reversibility of the E1/2(1"/0) (-0.02 V) and Ei/2(0/1+) (0.78 V)
couples. Despite numerous efforts, the open shell 2- oxidation state could not be stabilized. The

first coordination species of a 1,2,3-DTA complex are provided with coordination of this ligand
to Sb +, Ga + and Fe +. Coordination occurs through the quinone oxygen atoms with the ligand
always in the closed shell 1- oxidation state as determined from bond lengths. The crystal
packing is observed to be largely governed by electrostatics, forming long chains through close
S-Cl and S-O interactions.
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Chapter 1

Background Information



1.1 Introduction

The ability to manipulate/apply magnetic properties has allowed for the

invention of life altering devices such as television, radio, and computers. These devices

all rely upon bulk magnetic properties, leaving technologies based on fundamental

magnetic properties, such as electron angular momentum, highly underdeveloped.

Current day semiconductor electronics has nearly reached its macroscopic limit of 100

nm.1'2 If we wish to move to smaller devices we must leave the world of classical

mechanics and tackle the field of quantum mechanics. The field of spintronics (spin-

based electronics)1 intends to make use of magnetization at the quantum level,

employing the spin of the electron to act as a form of data storage. Mott showed that in

a ferromagnetic material, the spin up, spin down electrons, can be treated as different

families known as the "two channel model".3 The relative independence of the two

families of charge carriers in the two-channel model is one important feature of spin

based electronics. The other essential ingredient is that the densities of states, and

consequently the motilities of the two channels are typically very different in a

ferromagnetic (FM) metal (see section 1.2 for a definition of FM).3 This led to P.

Grünberg and A. Fert receiving the 2007 noble Prize in Physics for their simultaneous

discovery in 1988-1989 of giant magneto resistance (GMR) by use of an Fe/Cr magnetic

superlattice.4 GMR is observed in artificial thin-film materials composed of alternate

ferromagnetic and nonmagnetic layers. In a famous application, the magnetic

information on a hard disk (bit) creates a magnetic field that can be in one of two

orientations that switch the magnetic orientation of the first ferromagnetic layer of a

~2~



GMR read head as it passes over the bit (Fig. 1.1). The resistance of the read head is

largest when the first FM layer is parallel with the second FM layer and smallest when

the two are antiparallel. The difference in resistance between parallel and antiparallel

orientations can be up to two orders of magnitude.5 This change in electrical resistance

due to a magnetic field is known as magnetoresistance,1 and allowed GMR read heads

to be used commercially starting in 1998.6 The era for GMR devices lasted only ten

years, as they have now been replaced by the even more sensitive read heads known as

magnetic tunnel junctions (MTJs) or tunneling magnetoresistance (TMR) devices.2

Ferromagnetic layer with
locked in spin orientation

Nonmagnetic layer

Ferromagnetic layer with magnetic
moment orientation dependent upon
the magnetic field of a hard disk bit

t I I i I I t I I t I I
Magnetic data storage as bits on a disk

Figure 1.1: Pictorial diagram of a giant magnetic resistance read head. As the head
moves over a magnetic domain the lower ferromagnetic layer can spin flip. A current
passing through the read head travels through the non magnetic layer with a
characteristic resistance dependent upon the spin of the lower ferromagnetic layer.

The underlying design limitation with GMR devices is that they are entirely

Ohmic in operation because all their parts are metallic. Moreover, the source

impedances of such devices are small and require noise figure optimization to

conventional electronics which is difficult and requires bulky impedance transforms.6

New age spintronic devices such as magnetic random-access memory (MRAM) have

1
H

~3~



helped to overcome these problems. MRAM possesses switching rates that rival current

RAM1 and stores information through magnetization making it non-volatile (the data is

not lost when the power is turned off).6

Some of the most inviting technologies offered by spintronics cannot be

achieved at the present time because no physical material has the properties required.

One of the most prominent device proposals is the spin-field-effect transistor (SFET) set

forth by Datta and Das.7 The proposal uses Rashba spin-orbit coupling to perform

controlled rotations of electron spins passing through the device.8 For this device to

perform, it requires a material that orders ferromagnetically and is semiconductive in

the same temperature regime. The most common approach to achieve this is to dope

semiconductors with magnetic ions. Much research has been done on the metal doped

material Gai.xMnxAs,9 while the alternative approach of using organic materials is

underdeveloped. One possible approach has involved the incorporation of a radical

organic ligand with a paramagnetic metal centre which presents one with the ability to

tune the organic ligand and easily change the metal to alter the magnetic properties of

the material. This field of research is still in its infancy with few sample systems to draw

knowledge from. For this reason much research must be performed on simple systems

to help build theoretical models to guide future work. Therefore, this thesis will discuss

the synthesis and characterization of a simple spin bearing ligand and its subsequent

coordination complexes.

To understand how we intend to achieve a ferromagnetic semiconductor,

chapter one will focus on the basics of magnetic coupling and conductivity. This will be
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followed by a discussion of spin bearing ligands focusing on the use of a 1,2,3-dithiazolyl

(1,2,3-DTA) moiety. The ligand of this thesis also has an o-quinone incorporated into its

structure. Therefore the reactivity and characterization of o-quinone coordination

complexes will be discussed.

Chapter two will cover the synthesis and characterization of the ligand in

multiple oxidation states. Specific attention will be given to the crystal packing of the

materials in the solid state and their solution electrochemisty, with computational

studies used to provide supporting information.

Chapter three discusses coordination complexes of the ligand to Sb5+, Ga3+, and

Fe3+. The synthesis and characterization will be covered with a focus on the crystal

packing of these complexes.

Chapter four will provide a discussion of the observed properties from chapters

two and three. Emphasis will be placed on solution electrochemistry as well as the

coordination geometry of the complexes from chapter three, with comparisons to

relevant literature. Suggested future work will be discussed. The thesis will end with a

brief summary of results and observed trends.

1.2 Magnetism

1.2.1 Ferromagnetism

Magnetism is defined as "the property of a material to be attracted to

(paramagnetic response) or repelled by (diamagnetic response) a magnetic field".10
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Because all atom-based matter responds to a magnetic field the magnetic response as a

function of applied magnetic field and temperature determines the classification of a

material's magnetic properties. For instance diamagnetism arises from the circulation

of paired electrons. Most materials have low lying orbitals filled with paired electrons,

(i.e. core electrons, bonds, lone pairs) thus most materials show a diamagnetic response

to an applied field. Paramagnetism requires unpaired electrons. A paramagnetic

response is generally two orders of magnitudes greater than the underlying diamagnetic

response from the filled molecular orbitals. All other forms of magnetism rely upon long

range ordering of unpaired electrons and are critical phenomena, meaning they revert

back to paramagnets above some critical temperature. Ferromagnetism is one of these

bulk properties, requiring large areas (domains) of unpaired electrons in a material to

spin align.

1.2.2 Magnetic Coupling

In order to control spin-alignment, a goal of this research is to achieve

predictable/controllable magnetic coupling between unpaired electrons of a metal ion

and of a paramagnetic ligand. The ligand has the dual purpose of also providing a

pathway for activated conductivity via t?-stacking in the solid state. A simple orbital

description of the interaction shows how magnetic coupling is achieved using an

electron in the d orbital of a metal in octahedral symmetry (Oh) and an electron in the p

system of a weak field ligand. The valence atomic orbitals of the metal in Oh symmetry

are split into a t2g and an eg set. Using the metal ligand interaction shown in Figure 1.2,
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the ligand's pz orbital is orthogonal to the eg set (dz2 and dX2-V2 orbitals) of the metal
where the spin ground state is best explained using Hund's rule of maximum spin

multiplicity, resulting in FM coupling. The pz orbital of the ligand is nonorthogonal to

the dxz and dyz orbitals of the t2g set resulting in AFM coupling (as stated by the Pauli

Principle) such that the lowest energy orientation is anti-parallel alignment of the two

electrons. It must be noted that the dxy orbital is orthogonal to the pz orbital, but the t2g

set is degenerate, so the overall interaction is AFM coupling

a> dz2 pz

-ft-
c)

Q
M I L

Orthogonal overlap

Energy

Ferromagnetic coupling

Hund's Rule applies

M I L

Nonorthogonal overlap

d)

S=I

S = O

Energy

Antiferromagnetic coupling

The Pauli Exclusion Principle applies

Figure 1.2: (a) Cartoon orbital description of a metal-ligand orthogonal orbital overlap
for which (b) Hund's rule of maximum multiplicity predicts a triplet ground state and
FM coupling, (c) A metal-ligand nonorthogonal overlap is depicted with the system
described by (d) The Pauli Exclusion Principle resulting in a singlet ground state and
AFM coupling.
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The systems discussed in this thesis often have more than one spin bearing

ligand coordinated to a metal centre. To illustrate how spin interactions can add with

the addition of one, two and three spin bearing ligands, we look at a series of high spin

(HS) Fe1" complexes in an Oh symmetry. In the ground state, the metal ion has a total

spin of S = 5/2. The addition of a radical ligand which has a spin of S = Vi1 results in two

possible energy states, S = 2 or S = 3, with S = 2 being the ground state for AFM coupling

(expected from orbital overlap arguments). These values are calculated from the

phenomenological spin Hamiltonian describing the spin states in zero field given by;10

H = -J(S11- SFe) [1]

where SL1 is the spin operator of the ligand, SFe is the spin operator of our HS-Fe"1 ion

and J is the spin coupling parameter between the spin bearing ligand and the HS-Fe"1. A

negative value for J refers to AFM coupling and a positive J is FM coupling. From this

Hamiltonian, the two resulting energy levels are separated by energy J. With the

addition of a second spin bearing ligand, our Hamiltonian becomes;

H = -j(SL1-SFe+SL2-SFe) [2]

where SL2 is the spin operator of our second ligand. *Note: The above Hamiltonian

considers only the spin interactions of a ligand with the HS-Fe1" ion and does not take

into account ligand-ligand spin interactions.* If we define two new spin operators;

S' = SL1+SL2 and S = S' + SFe [3], [4]

The spin Hamiltonian can be rearranged in the following way;
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h = -j(s2 - s2L1 - Sl2 - sh) + J- (s'2 - Sl1 - Sl2) [5]

The relative energies in zero field are then expressed as;

E(S1S') = -LS(S + 1) + {S'(S' + 1) [6]

If we plug in all the possible spin values for S and S', we get the four different energies

tabulated in Table 1.1. Since energy levels are relative, we can arbitrarily choose one to

be the origin and adjust the other relative energies accordingly ("Origin Adjusted"

column). The energy levels for the hypothetical HS-Fe1" system with three ligands is also

given in Table 1.2, where the initial Hamiltonian and S' are given by;

B = -J(§li ' $Fe + SL2 ¦ SFe + SL3 ¦ SFe) and §' = SL1 + SL2 + S1L3 [7], [8]

:. H = -]-(S* -S" -S}e) [9]

Table 1.1
Calculated spin energy values for an Fe(L)2 system excluding ligand-ligand magnetic coupling.

Energy (S,S') Calculated Origin Adjusted
E(7/2,l)
E(5/2,0)
E(5/2,l)
E(3/2,l)

-6J

-7J/2
-5J/2

0

Table 1.2
Calculated spin energy values for an Fe(LQ3 system excluding ligand-ligand magnetic coupling.

Energy (S,S') Calculated Origin Adjusted
E(4,3/2)

E(3,l/2) twice
E(3,3/2)

E(2,l/2) twice
E(2,3/2)
E(l,3/2)

-9J

-13J/2
-5J

-7J/2
-2J
0
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An energy tree used to illustrate these energy levels is given in Figure 1.3.

(S,S·) = (7/2,1)

(S,S') = (4,3/2)

(S,S") = (3,l/2)

S =5/2
S= 3 (S,S') = (5/2,0) (S,S") = (3,3/2)

S= 2 (S,S·) = (5/2,1)

(S,S') = (3/2,1)

(S,S') = (2,l/2)

(S,S"î=72,3/2)

(5,S') = (1,3/2)

Fe1" Fe11UO2 Fe»'(L)2 Fe"'(L-)3

III
Figure 1.3: Energy level diagram for spin coupling of a theoretical high spin Fe
complex with one, two and three spin bearing ligands.

For the Fe(L-)3 system, the S = I ground state results from AFM coupling of the

Fe1" with all three ligands, while the S = 4 state is the result of all ferromagnetic

interactions. The ground state of this system is a triplet S = I.

A typical magnetic experiment will measure the magnetization of the sample as

it is cooled from 300 to 2 K, providing a variable temperature magnetic susceptibility

response. Because the coupling constants are typically small, higher lying energy states

are populated at ambient temperature. A decrease in temperature results in the

thermal depopulation of upper states S = 2, 3 and 4 eventually resulting in a system with

only the S = I state populated. This type of experiment clearly demonstrates the

dependence magnetization has on temperature. The above description of magnetic
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interaction is a highly simplified case. A more rigorous treatment would include ligand-

ligand spin coupling. For the Fe(L-)3 system, the Hamiltonian would then be represented

by;

H = -J(§L1 ¦ SFe + SL2 · SFe + SL3 ¦ SFe) - J'(SL1 ¦ S12 + SL1 ¦ SL3 + SL2 ¦ SL3) [10]

Where J' is the spin coupling parameter between ligands. The situation can become

even more complicated if the system is not asymmetric and if the active electrons are

not localized in their magnetic orbitals, which was assumed for the above example.

Obviously spin-spin interactions can become complex very quickly and it is left to the

reader to explore the topic further. A highly recommended starting point is the book by

O. Kahn, 1993.10

1.3 Conductivity

1.3.1 Band Theory

A good starting point for an explanation of electrical conductivity in solids is

through the use of a band model. Electrons in crystals are arranged in energy bands

separated by regions of energy for which no wavelike electron orbitals exist. A metal

has a partially filled energy band and conductance occurs by electrons traveling through

the system using the empty part of the band which requires no promotion energy. An

insulator has entirely filled or entirely empty energy bands, and a large band gap (eg)

between the highest filled and lowest unfilled band which is too large for thermal
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promotion to occur at ambient temperature, resulting in little to no electron transfer. A

semiconductor is a specific example of an insulator where the band gap is typically of

the range 0 eV< eg< 1 eV (Fig. 1.4).11 This small band gap allows for thermal promotion

of electrons into low lying empty bands from which they can travel through the system.

The major experimental difference between a metal and a semiconductor is that

resistivity increases with temperature for a metal and typically decreases with

increasing temperature for a semiconductor.

? Band gap <^
Energy

metal insulator semiconductor

Figure 1.4: Simple representation of (left) a metal, (middle) an insulator and (right) a
semiconductor using band theory.

Common semiconducting materials are (doped) Si or Ge systems, but

molecule/polymer semiconductors also exist. Molecule/polymer electronics are not

intended to outperform contemporary silicon electronics. Instead they are expected to

fill a market niche due to their mechanical flexibility, low weight and eventual low cost

of production. The prominent advantages molecule/polymer semiconductors have over

silicon and germanium doped systems, are their ease of handling, mechanical properties

and potential for enhanced information storage compared to silicon and germanium
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systems.12 Processing of organic semiconductors can replace conventional silicon

electronic processing techniques with cheap roll-to-roll, ink-jet, gravure, and other

printing techniques. These advantages make them very promising for new material

design.

1.3.2 Organic Conductors

Generally, organic molecules have very low conductivity (s < 10 10 S cm"1 at RT)

making them a poor choice for new electronic materials. However, select organic

molecules are semiconductors. Some common examples are oligothiophenes,

substituted naphthalenes, phthalocyanines and pentacene which all create charge

transport across p-p stacks of molecules.13 Other materials such as charge transfer (CT)

salts, and radical ion conductors (RICs) also exhibit significant conductivity. Charge

transfer salts consist of two different materials that through partial charge transfer co-

crystallize into stacks of donors and acceptors, allowing conductivity to occur up a stack.

The most famous CT salt is TTF-TCNQ (tetrathiafulvalene-tetracyanoquinodimethane)

exhibiting a conductivity of 104 S cm"1 at 66 K.14 RIC salts are similar except either the

donor or acceptor is oxidized or reduced respectively with a counterion to balance the

charge resulting in a conductive radical ion salt. Examples include donor-based

[TTF][Br]o.7 and the acceptor-based [Et3NH][TCNQ]2 both with conductivity on the order

of 102 S cm1.15,16 A summary of the conductivity of common materials is given in (Fig.

1.5).
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-16
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Figure 1.5: Logarithmic scale of conductivity depicting where a variety of materials are
conductive.

In this thesis we set out to create another form of organic conductor known as a

neutral radical conductor (NRC). A NRC consists of an organic material able to stabilize

an unpaired electron in the solid state for an extended period of time. Through p-p

stacking of molecules an electron can be removed from one molecular site and placed

on a neighbouring molecular site creating activated conductivity via the hopping model.

The action of removing an electron from a molecular site and placing an extra electron

on another molecular site can be likened to an ionization potential (IP) and an electron

affinity (EA) respectively. Therefore, computational estimates of the gas phase

disproportionation enthalpy

AHdiSp = IP - EA [11]

can give knowledge into how large the expected energy barrier for activated

conductivity will be. NRCs are typically seen to exhibit conductivity of up to 10"3 to 10'4

S cm"1 at room temperature17 with activated conductivity resulting from a Mott

insulating state. The major problem in trying to achieve a Mott insulating state is that
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radical species can easily undergo a Peierls distortion, resulting in a Peierls insulating

state which is typically a large band gap insulator. To understand how this occurs, an

explanation of insulators will be given.

1.3.3 Insulating States

It is important to understand that in the physics community, any material that

exhibits activated conductivity (has a band gap) is classified as an insulator, this

therefore includes semiconductors. Because the definition of an insulator is so broad,

there exist four major subclasses of insulating states. The first is a band theory insulator

(which is the classic example described earlier in section 1.3.1), second, an Anderson

insulator caused by disorder or impurities in the lattice structure, with the third and

fourth being a Peierls insulator and a Mott insulator. A Peierls insulator transition is

thermodynamically driven. For any partially filled ID band, a charge density wave

(CDW) can be formed over the periodic structure. A CDW is a repeating pattern with

alternating regions of high and low charge density. At low enough temperatures it can

be energetically favourable for a static lattice deformation to occur, generating a new

commensurate CDW of different periodicity.18 A result of this is the creation of a band

gap. A simple example using hydrogen atoms in the gas phase arranged in a periodic

array can help explain how this occurs. The undistorted structure has evenly spaced H

atoms with 1 electron per atomic site. The band structure is a half filled band. After

undergoing a Peierls transition, the new lattice consists of alternating long short

distances between atomic sites. This results in the bottom half of the band being

lowered in energy and the upper half being raised in energy. In the new system, the
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two bands are separated by a band gap whose size is directly proportional to the extent

of the lattice deformation. Because the lower band is completely filled, the system is in

an insulating state. A common experimental example of this is dimerization which is

specific to half filled bands. For a more detailed description of the Peierls transition

refer to Griiner's review

a) Uniform—!¡?-
? attice 7?_
array \

19

-??-

? ?

b) Peierls
distorted
array a-2x

-?<«-
a+2x

Figure 1.6: Pictorial description of a uniform lattice array (a) before and (b) after
undergoing a Peierls distortion.

a) Band structure
of a uniform
array.

? states ?

b) Band structure
of a Peierls
distorted array n/2 states \

? electrons \
IL-'

n/2 statess,v
? electrons

H
Figure 1.7: (a) Simple band diagram of a uniform array and (b) a Peierls distorted
array showing the creation of a band gap.

The fourth insulating case was first postulated by Mott in 1949 to describe a

situation where a material should be metallic according to band theory, but is insulating

due to strong electron-electron repulsion (correlation effects). To understand how this

works we will consider a general NRC with a half filled band created by overlap of the

SOMO. The energy difference between one electron and two electrons on the same
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molecular site is defined as the onsite Coulombic repulsion (U) (Fig. 1.8). Placing two

electrons on the same site raises the energy of the system. This causes the half filled

band of the material to split into two one electron Hubbard sub bands. These Hubbard

sub bands have one electron per atomic site with the energy difference between the

centre of the lower and upper sub band being U. The width of the bands is W = 2zß

where ? is the number of nearest neighbours and ß is the resonance integral obtained

from Hiickel Theory. The separation of these sub bands creates a band gap of energy £g

= U - W.20 Simply put, the half filled band of the material separates into two sub bands

separated by the energy required to take an unpaired electron from one site and place

it on another site that already has an unpaired electron.

Energy 1

Density of states ?

Energy Energy

1 2
# of electrons

/) J2J = W
U i%=UW

2zß=W

Density of states ?

Figure 1.8: (left) Density of states diagram for a metallic half filled band, (middle)
Energy diagram showing the difference in molecular energy when correlation effects
are taken into account, (right) Density of states diagram for a Mott insulating state
depicting two one electron Hubbard bands.

Conductivity is described via the hopping model where an electron travels from

one molecular site to another. For this to occur, the electron must be promoted into

the upper Hubbard sub band (assuming Vi filling), which requires the energy eg (Fig.
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1.9). This is why U is often approximated as AHd¡sp. To increase conductivity the band

gap Eg must be reduced. This can be achieved by increasing ß or decreasing U through a

variety of methods. Applying pressure to a crystaline material will cause the molecular

orbitals to move closer together increasing ß.22 Although effective, this method does

not lend itself to practical applications. A more practical approach is modification of the

molecular structure, e.g. changing an atom for a heavier heteroatom which has a larger

valance orbital to increase orbital overlap, increasing W and decreasing U. For instance,

S can be replaced by Se or a Te.60 Computational estimates of ??^? can be obtained

from density functional theory calculations at the Becke, three-parameter, Lee-Yang-

Parr (B3LYP) level or found experimentally for simple compounds, making crude

predictions of U very informative. An easy way to decrease U is to delocalize the

unpaired electron over many atoms. In the search for new materials with a decreased

U, this thesis will endeavour to design a new NRC material based on a S-N heterocycle

system know to stabilize free radicals.

····

?
IU

IP EA

Energy

Density of states ?

Figure 1.9: Pictorial explanation of The Hopping Model. On the left a free radical is
hopping from one molecule to another. On the right, a free radical is jumping from
the lower Hubbard band to the upper Hubbard band.
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1.4 Stable Neutral Radicals

1.4.1 Stable Radical Ligands

There exists a wealth of literature involving neutral stable radicals where stable

refers to a system that can exist for weeks to months in both solution and the solid state

without decomposition occurring.23 Below (Fig 1.10) are a number of examples

involving a variety of building blocks able to stabilize a neutral radical that can be used

as ligands. They include thiazyl and phosphorus containing thiazyl radicals l-l,24 I-2,25

verdazyl radicals I-326 and rings containing 3 and 2 nitrogen atoms I-4,27 I-5,28 nitroxides

(R-NO-) I-629 and nitronyl nitroxides I-7,30 phenoxyl radicals 1-8, systems based on a

thiazyl fragment I-931 and a new class of radicals, phenalenyl based radicals 1-10

pioneered by R. Haddon.32 For compound 1-10 when the R group is a hexyl group, the

system achieves the highest organic neutral radical conductivity of 0.5 Sem"1 at room

temperature caused by a quarter filled conduction band.

There are many interesting magnetic and conductive properties achieved with

the neutral stable radical systems found in Figure 1.10. For reasons specific to each

system including difficulty in synthesis, an unavailable site to coordinate to a metal,

coordination sites that have no appreciable a spin density, or the inclusion of bulky

substituents that would inhibit p-stacking and thus band formation, we have chosen to

study a different radical system. The system in this study is the 1,2,3-dithiazolyl moiety

(1,2,3-DTA), a five membered thiazyl containing fragment, which will be used to remedy

the above mentioned pitfalls of other stable radicals.
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Figure 1.10: A variety of stable radicals that can be coordinated to a metal centre.

1.4.2 Five-membered Thiazyl Radicals

5-Membered-ring-thiazyl radicals are carbon, sulfur and nitrogen containing

species related to the S3N2+- radical. They tend to be planar, resonance stabilized

heterocycles with 7p electrons33 where the unpaired electron resides in a p* molecular

orbital, delocalized over the ring. Because the electronegativity differences between

sulfur and nitrogen are small and there is an appreciable overlap between sulfur 3?p
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and nitrogen 2?p orbitals, p-interactions in conjugate S=N units are strong, helping to

stabilize the system.34

1,2,3,5-DTDA

1,2,3,4-TTA

N ,N 1,3,2,4-DTDA

R 1-11

1,2,3-DTA

\ ·7? 1,3,2-DTA

Figure 1.11: Carbon containing 5 membered heterocycles based on the S3N2+-
structure able to stabilize a radical.

Organic heterocycles (incorporating carbon) due to their lower sulfur and

nitrogen content make them easier to handle (less prone to detonation and hydrolysis)

than their pure sulfur nitrogen analogues and through the incorporation of organic

substituents, can be more finely tuned.35 They also provide more common

spectroscopic "handles" (1H and 13C NMR). Of the five carbon containing systems shown

above, there are very few examples of 1,3,2,4-DTDA's and 1,2,3,4-TTA's. The 1,3,2,4-

DTDA when left to stand at room temperature in the presence of light, slowly re-

organizes to the 1,2,3,5-DTDA. This has been attributed to a second-order process that
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¡s photochemìcally activated; a major transition state involves a cofacial association of

two radicals.35

-N—Sx N-S

S—N^-R S-N

Figure 1.12: Major transition state in the rearrangement of 1-11 to 1-15.

The most studied systems are the 1,2,3,5-DTDA, 1,3,2 DTA and 1,2,3 DTAs. A major

limitation associated with the 1,2,3,5-DTDA system is that the SOMO of the system is

localized on the S and N atoms, being nodal at the carbon atom (Fig. 1.13). A result of

this is that little spin density is found outside the ring no matter what substituent is

used, making the 1,2,3,5-DTDA susceptible to dimerization.

Figure 1.13: SOMO (left) 1-15, (middle) 1-13 and (right) 1-12 calculated using uB3Lyp 6-
311 G(d,p) from G03W-Revised-C01. Spin density is trapped on the ring of 11-15 and II-
13, while there is significant bonding character on the carbon atoms of 1-12 allowing
the spin to delocalize beyond the ring.

Dimerization is an ever present problem for these S-N heterocycles because of

the high spin density distributed on so few atoms. To compensate, bulky substituents

have been used in 1,2,3,5-DTDAs to suppress dimerization. The problem with this
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approach ¡s that it greatly decreases orbital overlap thereby decreasing W reducing the

conductivity of the system. The major advantage with these systems is that a variety of

substituents can be placed on the carbon atom to create a more desirable coordination

environment. Below are a few examples from our lab (Fig. 1.14).

/ \

\^> N NL ^N V. s,

N^.N N^.N N^.N
\ / \ / \ /
S-S s—s S-S

1-16 1-17 M8

Figure 1.14: A selection of coordination environments that have been created for the
36,37,381,2,3,5-DTDA ring system.

Similar to 1,2,3,5-DTDAs, a 1,3,2-DTAs SOMO is localized on the 5 membered

heterocycle. These systems are less prone to dimerization than 1,2,3,5-DTDAs but have

an Eceii (Eceii = Ei/2(0/1+) - Ei/2(1/0), where Ei/2 = half wave reduction potential, refer to

section 1.6.2) that remains almost constant at 1.35 V despite the substituent used.39

The only way to significantly adjust the Eceii, is to attach a substituent directly to the

nitrogen atom. Additionally, the position of the nitrogen only allows for monodentate

coordination. To help reduce the problem of dimerization but still have a coordination

pocket, we turn to 1,2,3-DTAs.
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1.4.3 Synthesis and Reactivity of 1,2,3-DTAs

1,2,3-Dithiazolylium salts were first prepared by Herz in 1922 by reacting aniline

hydrochloride and its derivatives with an excess of S2CI2.40 The reaction fuses a -N=S-S-+

bridge/ring to a carbon backbone, typically accompanied by chlorination of the position

para to the nitrogen. The reaction stoichiometry appears simple but countless

experiments have concluded that the reaction will not proceed to completion without a

minimum of 4 equivalents OfS2CI2.

NH2 NSoCI \\

C C
1-19

Figure 1.15: The Herz reaction.

The most common solvent for the Herz reaction is MeCN as the resulting salt is

typically insoluble in MeCN allowing for easy separation from the excess S2CI2 used in

the reaction. The reaction is performed under inert atmosphere in dry solvent, often

requiring heat. Typically the reflux temperature of MeCN is sufficient, however, the

reaction temperature can be pushed further by using other non-protic solvents. When

reaction completion is achieved (usually 4 hours), the solution is filtered hot and washed

with warm MeCN to remove most of the sulfur containing by-products. The chlorination

of the para position is substituent dependent. A variety of ring deactivating groups such

as NO2, COOH, SO3H and H are displaced by a Cl atom while groups such as Br, Me2N, RO

and R withstand substitution.41 For these reasons, a more accurate description of the
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Herz synthesis ¡s given in Figure 1.16 where route b has the para substituent displaced

but route a does not. Many mechanisms for the Herz reaction have been put forth, but

none can account for both the chlorination of the para position and the necessity for 4

equivalents of S2CI2. 41'42 It has been established that chlorination cannot occur before

ring cyclization has begun, but must occur prior to oxidation to the dithiazolylium

chloride.

N^ \\ R = Br, Me2N, RO, R
/

NH2 Cl5SoC 1-20
AMeCN N^ \\

R = NO2, COOH, SO3H, H/

C Cl

Figure 1.16: The Herz reaction when the para position (b) is chlorinated and (a) not
chlorinated.

The hydrolysis of a Herz salt results in the formation of 3H-l,2,3-DTA-2-oxide

which can reversibly be returned to the salt by the addition of a strong acid via

dehydration (Fig. 1.17).43 Alternatively, the hydrolysed product can be directly
converted to the radical species with heat (Fig. 1.18). However if an excess of heat is

applied, the species decomposes to a phenazine. Proposed mechanisms include a

disproportionation mechanism44 and an association then rearrangement reaction

resulting in a loss of S4 similar to that of 1,3,2,4-DTDA's mentioned earlier. 45
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HoO

-HCl

HX
S=O -H9O

X = non-interacting -anion

Figure 1.17: Reaction of a Herz salt with water followed by a reaction with a strong
acid, reproducing the cation.

? 800C
-O

? 1200C

1-22

Figure 1.18: Effect of heating 1-21. At milder temperatures, the radical species 1-22 is
obtained. Overheating results in thermal rearrangement to 1-23.

A recent study has determined that the product of a Herz 1,2,3-DTA radical

reacting with molecular O2 is a substituted diphenyl disulfide bearing two R-N=S=O

groups (Fig. 1.9).46 It is known that R-N=Se=O species are very unstable suggesting the

related 1,2,3-diselenazyl species are less susceptible to decomposition from molecular

O2 47

-24

O,
s—s

1-25

1Bu

N
Il
S
Il
O

Bu

Figure 1.19: 1,2,3-DTA decomposition product when reacted with oxygen.
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An alternative synthesis for the creation of a 1,2,3-DTA occurs via a condensation

of an o-aminothiol with thionyl chloride.48 This method requires milder conditions and

does not lead to chlorination of the position para to the nitrogen. It does however

involve extra synthetic steps. The most important advantage of this synthesis is that it

can be adapted to incorporate heavier chalcogens such as Se and Te into the 1,2,3

49
ring.

1.4.4 1,2,3-DTAs

Early work on 1,2,3-DTA's involved non benzo-fused systems. Mayer

demonstrated that materials could exhibit persistent ESR signals when electron

withdrawing (e.g. acyl) groups were attached at the 5-position. These systems had a

tendency to irreversibly dimerize in the solid state through C-C s bonds at the C5

position due to a heavy spin density found on that atom.50 This spin density is

represented by the two possible resonance formulations in Figure 1.20. The only non

R C\5 1s V-s
\ 4/ \

R-VS 2
3

Figure 1.20: (left) The two most common resonance formulations for a generalized
1,2,3-DTA and (right) an atom numbering scheme.

benzo-fused species to avoid C-C dimerization are 1-27 and 1-28 (see Table 1.3) which

prevent dimerization through steric bulk and pull significant electron density off the ring

through a highly electronegative substituent. Compound 1-27 does however dimerize
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through long S-S contacts.51 Due to the few undimerized examples of non benzo-fused

1,2,3-DTAs, this discussion will only include systems that are benzo-fused which allows

for p derealization of the radical. It has been observed that delocalizing the electron

over a large area can raise the thermal decomposition temperature of the system.50 By

blocking dimerization at the C5 position, dimerization is typically observed to occur

between long S-S bonds.51 The three most typical modes of S-S dimerization are shown

below; (a) tro/is-antarafacial,50 (b) fw/sfec/-cofacial51 and (c) c/s-cofacial,52 but

undimerized examples exist as well.53

Figure 1.21: Three possible dimerization modes for the 1,2,3-DTA species.

1,2,3-DTA's theoretically can exist in three different oxidation states (Figure

1.21). Due to the odd electron count of the neutral form, this oxidation state has an

unpaired electron. Therefore an oxidation involves removal of an electron from the

SOMO and reduction involves addition of an electron to the SOMO.

R.

(©) S ^=Cr-^/ -1e"
T\ +1e

N 1e"

S

#
N

Figure 1.22: Potentially accessible redox states for the 1,2,3-DTA system.
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The SOMO of the species is an antibonding t?-orbital (Fig. 1.13). Therefore a

lengthening of the C-S, S-S, N-S bonds is commonly observed upon reduction to the

neutral radical species. Reduction to the anion can cause S-S scission resulting in a ring

opened material.54 A result of this is that to date there is no experimental evidence for

the isolation of an anionic single-ring 1,2,3-DTA. Reported materials show from CV

measurements an irreversible reduction to the anion (1-26 - 1-35, 1-39). However,

systems containing two benzo-fused S-N heterocycles such as (1-37, 1-39, 1-40, 1-42 - 1-45)

are able to stabilize an anionic state by delocalizing spin density between both S-N rings.

Table 1.3
Cyclic voltammetry measurements for a list of DTA radicals measured in MeCN on the

cation of the species, as well as ESR measurements performed in CH2CI2 with
occupancy of the 1,2,3-DTA nitrogen atom shown.

737??G ÏÏ78TCompound Number El/2
(mV)

El/2
(mV)

Ecell
(mV)

g value aN
(mT)

Ref

CfiF;6r5-

Cl'

1-26 0.38 -1.1* 2.0089 0.610 51

1-27 0.565 -0.389* 2.0087 0.498 55

1-28E1=S, E2=S

1-28
1-29 E1=Se, E2=S
1-30E1=S, E2=Se
1-31 E1=ScE2=Se

0.18

-0.26a
-0.25a
-0.15a
-0.15a

-1.0*

-2.22a
-2.20a
-2.10a
-2.11a

2.0081 0.813 51,
57
56
56
56
56

rï^

N

1-32E1=S, E2=S
1-33 E1=Se, E2=S
1-34E1=S, E2=Se
1-35 E1=S^E2=Se

0.207
0.214
0.223
0.243

-0.91*
-0.93*
-0.85*
-0.84a

2.0081
2.0190
2.0113
2.027

0.748
0.731
0.715
0.800

52
52
52
52
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N

1-36 2.0079 0.745 45

N- .N. 1-37

?"^^ '?

1.14 0.15 0.99 2.009 0.514 57

.N.

N'

1-38

'?

2.0079 0.653 58

?'

Me

^N"
I

Me

1-39

-N

-0.104 -0.956 1.305 2.0084 0.317 59

N-

Ph

-N^
I

Me

1-40

~N

-0.136 -0.940 1.28 2.0086 0.32 59

N-

Cl

N'
I

H

1-41

-N

0.035 -0.442* 59

N-

Cl

I
Pr

1-42

~N

-0.0116 -0.834 0.822 2.0082 0.310 58
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1-43E1=S, E2=S

1-44 E1=Se, E2=S

1-45E1=S, E2=Se

1-46 E1=Se^2=Se

-0.018

0.026

0.013

0.053b

-0.845

-0.813

-0.731

0.827

0.839

0.744

2.0082

2.0190

2.0111

2.0284

0.310

0.32

0.31

0.32

60

60

60

60

Eceii = Ei/2t0/1+) - EiZ21170'. * Reduction was irreversible. a Data was obtained using polarography
Reversible only at 1000 mV/s scan rate. c no wave observed. d Could not purify material.

It has been established that the Ecen and disproportionation enthalpy AHd¡Sp are

related to the onsite Coulombic energy U. The appealing feature of the 1,2,3-DTA

system is that one can significantly alter the redox potentials by almost 1 V by

incorporating electron withdrawing/donating species into the system.57 The thermal

stability of 1,2,3-DTA's is extremely dependent on the nature of these.59 Highly

electronegative heteroatoms can be used to draw electron density from the S-N

heterocycle helping suppress dimerization, but often lead to an increased ionization

potential which can increase U. Ultimately, one is faced with building a system that can

delocalize the electron density enough to prevent a Peierls distortion but keep its

electronegativity low enough to prevent a Mott insulating state. The most obvious way

to delocalize the electron density is to incorporate the 1,2,3-DTA heterocycle into an

aromatic system. It is known that the addition of conjugated ring system to a benzene

ring helps reduce the separation between the oxidation and reduction windows of the

species. This has been correlated to a raising of the HOMO and lowering of the LUMO.

The redox window of naphthalene in MeCN is 4.04 V while anthracene is 2.87 V in DMF

an electrochemically similar solvent.61
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Figure 1.23: (left) naphthalene, (right) anthracene.

A second advantage of using planar aromatic systems is that the planar structure

of the material allows for a directionalized p system. These systems have the potential

to p stack providing a large orbital overlap to allow for conduction (Fig. 1.24).

·./
N

Figure 1.24: (left) Stick drawing of 1-28. (middle) Cartoon depiction of ? Orbitals of the
SOMO of 1-28. (right) Potential conduction pathway through p stacking of radicals.

There are many more examples of DTA compounds that are not shown in Table

1.3 because they have not been characterized electrochemically or by electron spin

resonance (ESR) for various reasons including instability or inability to purify the sample.

This lack of chemically simple DTA compounds provides insight into how much

fundamental research must still go into these systems. Much of the work for the

advancement of DTA compounds as neutral radical conductors, has been done by

Oakley et al. His research focus has been to systematically alter substituents to increase

the conductivity and modify the magnetic character of various DTAs. The use of

nitrogen containing aromatic rings has led to molecules, that through ESR, have been

found to remove electron density from the nitrogen atom but are not stable in the solid
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state 1-38. His group has revealed through the observation of a reversible Ey2 "'

couple, that the incorporation of a second S-N heterocycle (1-39, 1-40, 1-42 - 1-45) can

delocalize the itinerant electron enough to prevent decomposition of the anionic

species. Spin density on the 1,2,3-DTA nitrogen atom obtained from ESR measurements

provides some insight into how effective the substituents are at drawing electron

density from the DTA heterocycle. Electron withdrawing groups and aromatic systems

help reduce the electron density on the nitrogen atom, but the most significant changes

are found for the dual S-N ring systems. In these systems, the nitrogen spin density is

almost exactly halved in comparison to the similar naphthalene system showing their

stability is caused by an equal sharing of the electron density between the two S-N

systems. For these particular systems, the addition of electron withdrawing substituents

will increase both the IP and EA, but the change in EA outpaces the change in IP.

Therefore the radical disproportionation enthalpy Hdisp is decreased; in essence the

radicals become softer.58

Another method used to increase conductivity is to increase the molecular

orbital overlap by incorporation of a heavier chalcogen (Se) into the S-N heterocycles.

The more diffuse electron cloud of this heavier element has been shown to increase

molecular overlap thereby increasing W.62 Additionally, a reduced Eceii has been

observed for Se containing species with a greater effect observed for replacement of

selenium at the 2 position with both Ei/2 values shifted in the anodic direction.

Recently, the accepted electrochemical method to study these systems is the use of

cyclic voltammetry (CV) (discussed later) in non protic solvents such as MeCN, CH2CI2,

~33~



1,2-DCE, and DMF.54 One must be careful when comparing electrochemical results of

samples in different solvents. Solvent effects have been found to have an impact in

other SN rings, such as 1,2,3,5-DTDA's, with an observed shift of up to 0.2 V between

MeCN and CH2Cb- Also one must be sure the system reference is the same for all

comparisons. In the S-N community, the most common reference system is the

saturated calomel electrode (SCE).

Much effort has been but forth to increase the conductivity of DTA neutral

radical species. However to date there exists no examples of any 1,2,3-DTA system

coordinated to a metal centre. In this thesis this is achieved and coordination occurs

through the use of an ortho-quinone moiety.

1.5 Quiñones

1.5.1 Basics of Quiñones

The term quinonoid refers to a fully conjugated cyclic system with two exocyclic

moieties. The most common quinonoid compounds contain O, NH, S, and CH2 moieties.

The electronegativity of a heteroatom helps stabilize the quinonoid, with oxygen and

nitrogen containing systems being more stable than carbon and sulfur based

quinonoids.63 Some simple quinonoids are: o-benzoquinone 1-48, o-quinone ¡mine 1-49,

o-quinone diimine 1-50, etc. (Fig. 1.25).65 The most common form of quinonoids are

quiñones where both heteroatoms are oxygen. Quinone compounds can be separated

into two major classes, p-quinones 1-47 and o-quinones 1-48. The focus of this thesis will

be on o-quinones, therefore the substituents will always be oxygens unless otherwise
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specified. There is an extensive amount of literature on p-quinones. For an in depth

review, refer to books edited by Patai 1974, 1988.64'65

The o-quinone (Q) is one of three possible oxidation states for these types of

compounds. Reduction by one electron gives the o-semiquinone (SQ) and by two

electrons gives the o-catecholate (Cat) (Fig. 1.25). Additionally quiñones commonly can

accept one or two protons producing a fully reduced hydroquinone (CatH2) also known

as a catechol, or a partially reduced semiquinone (SQH). 66

O O NH X

-O A /NH JL /NH J< ^X
^ K^

O

1-47 1-48 1-49 -50

X = CH2, S, NH, O

1-51

Figure 1.25: Simple quinonoid compounds 1-47 p-benzoquinone, 1-48 o-benzoquinone,
1-49 o-quinone ¡mine, 1-50 o-quinone diimine, 1-51 a generalized o-benzoquinone.

O' O

O
+e"

(Q)

+e"

(SQ) (Cat)

Figure 1.26: The three accessible redox states of orf/jo-quinones.

Quiñones are typically known to engage in facile and reversible electron transfer

reactions. In aprotic non-aqueous solvents, quiñones are reduced in two successive

one-electron steps which are electrochemically reversible under standard conditions.
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This unique characteristic of quinone redox chemistry arises primarily from the
65resonance-stabilization of semiquinone radical intermediates. Greater resonance

stabilization can be achieved by creation of a more conjugated system commonly

involving the addition of more aromatic ring fragments. A hypothetical quinone two

electron reduction in an aprotic solvent is given in Figure 1.27. Two reversible electron

processes can clearly be seen.

3
U

Potential mV

Figure 1.27: Hypothetical cyclic voltammogram of a quinone species.

An increase in the dielectric constant of the solvent can shift the half wave

potential towards more positive values. This is explained by an increase in the solvation

of radical anions and dianions with increasing dielectric constant. 67 The scale of these

shifts is very small in comparison to the incorporation of a proton donor in non aqueous

solvents which can result in reduction potential shifts up to IV.64 A similar effect is

observed if metal ions are included into the non aqueous solvent where the quinone

forms a complex with the metal ion. The effect is much more pronounced for o-

quinones vs. p-quinones.65 For example the shift in Ei/2 potentials due to the addition of

free alkali metal ions to 1,2-naphthoquinone in MeCN is summarized in Table 1.4.
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Table 1.4

Shifts observed for the first and second Ei/2 potentials of 0.5 mM 1,2-naphthoquinone
and 0.05 mM triethylammonium phosphate (TEAP) in MeCN with the addition 5 mM

_______of various Mn*ions.
Shifting of E1/2wl+) (V) Shifting of E1/2(1/0) (V)Metal Ion

incorporated
None

Li+
Na+
K+

0.00
+0.34
+0.15
+0.02

0.00
+0.68
+0.35
+0.34

The data for this table was obtained using polarography while all other electrochemical
data in this thesis is obtainedfrom cyclic voltammetry. Reference67

From Table 1.2, it can be seen that the complexing effect is largest for Li ions and

decreases down the group in the periodic table. The trend is also found to increase

across a period. The results can be summarized as K+<Na+<Li+<Mg2+<Zn2+ where the
two one electron waves are merged into one drawn-out two-electron process for the

divalent cations.67 The linear change in Ey2 potentials with ionic potential of the cation

is an indication that the system is complexed and not solvent separated.68 The ¡on

pairing or complexing of metal ions can be used to stabilize otherwise unstable

compounds. 1,2-IMaphthoquinone has in irreversible reduction to the dianion when

scanned by CV unless a sufficiently strong complexing occurs by use of LiCIO4, in which

case the second wave becomes reversible.69 The ion pairing effect is inversely related to

Lewis basicity of the solvent with the ion pairing effect becomes weaker upon increased

Lewis basicity (the ion is solvated more strongly by the solvent).

Quinone redox chemistry is highly sensitive to the quinonoid structure. Electron

withdrawing substituents i.e. (OH, NH2, CH3) shift reduction potentials in the oxidative

direction, while electron donating substituents (i.e. NO2, COOR, CH3) have the opposite

~37~



effect. The creation of a more conjugated system increases resonance stabilization and

results in lower Eceii values.

1.5.2 Synthesis of O/tho-quinones

There exists an extensive amount of literature on the synthesis of quiñones.

However, most of the literature covers the synthesis of p-quinones as the major product

with o-quinones as the minor product. This section does not dare to be exhaustive, but

only touches on a few synthetic methods for the creation of o-quinones. The most

general method of preparation is through oxidation starting from a phenol, phenolic

ether, amine or hydrocarbon.64 Quinols are the easiest to oxidize followed by

monohydric phenols and monoamines, then hydrocarbons which require the

introduction of two oxygen atoms. Traditionally one of the most common methods is

through the use of Frémy's salt (potassium nitrosodisulphonate) which converts

monohydric phenols into quiñones easily.70 A major downfall of this method is that it

requires aqueous media (typically aqueous alcohol, aqueous acetone etc.) because

Frémy's salt is insoluble in organic solvents. Additionally it is only stable within a small

pH range requiring the solution to be buffered, usually with phosphate or acetate at RT.

The salt forms a radical in solution using a radical pathway to oxidize the phenol to the

quinone (Fig. 1.28). Frémy's salt is very selective to forming p-quinones,71 however if

the para position is blocked, the result is an o-quinone.72 It was shown that the rate of

this reaction is increased when electron donating groups are incorporated into the ring

and depressed with electron withdrawing groups. It has also been shown that the rate

determining step is the complexation of Fremy's salt with the ring.73
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OH

+ (KO3S)2NO '
OH

+ (KO3S)2NO

H

+ (KO3S)2NOH

H

H ~ Q-N(SO3K)2

-o- N(SO3K)2
+ H+

O

+ HN(SO3K)2

HN(SO3K)2

Figure 1.28: Mechanism to produce a quinone from an alcohol using Frémy's salt. If
the para position is free the result is a p-quinone (upper). If the para position is
blocked, an o-quinone results (lower).

Other methods include oxidizing a catechol to make an o-quinone by the

classical method of shaking it with silver oxide or silver carbonate/celite in dry ether or

benzene in the presence of anhydrous sodium sulphate (Fig. 1.29).74'75 Quinol ethers

can be converted to o-quinones by utilizing sodium periodate in water or aqueous acetic

acid via a nucleophilic attack by water on a periodate ester to produce a hemi-ketal and

thus a quinone (Fig. 1.30) 76

X

1 x^k,
Figure 1.29: Generalized reaction to produce an o-quinone from a catechol.
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H2O:-

,0Me

X)H

OMe
OH

?^?—OMe
O— 1O3-OH ^^r a:

Figure 1.30: Mechanism to produce an o-quinone from a quinol ether using sodium
periodate.

An excellent ortho selective oxidative method is through the use of

benzeneseleninic anhydride (PhSeO)2O which oxidizes a phenol to the corresponding o-

quinone in good yields and high product selectivity even when the para position is

unsubstituted.77 Similarly ¡odosobenzene (PhIO) and iodoxybenzene (PHIO2) in the

presence of a Lewis acid or acid catalyst give o-quinones in good yield from polycyclic

aromatic phenols (Fig. 1.31).78

OH

+ (PhSeO)2O
OSePh

H

^^

Figure 1.31: Mechanism to produce an o-quinone from an alcohol using
benzeneseleninic anhydride.

Diels Alder methods have also been employed but are typically used to produce

p-quinones.65 Recently a new reagent o-iodoxybenzoic acid (IBX) has shown remarkably

good selectivity to produce o-quinones from phenols working well on paracyclic

aromatic phenols which have proved very difficult to oxidize in the past.79 The proposed
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mechanism is found in Figure 1.32. The synthesis is performed in DMF because the

number of paracyclic groups attached to the alcohol greatly reduces its solubility.

Qi ÔD'/ \
V

\
? ?")OH

&Ö? ^oDMF^l
^^ /

H?,?
^/Z/Z

X)r\ /^
OH GC

Ù&
COoH

a^^

^/?/?
tautomeric shift

Figure 1.32: Mechanism to produce an o-quinone from an alcohol using IBX.

1.5.3 Metal Quinone Coordination Complexes

There are early reports of catecholate complexes dating back to the era of 1910-

1930. Determination of chemical composition employed unusual methods resulting in

many improperly characterized complexes. It was not until 1975 that there was

renewed interest in coordinated quinone complexes.90 The research has become a large

area of interest because the redox active quinone-rc-orbital can be very close in energy

to transition metal d orbitals. This allows electrochemical reactions to occur on the

metal or quinone within a very small electrochemical range. Typically the energy

difference between the metal and quinone is between the low-energy visible and

infrared.80 Usually for coordination complexes, the redox chemistry occurs only at the



redox active metal centre, however the "non innocence" of quinone ligands allows for

redox chemistry to also occur at the ligand. There exist examples of coordination

complexes for all three common ligand oxidation states, Q, SQ and Cat. Coordination of

a Q as a diketone is uncommon as it is a weak donor and is readily displaced. The Cat

and SQ are the most common oxidation states for coordination, with SQ ligands binding

as p donors and Cat ligands bonding as strong s and p donors, particularly to high

oxidation state metal ions.80 Generally, quinone complexes assume a charge-localized

electronic structure, which is a unique property not shared with other unsaturated

chelating ligands such as dithiolenes,81 or 1,2-diaminiobenzene82 which form complexes

with delocalized ground states.83

\\
MMM

/
OO

M(Q) M(SQ) M(Cat)

Figure 1.33: The three possible redox coordination species for an o-quinone.

The oxidation state of the metal and ligand are related to the frontier SQ, Cat

and metal molecular orbitals. For the SQ and Cat, the SOMO and HOMO are

antibonding p* molecular orbitals with respect to the C-O atoms.84 When the metal

molecular orbital energy is high relative to the ligand p* molecular orbital, ligands bond

as reduced catecholates to an oxidized form of the metal. When the metal molecular

orbital energy is low, the charge resides on the metal-localized molecular orbital, with

the ligands coordinated as semiquinones.85 If the quinone molecular orbital energy is
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close to that of the metal, the system can potentially undergo an intramolecular

electron transfer known as a valence tautamer.

Energy
SQ

p.

M

Figure 1.34: Simple diagram demonstrating what oxidation state the ligand is
expected to coordinate to a metal centre based on the ligands SOMO/HOMO energy
and the metals frontier molecular orbital energy.85

One general trend is that for transition metals down a row, charge distribution

can go from m'"(SQ)3 for first row to Mv'(Cat)3 for third row metals stabilized by Cat->M

p-donation. This trend is most easily observed for the Cr, Mn and Fe triads. An example

is Fe"'(3,5-DBSQ)3 and Osvl(3,5-DBCat)3, (3,5-DBQ = 3,5-di(iert-butyl)-ort/îo-quinone)

with the Ru complex showing a charge that is intermediate between the Fe1" and Osvl

complexes.86,87,88 The trend is also seen going from left to right on the periodic table,

where metals to the left of Fe in the second and third row tend to be in high oxidation

states Mv'(Cat)3, while metals to the right are in lower oxidation states such as Pd and Pt

which form IvV(SCl)2 species.85 The species that have orbital energies close to the

crossing point show equilibrium charge distribution between SQ and Cat existing as

valence tautomers.85 If the metal quinone orbital energies have a large enough energy

difference, a localized charge is found on both the quinone and the metal. For example

the Cr1VCr1" reduction potential is outside the range of the BQ/Cat reduction range for
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the Cr (3,5DBSQ)3 complex. The result is charge localized species for all seven

accessible electrochemical states [Cr111IBQ)3]3*, [Cr"'(BQ)2(SQ)]2+, [Cr"'(BQ)(SQ)2]1+,

Cr'"(SQ)3,[ Cr11^SQ)2(CaI)]1-, [Cr'"(SQ)(Cat)2]2-, [Cr11^CaI)3]3".90 However if the Mn/Mn+1

potential is close to that of the quinone, reduction/oxidation can occur on either the

metal or the ligand. The first observed quinone valence tautomeric interconversion was

between [high spin Co"(SQ)2(bpy)] and [low-spin-Co"'(SQ)(Cat)(bpy)] of the Co(3,5-

DBSQ)2(bpy) complex (bpy = 2,2'-bipyridine) (Fig. 1.35). In solution the interconversion

is thermally driven with a push towards the HS-Co" species at higher temperatures while

at temperatures below 250 K the LS-Co1" species predominates.

/\Car)"/usq\\ CatN\SQ\

O o^UU V^v^uCo Co1"Co1" SQCat //
NN

~/usq\\\sq\\ /
o^U>^ CoUSQ /

N

Figure 1.35: Depiction of the equilibrium between the [LS-Co (SQ)(Cat)(N-N)] and
[HS-Co"(SQ)2(N-N)] complex, the first coordinated quinone complex to exhibit valence
tautamerism at room temperature.

Valence tautamers can be used in a variety of solid state materials including

~44~



magnetic switches where the magnetization of the material can be altered by switching

from a high to low spin system. A number of methods can be used to stimulate this

switching property including a photo induced process.80

1.5.4 Characterizing Charge Localization of Metal Coordinated Quiñones

A major challenge with coordination complexes containing redox active ligands is

determining what oxidation state the metal and ligand are in. When dealing with

quinone metal coordination complexes, there are four experimental techniques that are

useful in determining the oxidation state of the metal and quinone. They are NMR, IR,

ESR and X-ray diffraction, with the most telling feature being the C-O bonds of the

quinone. Using Figure 1.36 as a generalized o-quinone atom numbering scheme, the

identification techniques can be explained.

o5

?t°4
Figure 1.36: Atom numbering scheme for a generalized o-quinone.

For diamagnetic main group compounds, 1H and 13C NMR spectroscopy help

identify if the ligand is a quinone or catecholate. A downfield shift is observed in the 13C

of C5 and C4 (i.e. 180 ppm for the Q to 150 ppm for the Cat).89 IR spectroscopy

identifies the presence or absence of the v(C-O) bands of the quinone. Characteristic

shifting is observed with a Q typically showing a stretching band at 1650 cm"1 while

CatH2 are 1300 cm"1 with SQs found in the broad range between.89 A coordinated Q.
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shows a characteristic 50 cm"1 decrease in the carbonyl stretching frequency from the

uncoordinated species.90 ESR can be used to characterize unpaired electrons of a ligand

and metal (dependent on the metal) to determine if the ligand is in a radical SQ state

and if the metal is HS or LS. Typically organic radicals have sharp signals while the

signals for metals are much broader. The most important technique to identify

oxidation states is from the crystal structure. An analysis of 75 compounds amounting

to 146 quiñones found the r(C-O) bond lengths of Q, SQ and Cat to be very consistent

and agree with alternate identification techniques. Typical lengths for the r(C-O) bonds

are; Q 1.23 Ä, SQ 1.29 Ä, Cat 1.35 Ä with bridging Cat ligands being slightly longer 1.37

Â. These results are all consistent with an increase in electron density into the

antibonding orbitals of the C4-04 and C5-05 atoms.83 Compounds suspected to have

intermediate electronic structures were found to have bond lengths intermediate

between these given distances. An excellent example to show the differences in bond

lengths is given by the Fe4(3,5-DBSQ)4(3,5-DBCat)4 compound which has two of the

same ligand in different oxidation states coordinated to the same metal. 86 A complex

where the electronic structure is intermediate between SQ and Cat is Ru(3,5-DBQ)3/

resulting in bond lengths between 1.29 and 1.35 À.88 The r(C-C) distances of the

benzene ring for a coordinated quinone have telling changes as well. The change from

the SQto the Cat species results in a lengthening of C6-C5, C2-C1 bonds and shortening

of all other C-C bonds. The aromaticity of the Cat species results in almost equal C-C

bond lengths.83 The bond length of C5-C4 is found to shorten from Q to SQto Cat with

typical distances of 1.53, 1.44 and 1.35 -1.41 Á respectively.90
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1.5.5 Magnetic Coupling of Metal Quinone Coordination Complexes

There are very few stable paramagnetic ligands, therefore spin-spin coupling

between metals and paramagnetic semiquinones is a large area of interest. There are

four basic interactions that can occur. The nonorthogonal metal-ligand overlap of high

spin Fe'"(SQ)3 results in an antiferromagnetic interaction.92 The orthogonal overlap

observed for Ni"(Q)(SQ)2 results in a ferromagnetic interaction91. Diamagnetic metals

can serve as superexchange pathways between SQ radicals. The result can be either

antiferromagnetic or ferromagnetic SQ-SQ coupling.85 The LS-Co'"(3,6-DBSQ)3 has

antiferromagnetic coupling while 63'"(3,6-DBSQ)3 has ferromagnetic coupling (3,6-DBQS

= 3,6-di(fert-butyl)-o/tfto-semiquinone).92

The unpaired electron of a SQ is delocalized throughout the system so there is a

reduced amount of radical character on the coordinated oxygen atom. The result is a

weakened antiferromagnetic/ferromagnetic interaction between ligand and metal.

Addition of electron withdrawing groups or an increase in aromaticity by the addition of

aromatic polycyclic groups lessens the interaction even more. The addition of electron

donating groups such as i-butyl groups has the opposite effect.93 Therefore the addition

of a 1,2,3-DTA ring system into a quinone backbone is expected to weaken the metal-

ligand coupling but the stabilization effect of the quinone should serve to stabilize the

system similar to that of the dual S-N ring systems discussed earlier.
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1.6 Characterization Techniques

1.6.1 Pressed Pellet Conductivity

Crude conductivity measurements can be performed using a pressed pellet

conductivity cell. The cell consists of two conductive plates separated by a non

conductive (insulating) material. Between the plates a ground up sample of pure

crystalline material is held in a non conductive cylindrical shell. From both sides of the

cylindrical shell, conductive screws (each connected to the conductive plates) will press

the sample. A multimeter is connected to each plate, allowing the only path of

conductivity to be through the sample pellet. Using this apparatus, a crude conductivity

measurement can be obtained and by tightening the screws, one can determine if an

increase in pressure impacts the conductivity of the material. For more accurate results,

single crystal conductivity measurements must be performed which are very

cumbersome requiring a very large single crystal with four contacts glued to the crystal

surface.

Non Conductive

Holder I

ß

Wires

Sample

/ // \ Conductive

Conductive Plate

MULTIMETER

Non Conductive Spacer

Figure 1.37: Diagram of the pressed pellet conductivity apparatus.
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1.6.2 Cyclic Voltammetry (CV)

Cyclic Voltammetry is the most important and widely employed technique in the

field of voltammetry and the study of electrode kinetics.94 A CV employs a working

electrode, typically Pt, to which a time dependent current is applied. A 'voltammogram'

is generated by recording current versus applied potential flowing through the

electrode. The electrodes are immersed in a solution containing the sample to be

studied and an electrolyte such as /7-BuPF6 to facilitate electron transfer. The potential

is linearly swept from E1 to E2 and typically returned to Ei. If E2 is large enough to

reduce species A, a one electron transfer process will occur resulting in the formation of

species B. If B is stable under these conditions, returning the potential back to Ei

reverses the process converting B back to A.

A + e t* B [12]

The potential halfway between the peaks generated from the reductive and oxidative

sweeps of the A/B couple is referred to as the half wave potential Ei/2 and is equal to

the formal potential E° in an ¡deal system. For the rest of this discussion, it will be

assumed the sample is scanned in the reductive direction first, however, the same

concepts hold for potentials swept in the oxidative direction first.

A typical voltammogram has the anodic current represented by a positive value

found on the y axis and the electronic potential (V) on the ? axis with the positive

direction being a more oxidative potential. Because an electrochemical potential is a

relative value, a voltammogram must be standardized to a common value. In this thesis,
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all electrochemistry will be referenced to the saturated calomel electrode (SCE). This is

easily performed by adding a previously standardized sample such as ferrocene and

comparing the formal potential (E°) of the A/B couple to that of the fc/fc+ couple, then

shifting the spectrum appropriately.

The shape and intensity of a cyclic voltammogram is dependent upon three

things. The formal potential (Ef) of the A/B couple and its electrochemical rate
constant k0, the diffusion coefficients of A and B, and the voltage sweep rate together

with Ei and E2. A system that has fast electrode kinetics (a large k0 value) will appear

electrochemically reversible, resulting in a small separation between the reductive and

oxidative peak ~59 mV.94 However this value is completely dependent on the scan rate.

At a sufficiently high scan rate, all systems will appear irreversible (large peak to peak

separation). For this reason it is common practice to scan a sample at multiple sweep

rates, to determine k0 more effectively. The shape of the voltammogram is governed by

the diffusion coefficients of A and B. Initially when the potential is strong enough to

reduce the species, a large spike in current is observed caused by the reduction of

sample A surrounding the electrode. Once this material has been reduced, the potential

falls to a lower potential determined by the diffusion of A to the electrode, and

becomes a constant value. The reverse is observed for the oxidative sweep, oxidizing B

back to A, eventually resulting in a solution consisting only of A. A sample such as

anthraquinone can undergo two reductive processes

? + e —> 5 + e —> C [13]

and through a comproportionation reaction C can react with A to form B

~50~



A + C —> IB [14]

One would logically assume this would appear in the voltammogram. However it was

proven by Andrieux and Savéant that as long as the waves are reversible, the

voltammetry is blind to comproportionation reactions.95

The above discussion has been about an ideal system with high solubility and

large diffusion coefficients. This is not always the case as will be seen in this thesis.

Upon reduction, a sample may become insoluble and plate out on the electrode. This

can be observed by a reduction in current intensity with each successive sweep. If A and

B have different diffusion coefficients (DA and D6), then ??/2 F E¡ because the natural

logarithm does not go to zero in the Nernst equation.

EW=E?+- 1?^ [15]J 2F DA l '

where R is the gas constant, T is temperature in K, F is the Faraday constant and the

concentrations of [A] and [B] are determined by their diffusion coefficients. A non ideal

cyclic voltammogram can still provide valuable information such as formal reduction

potentials, but if concentrations are unknown reaction kinetics cannot be determined.
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Chapter 2

Structure and Properties of

Naphtho[l>d][1^3]dithiazolyl-4,5-dione
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2.1 General

The focus of this thesis is on the spin bearing ligand naphtho[l,2-

£/][l,2,3]dithiazolyl-4,5-dione (o-DTANQ, H-5·) and its derivatives (Figure 2.1).

0 IM1X = CI
11-2, X = OTf

P A 11-3, X = GaCI4N-S X^ N-s

11-6, R = H

11-7, R = Li

T 11-4, X = FeCI4 11-5-

Figure 2.1: Structure of naphtho[l,2-c/][l,2,3]dithiazolyl-4,5-dione (11-5·) and its
derivatives.

This ligand was designed to incorporate properties that were expected to stabilize a

radical species through resonance and provide coordination sites to allow magnetic

coupling between the unpaired electrons of the ligand and a coordinated metal. To

begin, a 1,2,3-DTA moiety was incorporated into a naphthalene backbone. This decision

was based upon the theory discussed in the introduction that a planar structure could

allow conductivity through n-n stacking (section 1.4.3). The aromatic nature of the

naphthalene structure also serves to delocalize spin density from the 1,2,3-DTA

heterocycle helping decrease the propensity for dimerization in the solid state. An

?????-quinone moiety was incorporated into the design as a chelation point with the

intention of coordinating a paramagnetic metal ion and possibly observing magnetic

coupling in a manner similar to other o-quinone complexes discussed in section 1.5.3.

The second major purpose of the quinoid moiety is that it is able to stabilize multiple

oxidation states and can delocalize a significant amount of spin density away from the
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1,2,3-DTA heterocycle. The result is that this system provides the first literature

example of a single 1,2,3-DTA molecule stable and isolatile in the 1- oxidation state (II-

51") without measurable decomposition both in solution and the solid state. Because

the system contains a quinone moiety, it is tempting to refer to the oxidation states as

Q, SQ and Cat, but, the oxidation states of 11-5· do not correspond to an open/closed

shell quinone species. For example an open shell semiquinone has a 1- oxidation state,

but 11-5- is closed shell in the 1- oxidation state. To avoid the ambiguity of calling the

ligand a Q, SQ or Cat, the oxidation state of each system will be referred to using the

system illustrated in Figure 2.2.

OOOO TT
OO

+e+e

• //
N-sN-SN-sN-S

© ??-5·2??-51ll-51+ ??-5

Figure 2.2: The potentially accessible redox states of the o-DTANQ ligand.

2.2 Synthetic Strategy

The chloride salt (0-DTANQ+Cl") ll-l was reported by Mayer in 1981, but no

characterization was provided.1 An ESR value is reported for the radical 11-5· which was

formed in situ but never isolated. This thesis provides the first report of the fully

characterized and isolated species ll-l and 11-5· as well as its derivatives. The synthesis
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of ll-l is achieved in three steps. To begin, 2-naphthol (11-8) was oxidized using a

literature procedure to 1,2,-napthoquinone (11-9) by stirring in a solution of MeCN and

CuCI with 02(g) bubbled through it. A catalytic species is formed in situ oxidizing 11-8 to

11-9, likely through a radical pathway.2 The best way to purify 11-9 was found to be by

recrystallization from MeCN. Compound 11-9 needed to be used within the first few

days or it would begin to decompose from orange to black, likely due to a

photosensitive decomposition common to quinone species. Conversion to the

corresponding amine 11-10 was performed following a literature procedure using 11-9 in

acetic acid with sodium azide at 40 0C.3 The chloride salt ll-l was prepared using the

standard Herz reaction by refluxing 11-10 in MeCN and 6 equivalents of S2CI2. ll-l

needed to be washed with CH2CI2 to remove a highly colouring purple impurity that, if

not removed, would persist through all subsequent syntheses making the colour of all

products appear purple. The product obtained from a Herz reaction typically has a

crude mass yield greater than 100% due to a large amount of elemental sulfur

impurities. For similar systems, it is known that the crude chloride salt can be used

without further purification being reduced to the corresponding radical by means of a

half molar equivalent of SbPh3. Subsequent sublimation generates pure radical

material. However, reaction of ll-l with SbPh3 resulted in a 2 electron reduction

accompanied by coordination to SbPh3 forming the species SbPh3CI(O-DTANQ) (Hl-I).

This will be discussed further in chapter 3.
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+ CuCI + O2
MeCN

?— S_CI

crude yield = 120%
IM

2hr

XS S2CI2

MeCN ? 4hr

M-9 yield = 43%

AcOH, 400C, 1.5hr

yield = 94%
IMO

Figure 2.3: Reaction scheme for the conversion of II-8 to ll-l.

Because SbPh3 performed a two electron reduction, an investigation into the

electrochemistry of the cation was undertaken to determine the reduction potential for

a one electron reduction. The electrochemical experiments required a more soluble

version of the cation than M-I, which was achieved via anion metathesis. The

metathesis changed the chloride anion for an anion more soluble in organic solvents,

which had the effect of purifying the material because M-I and the sulfur impurities have

low solubility in organic solvents such as MeCN while the new salt (new counterion) has

high solubility in MeCN. Anion metatheses of ll-l to the tetrachlorogallate 0-

DTANQ+GaCI4" (M-3) and to the tetrachloroferrate 0-DTANQ+FeCl4" (M-4) were performed

by reacting the chloride salt with GaCI3 and FeCI3 respectively. It was later discovered

that these species form the coordination complexes Fe(O-DTANQ)3 (MI-2) and Ga(o-

DTANQ)3 (III-3) upon reduction which will be discussed in chapter 3. To prevent the
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formation of a coordination complex, the triflate counterion was used generating o-

DTANQ+OTf 11-2, which was studied electrochemically.

N^s Cl

AgOTf

MeCN

1hr
GaCU

FeCU

11-2, X = OTf

11-3, X = GaCI4

N~^S@X 11-4,X = FeCl4
Figure 2.4: Counterion change of 11-1 to create a more soluble salt that is easily
purified.

To ensure no possible coordination complex could be formed, the organic

reducing agent tetrakis(dimethylamino)ethylene 11-11 (oxidation potentials -0.78 and -

0.61 V vs SCE in MeCN4) was used. The crude material resulting from this reduction can

be sublimed at 190 0C (IO2 Torr) to yield pure II-5-. Although the synthesis for 11-5· is

possible using 11-11, very similar results were obtained reducing the crude chloride salt

11-1 with ferrocene. Due to high cost of 11-11 and the need for the additional synthetic

step to make the triflate salt, future production of 11-5· is recommended to be

performed using ferrocene instead of 11-11.

When subliming the crude 11-5· using a 3 stage dynamic furnace under vacuum

(102 Torr), dark purple/green crystalline blocks of pure 11-5· were obtained at 190 °C.

However, at 1500C a red by product was always obtained in appreciable quantity, which

has been determined to be the protonated species 11-6. The direct synthesis of 11-6 was

discovered to be a reaction of 11-5· with water (Fig. 2.6). 11-5· has very low solubility in all
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common organic solvents, therefore, the synthesis is performed in THF because 11-6 has

high solubility in THF allowing 11-6 to remain in solution.

/ \
— N N—

1/2 V=<

II-2
N-s OTf

T

N N-
\ /

11-11

MeCN

1 hr

sub. 1500C

Figure 2.5: Reduction of II-2 to II-5· using an organic reducing agent ll-ll.

THF
+ excess H2O

15 hr

N-s
II-6 sub. 1500C

Figure 2.6: Scheme for the synthesis of II-6.

Despite the use of dry solvents and glassware, II-6 was always produced when

synthesizing II-5·, demonstrating the reaction is sensitive to even small quantities of

H2O. We were suspicious of this material because in 19645 and again in 19676 the

nitrogen protonated isomer II-12 of II-6 was reported by reacting 4-amino-

l,2,naphthoquinone (II-10) and 6 equivalents of S2CI2 in acetic acid. S-N heterocycles

are notorious for being sensitive to trace amounts of water with the typical

decomposition product containing a protonated nitrogen atom (see 1.4.3), which led us

to perform an in depth characterization of 11-6 to be confident in its chemical
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composition. The reported characterization of the dark red material 11-12 included

elemental analysis, melting point (250 - 252°C) and IR v(C-O) 1590, 1565 and v(N-H)

3125 cm"1. The melting point of our dark red material 11-6 was found to be 242 - 244 "C,

which is 6 0C lower than that reported for 11-12, and no IR stretch was observed at 3125

cm"1. In 19811 Mayer showed species 11-12 could be oxidized with PbO2 to form 11-5·,

and in 1984 suggested 11-12 to be in equilibrium with 11-6 (Fig. 2.7).7 We have confirmed

by both X-ray analysis and 1H NMR including Nuclear Overhauser Effect Spectroscopy

(NOESY), that the red material obtained by reacting 11-5· with H2O has the hydrogen

atom located at the oxygen atom, and we have not observed evidence of an amine

tautomer 11-12.

11-6 N^s H-12 HN-s

Figure 2.7: Incorrectly proposed equilibrium for the protonated ligand. We only
observe II-6.

Species II-6 was converted to the lithium salt II-7 by reacting with lithium hydride

in THF. If the reaction is not performed in dry solvent, it results in a monohydrate

species ??-7·?20. This is easily dehydrated by heating at 1700C overnight but the

solubility of the product in organic solvents is reduced upon dehydration (Fig 2.8). 11-7

can be produced by directly reacting 11-5· and lithium metal in THF but the reaction is

very slow, not reaching completion after 5 days of stirring. For this reason the synthesis
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of the hydrate followed by dehydration is recommended. Species 11-7-H2O and 11-7 can

be converted back to 11-6 by reacting the lithium salt in THF with a dilute acid such as

HCI(aq).

+ LiH

N^s

THF

15hr

LiH2O

1700C

??-7·?20

Figure 2.8: Scheme for the synthesis of II-7.

2.3 Characterization

2.3.1 Infrared Spectroscopy

It is well known that v(C=0) carbonyl stretching absorptions are generally very

strong in the IR and can be used as a diagnostic tool. Typically for quiñones, the v(C=0)

stretch is in the range of 1690-1655 cm'1.8 Looking at the IR series for the o-DTANQ

ligand, there are a few diagnostic features observed that help elucidate the electronic

nature of the species. Beginning with 1,2-naphthoquinone (11-9) and 0-DTANQ+OTf (II-

2), a distinct v(C=0) frequency is observed at 1653 and 1688 cm"1 respectively, being

one of the strongest stretches in the spectrum. As we move into the more electron rich

species 11-5·, resonance allows the C=O bond to accept electron density from the

itinerant electron. The result is a shift to 1665 cm"1 and a lowered intensity of the

v(C=0) stretch. Addition of another electron results in a bond more similar to a C-O
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single bond. This is observed by the complete absence of the v(C=0) stretch in 11-6 and

11-7, suggesting a negative charge is located on an oxygen atom. This stretch can be

used to determine the nature of the C-O bond.

CiX

N=Sg o

/? ^-"V

1 200 1 000
W avenum bers (cm-1 )

Figure 2.9: IR spectra from 1800 - 400 cm"1 of o-DTANQ derivatives, demonstrating
the loss of the v(C=0) stretch (starred) corresponding to the accessible electronic
states of the o-DTANQ ligand.

A distinct v(O-H) stretch at 3281 cm'1 is observed in 11-6 but not in 11-7, giving a

spectroscopic handle on whether the conversion of 11-6 to 11-7 is complete. Because the

stretch at 3281 cm"1 could be either v(O-H) or v(N-H) as they both appear in the same

region, it is noteworthy to mention the v(O-H) stretch of 11-8 appears at 3277 cm"1 which

is within 4 wavenumbers (standard instrument resolution) of 11-6 . Additionally, the

reported v(N-H) stretch for 11-12 is at 3125 cm"1. IR was also used to help determine if II-
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7-H2O was completely dried to form 11-7 by the absence of a broad water stretch v(O-H)

3423cm"1.

2.3.2 Nuclear Magnetic Resonance

The 1H NMR spectrum of 11-6 show a sharp peak in DMSO at d 10.67 ppm

attributed to the OH proton. To help prove the hydrogen atom is localized at the 02

atom, a NOESY experiment was performed to determine if any correlation could be

observed between the N-H and C-H (d 8.37 ppm) and the N-H and C-H (d 8.17 ppm)

hydrogens (Fig 2.10). The experiment showed no positive correlation at all. Although

this is proof through a negative result, when in combination with the crystal structure, it

provides a compelling argument that the position of the H atom is on the oxygen atom.

NMR was also used to confirm the dehydration of 11-7-H2O to 11-7. In DMSO, a peak at

3.33 ppm corresponding to water is observed for the monohydrate species 11-7-H2O with

an integration of 2. After drying the sample, this peak is no longer observed.

2.3.3 Mass Spectrometry

The mass spectra of 11-3 and 11-4 both show coordination to their respective

counterion. 11-3 run as a positive electron impact ionization (El+) spectrum, the peak

with the largest m/z value is 374 m/z corresponding to [GaCI2(o-DTANQ)]+. For 11-4 run

as a positive electrospray ionization (ESI+) in MeCN, peaks are observed at 759, 557, 290

m/z corresponding to [Fe(o-DTANQ)3]+, [Fe(o-DTANQ)2]+ and [Fe(o-DTANQ)]+

respectively. This is noteworthy because the Ga(O-DTANQ)3 (III-3) and Fe(O-DTANQ)3
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(III-2) complexes discussed in chapter 3 cannot be observed by mass spectrometry even

at extremely high temperature and potential. It is believed the samples 11-3 and 11-4 are

complexing with their counterions after ionization occurs and are thus able to be

detected by the mass spectrometer, while the complexes in chapter 3 never get ionized

and thus are not detected.

v

1H

H O

H N-S

???'??? III· III' 1 · III' III' >¦¦ ¦'

7 6

Tt ?'t?t ? 1 1 1 ' 1 1 1 ¦ t ? ? ' 1 1 1

H2. ppm

Figure 2.10: 1H NMR looking at the resonance frequency 8.37, 1024 scans run in
DMSO, larmour frequency 400 MHz. No observed NOE for compound 11-6. Similar
negative results are obtained when looking at the resonance frequency 8.17.
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2.3.4 Electron Spin Resonance

The X-band ESR spectrum for 11-5· recorded at ambient temperature in oxygen

free CH2CI2 ¡s shown in Figure 2.11. A g value of 2.0096 is observed as well as the

expected three line coupling pattern to a single 14N. Hyperfine coupling to the protons

can be seen. Determination of the coupling constants required spectral simulation

performed using Winsim 2002.9 The simulation provided a correlation value of R2 =

0.998911. Summarized in Table 2.1 are the simulated and computational values

obtained at the uB3LYP 6-311G(d,p) level from G03W Revision-C.01. The calculated

SOMO with atomic spin density percentages is shown in Figure 2.12. This clearly shows

spin density on all four hydrogen atoms. Absolute assignment of the four aH coupling

constants could not be performed with confidence. In fact it is possible to achieve an

adequate fit to the data using as few as two aH values, so the simulation results should

be viewed with caution.

Table 2.1

ESR of 11-5· in degassed CH2CI2 using an X-band ESR at room temperature. Simulation
values from the experimental spectrum using Winsim 2002 and calculated coupling

constants using Gaussian 03W uB3LYP 6-311G (d,p) are quoted.
Atom Simulated (mT) Calculated (mT)

aN
aH

aH
aH

aH

g value

0.2943
0.0376
0.0374
0.0361
0.0274
2.0097

0.2723
0.0569
0.0473
0.0461
0.0389
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2.3.5 Computational Study

The incorporation of electron withdrawing groups (ie carbonyl groups) into the

system will cause a rise in the IP and EA, resulting in a more electronegative species (i.e.,

? = (IP + EA)/2). Typically the increase in EA is larger than the increase in IP resulting in a

decreased disproportionation enthalpy (AHdisp = IP - EA) creating a softer molecule

where hardness is defined as ? = AHd¡sp /2.10 To determine if this occurs for our system,

a computational study for a series DTA species (Fig 2.13) leading up to 11-5· was

performed with the results tabulated in Table 2.2.

C

^^, \/

·/\/Z^ ^y. N N£" N
• / • /• / • /

N-S EtN-S N-S N-S
11-1611-1511-1411-13 ??-5

Figure 2.13: Molecules used for computational study.

The final entry in the Table 2.2 is a b/s-DTA molecule (11-16) which has a

conductivity of S+IO6SCm"1 at 300 "C.11 The results demonstrate, as expected that the

incorporation of the o-quinone moiety into the 1,2,3 DTA naphthalene system raises its

electronegativity. With respect to the AHdisp, the IP and EA can be calculated by two

different methods. Method 1 allows for all three oxidation states to be geometry

optimized, and is known as the adiabatic method. The second method known as the

vertical method, geometry optimizes the neutral species, and uses this geometry to
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determine the energy of the 1+ and 1- states. The vertical method is used because in

the solid state the system is expected to show little change in geometry during activated

conductivity. Interestingly, this method gives an extremely high result for compound II-

16, which has been seen to exhibit activated conductivity in the solid state. Comparing

11-15 with 11-5· shows the quinone moiety does not aid in reducing the AHd¡sp of the

system, in fact it increases by 0.023 eV adiabatically and 0.112 eV vertically. These

increases are small and are acceptable because the quinone moiety has the effect of

stabilizing the 1- oxidation state, which as mentioned earlier has never been observed

for a single 1,2,3-DTA system.

-i H

> -5
¦SL
>
2?
= -7

-11

-13 J

-2.618 -2.890 -2.874. -2.952

-3.987

-4.962 -5.009 -4.839
-4.606

-6.707! -6.440
-5.874

-5.299

-6.989.
-7.590,

a
a

a

N—s N-S

a ß
Cl

° UJi
Figure 2.14: Graphical representation of the molecular orbital energy levels close to
the SOMO for the ligands used in the computational study determined using G03W at
the UB3LYP 6-311G (d,p) level. Boxed numbers are the SOMO of each species, closed
box data points represent filled molecular orbitals, open boxed data points represent
empty molecular orbitals.
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Table 2.2
Computed B3LYP 6-311G (d,p) ion energetics in (eV) for a series of DTA radicals.

VerticalCompound

11-13
11-14
11-15
11-5-
11-16

Adiabatic
IP EA AHdiISJ3_

-7.092 -1.623 -5.469 -4.357
-6.800 -1.206 -5.594 -4.003
-6.429 -1.360 -5.069 -3.895
-7.519 -2.427 -5.092 -4.973
-5.829 -1.875 -3.954 -3.852

AHdisp = IP - EA. ° ? = (IP +EA)/2.

IP EA AHdi1JSL

-7.259 -0.452 -6.807 -3.855
-6.920 -1.070 -5.850 -3.995
-6.539 -1.234 -5.305 -3.886
-7.699 -2.283 -5.417 -4.991
-10.846 2.385 -13.231 -4.231

2.3.7 X-ray Crystallography

R = H, Li
X = Cl, OTf1 GaCI4, FeCI4

T T
nH N-S X9 3 2

Figure 2.15: Crystallographic numbering scheme used for the o-DTANQ ligand (*Not
IUPAC*).

For crystallography purposes, an atom numbering scheme for the o-DTANQ

ligand is shown in Figure 2.15. X-ray data has been obtained on the o-DTANQ ligand in a
host of different oxidation states. A common theme observed for the cation species is

that in the solid state both sulphur atoms (Sl and S2) show contacts to an

electronegative element (X) of the anion within the sum of the van der Waals radii.
With structures containing four different counterions for the ll-51+ oxidation state (11-1
to 11-4), an insightful comparison can be made. The electronegative atom is always
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found situated in plane with the 1,2,3-DTA ring being nearly equidistant from both

sulfur atoms except for the gallate sample where it is closer to S2 (Fig 2.16). The S-X

distances are found in Table 2.3. This positioning of the electronegative atom has been

observed for other 1,2,3-DTA systems.12 The close proximity and reproducible geometry

of the contact to the counterion arguably makes its interaction with the sulfur atoms

not purely electrostatic. A result of this is that in solution, the highly soluble OTf, GaCI4"

and FeCI4", are not completely dissociated from the ligand as would be seen for a salt

such as NaCI. Instead, the counterion acts in a similar manner to the incorporation of

long alkyl groups to impart solubility in low polarity organic solvents. This is why

performing an anion metathesis on the chloride salt in a solvent such as MeCN is so

successful in separating the ligand from the low solubility sulfur impurities.

ba

siSl

«CI
S2

dc

Sl
C

S2S2 C

Figure 2.16: Crystal structure of (a) 11-1, (b) 11-2, (c) 11-3 and (d) 11-4.
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Table 2.3
Distances of the sulfur atom to the corresponding counterion (X = Cl or O) in À

Distances Cl OTf GaCI4 FeCI4
Sl-X
S2-X

2.969
3.040

2.770
2.727

3.602°
3.167

3.304
3.287

Value is outside the Van der Waals radii

The chloride salt ll-l is found to crystallize in the Pbca space group forming planes

of molecules that stack in a staggered manor. Ligands are connected in chains through

close in-plane S-O contacts. Between planes, oxygen atoms are positioned directly

above and below the sulfur atoms. Each ligand shows close contacts to only one

chloride ion however, although outside the sum of the van der Waals radii, two more

chloride ions are located one above and below the S-N heterocycle (Fig 2.17).

#—#""# #

fr-#"-»"f^ sQ-mè

Figure 2.17: Crystal structure of ll-l. Hydrogen atoms have been omitted for clarity.
Close contacts for a central molecule are shown (a) in plane, (b) between planes.

When a triflate counterion 11-2 is used, the compound crystallizes in the Pnma

space group. Pairs of cations are found connected through three S-O contacts to two

triflate counterions. These pairs of ions stack in a stair like fashion creating a ribbon of

molecules. A second ribbon of molecules packs in a perpendicular direction connected
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through two Sl-04 (3.002 Ä) contacts to the first ribbon of ions. Three triflate ions

show S-O contacts to Sl and S2 within the sum of the van der Waals radii (Fig. 2.18).

b
>61¿a **-^g^tf|t1í· ¦·¦¦»¦ fr

\

Vf »*«^^pg^«^* *\$f*%*^^tt0^~^-&ft m ?? «?

Figure 2.18: Crystal structure of 11-2. (a) Ligand pairs connected by two triflate ions,
(b) Crystal packing. Hydrogen and fluorine atoms have been omitted for clarity close
contacts are shown.

A surprisingly different packing is observed between the GaCI4 11-3 and FeCI4 11-4

structures despite similarity of the counterions and the fact that both systems crystallize

in the P2!/n space group (Fig 2.19). The gallium structure shows discreet units packed in

a herringbone manor directed by close S-O (3.198 Ä) and S-N (3.016 Á) contacts

between molecules. Three gallium counterions form S-Cl contacts within the sum of

the van der Waals radii, The iron structure forms back to back cation pairs with close

S-N (3.127 Â) contacts. These pairs pack in a herringbone motif showing close S-O

(3.195 Ä ) contacts between ¡on pairs. Again three FeCI4" counterions form S-Cl

contacts within the sum of the van der Waals radii. A common theme observed for the

four salts is that the cation is found to have three anions in close proximity to Sl and S2,

typically one above, one below and one positioned in plane, equidistant to the sulfur

atoms. The systems all show close S-O contacts between molecules forming contacts

between planes. It is not surprising after observing these close S-O contacts that the
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radical species 11-5· would show close S-O contacts as well. A simple resonance

diagram shows the itinerant electron can be found on both 04 and N3.

a b

^J^mm^tm^H^ß
tìp^rrlffrm&eii^0

F i
É^iiiii *f'itrr—^Etiiniii^hfiiTiS?1I

Y ^ä^iäüsIgEa^^^^

^,^!.«,^¦¦-¦¦¦¡j^lll^

dc

IN \f
?

/

^f

Figure 2.19 (a) Crystal structure of and (b) packing of 11-3. (c) Crystal structure of and
(d) packing of 11-4. Hydrogen atoms have been removed for clarity. Images (a) and (c)
show all close contacts. Image (b) and (d) show packing with S-O contacts between
molecules. Anions have been removed for clarity.

Compound 11-5· crystallizes in the P-I space group. The system exhibits a Peierls

distorted structure creating dimers oriented in a tw/stec/-cofacial fashion with close S-S

(3.113 Á) contacts similar to that observed for 4-chloro-5-pentafluorophenyl-l,2,3-

dithiazolyl.12 Two separate sets of close S-O (2.766, 2.958 Â and 2.894, 2.900, 3.019 Á)

contacts are observed in plane directing the packing of the system in a zig-zag manor.

Like all the salts above, the oxygen atoms are found to orient themselves in close
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proximity to the sulfur atoms of an adjacent plane, demonstrating that the packing of

these systems is largely governed by electrostatic interactions.

A|^te¡^¡^ij|·#fß#? *(«*

ba
rf i'liftiii tf^pT' A ?.e g'« » t »¡MW6|;»t!Sa»S

6«#;,r ·!*$!,,,¦ <t^S„· , i» té^MtíS-rm«

C ~fHr—fffp-Tirffliiflc «¡t; aar w»ai»8r«KSigt«gH»

cC'M

2.894J-
d3.0192.900

#
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$&3.113

2.766

& m

Figure 2.20: Crystal structure of 11-5·. (a) A single molecular unit, (b) A view
demonstrating how the system stacks in a planar structure, (c) An overhead view of a
single plane with close S-O contacts shown, (d) Dimerization found between planes
acquiring a twisted-cofacial arrangement. Hydrogen atoms omitted for clarity.

These crystal structures suggest that a partial negative charge density is

concentrated on the oxygen atoms particularly 04. Reducing the system to the 1-

oxidation state localizes a negative charge on 04 which readily accepts a proton forming

an alcohol 11-6. The position of the hydrogen atom attached to the oxygen was

determined anisotropically from the crystal data. All other hydrogen atoms were
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calculated geometrically and were included as riding on their respective atoms. No

significant electron density was observed near the nitrogen atom corroborating our

NMR findings that the hydrogen atom is located on 04. In the solid state, 11-6 forms

pairs via hydrogen bonding between -0-?-?= with a hydrogen bond length of 1.864 Á.

These pairs adopt a slipped p-stacked motif which appears to be linked laterally through

S-S (3.473 Â) interactions into a laced ribbon array reminiscent of a selenium system

developed by Oakley et al. which is dimerized through Se-Se contacts.13

a b

^=5IMU»

%=s^^^=sö\

<sf

"^^m^te

Figure 2.21: Crystal structure of 11-6. (a) Hydrogen bonded pairs of atoms, (b)
Packing, demonstrating slipped p-stacks with S-S contacts shown. Hydrogen atoms
have been omitted from (b) for clarity.

The crystal structure of 11-7 could not be obtained. However a structure of the

monohydrate 11-7-H2O was obtained and forms a tetramer linked by four lithium atoms.

Each molecular unit forms two bonds to a central lithium atom and a single bond to an

outer lithium that has two water molecules coordinated to it. The central lithium atoms

form five bonds to oxygen atoms acquiring a square pyramidal geometry. The outer

lithium atoms form four bonds in a tetrahedral geometry. There are no close S-S
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contacts between planes and, like 11-6, the two molecules form slipped p-stacks. No

significant contacts are formed between neighbouring tetramers.

H2O
Li

Li

Figure 2.22: Crystal structure of 11-7H2O which packs as a tetramer.

Looking at the bond lengths for all the above mentioned systems, an obvious

trend is observed between oxidation states. As mentioned in section 1.5.4, in typical

quinone systems, the length of the C-C bond which connects to the two oxygen atoms

changes from Q, to SQ to Cat, with typical distances of 1.53, 1.44, 1.35-1.41 Á

respectively.14 Comparing these numbers to Table 2.4, we observe that system 11-5· has

bond lengths most typical of a Q species, while II-51" corresponds more closely to a SQ

species. With this information, we can predict that the reactivity, specifically bonding

character, of species 11-5· will be more similar to that of a Q, and that of M-51" more

closely related to a SQ species. Similar results are seen for the C-O bond lengths which

are typically 1.23, 1.29, 1.35 for Q, SQ, Cat respectively. One expects with increased

electron density being added to an antibonding orbital, the C-O bond lengths will be
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increased which is what is observed in our system, but not to the extent seen in other

quinone species. This can be attributed to electron density being drawn by the rest of

the system, specifically on the 1,2,3-DTA ring. Averaging out the bond length values of

the C-O bonds, one finds that from the ll-51+ to 11-5· to II-51" oxidation states, the C5-05

bond length changes from 1.21 to 1.22 to 1.25 Á respectively which is closely related to

a quinone C=O double bond. A more dramatic bond length increase is observed for the

C4-04 bond which changes from 1.21 to 1.23 to 1.32 Á respectively. When compared to

quiñones, the ll-51+ and 11-5· oxidation states have C4-04 bonds most closely related to a

Q double bond while the II-51" C4-04 bond lengths are more typical of a SQ single bond.

Table 2.4
Bond distances for C-O bonds of compounds 11-1 to 11-7 in Â

Charge

1+

1-

Compound
11-1
11-2
11-3
11-4
11-5·

11-6
11-7

C4-C5

1.518(6
1.549(4
1.550(4
1.544(4
1.529(2
1.535(2
1.460(5
1.464(9
1.467(9

C4-04

1.227(5)
1.200(3)
1.201(3)
1.205(3)

1.2310(19)
1.229(2)
1.347(5)
1.305(8)
1.307(7)

C5-05
1.221(6)
1.217(3)
1.204(3)
1.209(3)
1.215(2)

1.2186(19)
1.241(4)
1.264(7)
1.259(7)

Two sets of lengths corresponds to two independent molecules
found in an asymmetric cell

The bond lengths for the S-N heterocycle are listed in Table 2.5. As determined

by density functional theory calculations at the B3LYP 6-311 G(d,p) level, the 1,2,3-DTA

ring system 11-5· (SOMO) and II-51" (HOMO) consists of filled molecular orbitals that are

antibonding with respect to the CIl-Sl, S1-S2 and S2-N3 interactions, and non bonding

with respect to the N3-C10 and ClO-CIl interactions (Fig 2.23). With increased
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oxidation state, the antibonding interactions are accompanied by a bond lengthening

from ll-51+ to II-51". A change in bond lengths for the nonbonding interactions is

observed, but is much smaller than that of the antibonding interactions.

Table 2.5
Bond distances in Á for the 5 membered 1,2,3-DTA heterocycle for compounds 11-1 to

11-7.

Charge Compound CIl-Sl S1-S2 S2-N3 N3-C10 ClO-CIl

1+
1-1
1-2
1-3
1-4

1.673(5)
1.670(3)
1.681(3)
1.672(3)

2.0285(18)
2.0155(10)
2.0208(10)
2.0190(9)

1.601(4)
1.587(2)
1.583(2)
1.596(2)

1.341(6)
1.336(3)
1.330(3)
1.338(3)

1.407(6
1.391(4
1.399(4
1.409(4

11-5· 1.7204(16)
1.7177(16)

2.0628(6)
2.0680(7)

1.6290(14)
1.6257(14)

1.3265(19)
1.3256(19)

1.416(2
1.412(2

1-
1-6
1-7

1.744(4)
1.756(6)
1.767(6)

2.1030(16)
2.090(3)
2.092(3)

1.638(3)
1.648(6)
1.646(5)

1.310(5)
1.319(8)
1.326(8)

1.451(5
1.431(9
1.443(9

N—S N—S

Figure 2.23: Cartoon depiction of the molecular orbitals for 11-5- and II-51' calculated
using G03W B3LYP 6-311G (d,p).

2.3.7 Cyclic Voltammetry (CV)

Cyclic voltammetry experiments were performed using dry, degassed solvent

with cells prepared in a glovebox to exclude water and oxygen. Experiments were

performed using Pt/Pt electrodes, 0.10 M (n-Bu4)NPF6 and 2.0 mM analyte, at a scan

rate 100 mV/s using BASi Epsilon-EC Bioanalytical Systems, inc. Version 2.10.73_USB,
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2009. Because the ferrocene/ferrocenium (fc/fc+) redox couple (Ei/2(fc/fc+) = +0.38 V vs

SCE in MeCN, 1S Ei/2(fc/fc+) = +0.56 V vs SCE in THF16) which is often used as an internal

reference, overlapped with the cation/neutral radical couple, a different internal

reference material was required. The quinone/semiquinone (Q/SQ) redox couple of

chloranil was used as a replacement (Fig 2.24), with the chloranil recrystallized from

toluene before use. The chloranil (Q/SQ) couple when referenced against the (fc/fc+)

couple was measured to be E1/2(Q/SQ) = -0.010 and -0.04 V vs SCE in MeCN and THF

respectively (Figures 2.25 and 2.26). To be able to make meaningful comparisons to the

literature, ll-51+ and M-5· were run in MeCN (a typical CV solvent found in S-N literature).

All other compounds were run in THF because they were found to show low solubility in

MeCN, but good solubility in THF.

O

Cl Cl

er >r ^Ci

o

+e"

-e"

Figure 2.24: The Q/SQ redox couple for chloranil.
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fc/íc*
Ey2= 0.38 V
0.44

SQ/Q
Ey2= -0.01 V
0.07

0.32

0.09
? 1 1 1 1 1 1

-0.40 -0.20 ??? 0.20 0.40 0.60 0.80

Figure 2.25: CV of the chloranil (Q/SQ) and ferrocene (fc/fc+) redox couples in MeCN
swept in the oxidation direction first. Start position and scan direction are marked
with an arrow.

fc/fc*
Ey2= 0.56 V
0.72

SQ/Q
Ey2= -0.04 V
0.10

0.40
0.17

T 1 1 1

-0.600 -0.100 0.4OO 0.900 1.400

EM

Figure 2.26: CV of the chloranil (Q/SQ) and ferrocene (fc/fc+) redox couples in THF
swept in the oxidation direction first. Start position and scan direction are marked
with an arrow.
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The CV of 11-2 was run in MeCN and can be found in Figure 2.27. Two chemically

reversible processes corresponding to Ei/2(0/1+> = 0.78 V and E1/2(lVo) = -0.02 V are
observed, with peak to peak values of ???? = 0.08 V and ???? = 0.12 V respectively. No

other electrochemical processes were found within the solvent window. This is the first

reported single benzo-fused-l,2,3-DTA to have a reversible Ei/2<1/0) couple. Likely this is

due to the increased stability imparted by the quinone moiety. The system has an Eceii =

0.80 V. This value is similar to that of the 0/5-1,2,3-DTA heterocycles found in Table 1.3

implying that the frontier molecular orbitals are distributed over a large area. From the

CV, we confirmed that ferrocene Ei/2(fc/fc+) = 0.38 V has the required oxidation potential

to reduce the cation ll-51+ to 11-5·. From this information, pure radical 11-5· was obtained

and the CV in MeCN is shown in Figure 2.28. Reversible peaks are observed for the

Ei/2(0/1+) and Ei/2(1/0) couples at 0.84 and -0.03 V with ???? values of 0.09 and 0.11 V

respectively. There is an irreversible reduction, presumably for the Ei/2(2"/1_) couple at, -
1.95 V but it is difficult to observe because it is so close to the solvent windows edge. To

obtain a better look at the Ei/2(2"/1_) couple of 11-5·, a CV was run in THF which has a

solvent window that extends further into the reductive region than MeCN (Fig 2.29).

The CV of 11-5· in THF is very similar to 11-5· in MeCN except that the irreversible couple

Ei/2(2/1) is more clearly defined and shifted in the oxidative direction being found at -
1.77 V in THF and -1.95 V in MeCN.
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-i/O
E1^2= -o.o2 ?
0.§4

EV2=0.78V

-0.08 0.74

-050 -030 -0.10 0.10 0.30 0.50

EM

0.70 0.90 1.10 130 150

Figure 2.27: CV of 11-2 in MeCN, swept in the oxidative direction first. Start position
and scan direction are marked with an arrow.

11-51ZlI-S-
Ey2= -0.T3 V
0.03 ?

ll-S/ll-51+
Etf2=0.79V
0.84

-0.08 0.84

-0.08

-3j00 -250 -2.00 -150 -050
E(V)

0.00 050 1.00 150 2.00

Figure 2.28: CV of 11-5· in MeCN, swept in the oxidative direction first. Two scans are
shown to demonstrate no change in peak location is observed at different scan
widths. Start position and scan direction are marked with an arrow.
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11-5-/11-S1+
E1^=CTSV

11-51YII-S 0.85
E,Ä=-e.04V
Ö.02

0.74
§.85T.10

©.02

IIS-2

0.74
0.10

-1.77

, , , , , 1 1 1 1

-250 -2.00 -150 -1.00 -050 0.00 050 1.00 150
E(VJ

Figure 2.29: CV of 11-5· ¡? THF, swept ¡? the oxidative direction first. Two scans are
shown to demonstrate no change in peak location is observed at different scan
widths. Start position and scan direction are marked with an arrow.

It was our hope that compound 11-6, which is the protonated equivalent of II-51"

would reveal the Ei/2<1/0) couple to be reversible. However, this was not observed. The

Ei/2(0/1+) couple was found to show a dramatic shift in the positive direction

accompanied by a large peak to peak broadening ???? = 0.39 V. The Ei/2 +> couple
was not observed at all within the solvent window (Fig. 2.30). This shifting is consistent

with other o-quinone species through complexing effects as mentioned in section 1.5.1.

After scanning the irreversible Ered(1), a peak appears at 0.034 V which we have

attributed to a decomposition product formed from scanning the Ered(1).
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??-6/??-d1+
E172=O-MV
1.14

0.75

6.03II·«1

-1.15

! , ! ! ,— I 1 1 1

-2.00 -150 -1.00 -030 0.00 050 1.00 150 2.00
E(VJ

Figure 2.30: CV of 11-6 ¡? THF (upper) with and (lower) without scanning the Ered(1). A
peak is seen to grow in at 0.03 V after scanning the Ered(1"). Start position and scan
direction are marked with an arrow.

The 11-6 system was found to be extremely sensitive to trace amounts of water.

To investigate this, the CV of 11-6 was studied with the addition of small aliquots of

water. The result was that with the addition of water, the peak area of the Ered = 0.75 V,

was found to decrease and a new peak area would grow in at -0.13 V. It is our belief

that what is happening is that the system begins with only 11-6 present in solution. As

the positive direction is scanned, at 1.14 V 11-6 is oxidized to ll-61+. With no water

present, this material is reduced back to 11-6. However in the presence of water, the

H2O complexes with the system, likely through a hydrogen bond with the H atom

attached to 04 (Fig 2.31). This bonding helps stabilize the system pushing the reduction
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potential of the material in the negative direction with an observed peak at -0.13 V at

which point, the system is reduced back to 11-6. Alternatively, when the material is

oxidized, it could deprotonate producing 11-5· and H3O+. The shifted peak at -0.13 V

could be the potential required to remove the proton from H3O+ and protonate the

system again. H2O is also found to shift the ?^'1"' reduction in the oxidative direction,

likely caused by stabilization from hydrogen bonding. Figure 2.32 show this effect with

the addition of µ? aliquots of H2O where every 4 µ? of H2O is approximately 11

equivalents added. Because the (ll-6/ll-61+) couple changes with each aliquot of H2O the

first two runs with O and 4 µ? of H2O were referenced to have the e1/2(??"6/,?6+) couple at

0.94 V. All subsequent scans were referenced to have the peak that grows in to appear

at -0.13 V as was observed in the 4 µ? scan.

H
HoO? ?-?T

HHOO T
OH

• /
N-SN-SN-S

Figure 2.31: Proposed species formed when 11-6 is oxidized in the presence of H2O.
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II-6/II-«1 1.14

OUiH2O
??-d1

1.12<^ 4µ1_?20#.72
1.12

1.11¦

SuL H2O0.770.13
1.05

1.10
0.81 16UlH2O0.13

1.00
1.170.89

0.13 32uL H2O0.92
1.17

0.94
64ULH2O0.86

0.81

-1.50 -1.00 -030 0.00 050 ??? 1.50 2.00
EM

Figure 2.32: CV of 11-6 in THF to determine the effect water has on the system (4 µ? «
lleq). O and 4 µ? scans are zeroed setting e1/2(ii'6/ii6+) = 0.94 V. All other scans are
zeroed to have the peak that grows in, appear at -0.13 V. Start position and scan
direction are marked with an arrow.

The CV of 11-7 (the non-hydrated Li+ anion) is very similar to 11-5· with potentials

shifted in the oxidative direction. Chemically reversible processes are observed for the

Ei/2(0/1+) = 0.78, V ???? = 0.24 V and Ei/2(1"/0) = 0.22 V, ???? = 0.27 V couples, and two
irreversible processes are found at -1.36 and -1.66 V (Fig. 2.33). The wave at -1.36

corresponds to Ered(2>, but is irreversible. The wave at -1.66 V is likely caused by a

decomposition product from scanning the E^'2"1.
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O/i+
E1^= 0.78 V
0.9G

i/O
E,»= Ö.22 V
0.36

CT= 0.66
0.091.351.66

t 1 1 i 1 1

-2.00 -130 -1.00 -4J30 0.00 030 1.00 130
E(VJ

Figure 2.33: CV of 11-7 ¡? THF scanned ¡? the oxidative direction first. Start position
and scan direction are marked with an arrow.

In an attempt to discover if the II-5·2' oxidation, or an equivalent state can be

observed as a reversible process, a few strategies were employed. In the first attempt,

we tried to create a proton rich environment around compound 11-6. The hope was that

upon reduction, a species similar to a CatH2 would be formed, helping to stabilize the

system. HPF6 was used because the counterion is the same as the electrolyte used [(n-

Bu)4NPF6] so it was not expected to affect the cell. Unfortunately upon addition of HPF6,

the CV showed a steady drop below -0.40 V (similar to a solvent edge), and no

meaningful data could be obtained. We believe this is because the HPF6 was 40 % H2O,

and the H2O was obscuring the solvent window. The second strategy employed was to

add a large excess of LiCIO4. This was expected to supply Li+ which would have a
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complexing effect with the oxygen atoms of the system helping to stabilize the 11-5· "

oxidation state (see section 1.5.1). Initially, tests were done using 0.1 M LiCIO4 as the

electrolyte, but the Ei/2(1"/0> and Ei/2(0/1+) couples were substantially broadened.
Therefore the tests were performed using 0.1 M LiCIO4 with 0.1 M (/1-Bu)4NPF6 as the

electrolyte (Fig 2.34). Unfortunately the CIO42VCIO41" couple is located in the range of -

1.1 to -1.5 V depending on scan rate, which obscures the E1Z2'271"' peak of 11-7. Figure

2.34 shows this system scanned at 3 different rates, 100, 250 and 500 mV. In all three

scans, a shoulder can be observed at -1.17 V which corresponds to the Ered2" of 11-7. This

value is shifted by 0.19 V to a more positive potential when compared to 11-7 run

without LiCIO4, suggesting the excess Li+ ions are having an impact on peak potentials.

The return wave of the CIO42VCIO41" is located in the same location as the expected

return wave for the Ei/2(2"/1_' couple, but judging from the fact that no shoulder is

observed, there likely is no return wave for 11-7. Access to the II-5·2" oxidation state

would make this molecule much more magnetically interesting as it would have an

unpaired electron and the negatively charged oxygen atoms would have a high

propensity to coordinate to a metal centre. Unfortunately, from the CV results, the II-

5·2" state does not appear accessible. What is likely happening isthat too much electron

density is being placed on the 1,2,3-DTA ring resulting in a S-S or S-N cleavage.
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0/1+
1-/0 E1n=QJS
E1^= 6.36 0.S5

0.42ClO42ZCIO 1.13
IMmV

0.74
0.29

1.17
1.38

GJB5
0.421.09

25OmV

0.74
0.29

1.17
0.851.47

1.10 0.42 500 mV

0.74
0.29

1.17

1.53

? 1 1 1 1 1 1 1 1

-2.50 -2.00 -150 -1.00 -050 0.00 050 1.00 150

Figure 2.34: CV of 11-5· with 0.1 M LiCIO4 at 3 scan rates, 10OmV, 25OmV and 50OmV in
THF. Start position and scan direction are marked with an arrow.

2.3.8 Pressed Pellet Conductivity

Pressed pellet conductivity measurements were performed on 11-5·. No measureable

conductivity was observed in the range of 10"2 - 10"8 S. This result was expected as the

crystal structure of the species shows the system to be dimerized.
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2.4 Experimental

General Procedures and Starting Materials. The reagent 1,2-naphthoquinone was

obtained from Acros Organics and used as received. Lithium hydride, sulfur

monochloride, gallium trichloride, iron(lll) chloride, silver(l) triflate and

tetrakis(dimethylamino)ethylene were obtained commercially from Sigma Aldrich and

used as received. Bis(rj5-cyclopentadienyl)iron(ll) and bis(r|5-pentamethylcyclo-

pentadienyl)iron(ll) were obtained commercially but sublimed before use. 4-Amino-l,2-

naphthoquinone was prepared according to literature methods.3 The solvents
acetonitrile (MeCN), toluene, THF, and methylene chloride (CH2CI2) were dried before

use. MeCN was dried by distillation under Ar from P2O5, CH2CI2 was dried by distillation

under Ar from CaH2, THF was dried by distillation under Ar from Na and benzophenone

and toluene was dried by distillation under Ar from Na. All reactions were performed

under an atmosphere of dry argon unless otherwise indicated. Infrared spectra (KBr

pressed pellet) were recorded on a Nicolet 4700 FT-IR spectrometer at 4 cm"1 resolution.

Elemental analyses were performed by MHW Labs, Phoenix, AZ, USA. Mass spectra were

recorded by Dr. R. Smith at the WATSPEC Facility at the University of Waterloo,

Waterloo, ON., Canada, using a JEOL HXIlO double focusing instrument, or at McMaster

Regional Centre for Mass Spectrometry (MRCMS), McMaster University, Hamilton, ON,

Canada, using a Micromass GCT (GC-EI/CI Time of Flight Mass Spectrometer). Crystal

data was collected by Dr. Micheal Jennings at the University of Western Ontario (11-2),

Dr. Jim Britten at McMaster University on a Bruker Cu Smart APEX-II CCD, and a

Bruker Mo Smart APEX2 (11-1, 11-3, 11-5·, 11-6), and Dr. Alan Lough at the University of
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Toronto on a Nonius Kappa-CCD system (11-4, 11-7). Cyclic voltammetry measurements

were recorded on a BASi Epsilon-EC Bioanalytical Systems, Inc. Version 2.10.73_USB,

2009.

4,5-Dioxo-naphtho[l,2-d][l,2,3]dithiazol-2-ium chloride (o-DTANQ+CI) (11-1) MeCN

(230 mL) was added to 12.1862 g (70.3721 mmol) of 4-amino-l,2-naphthoquinone. An

excess of S2CI2 (33.8 mL, 422 mmol) was added to the solution which was then refluxed

for 4 hours. The resulting slurry was filtered warm isolating in the retentate the product

as a red powder. The solid was washed with 2 ? 50 mL of MeCN and 1 ? 40 mL of CH2CI2.

The crude solid was dried under vacuum 22.8105 g (120% crude mass yield). A single

crystal suitable for X-ray analysis was recovered from the crude solid. IR(KBr) v/cm"1:

1704 (m), 1679 (vs), 1587 (m), 1575 (w), 1490 (w), 1457 (w), 1413 (s), 1363 (w), 1313

(w), 1291 (s), 1234 (s), 1225 (m), 1180 (w), 1155 (w), 1093 (w), 1040 (w), 993 (w), 980

(w), 912 (m), 900 (s), 848 (s), 804 (s), 784 (m), 710 (w), 697 (m), 672 (m), 650 (w), 629

(w), 557 (w), 529 (m), 515 (w), 467(m). Mass Spec (El+; r.t. 0.91min); parent ion

assigned as m/z 234.0 (M = Ci0H4NO2S2J+ 56%; 206 (M - CO)+ 100%; 162 (C2NS2C2O2 +

H4)+ 18%; 160 (C2NS2C2O2 + H2)+ 10%; 130 (C2NS2CO)+ 26%; 102 (C2NS2)+ 12%; 93

(C5HO2J+ 4%; 75 (C6H3J+ 4%; 69 (C3HO2J+ 2%. Crystal data collected on Bruker APEX-II

CCD radiation source MoK\a, wavelength = 0.71073 nm at McMaster University; T =

150(2) K, orthorhombic space group Pnma, a = 19.620(5), b = 5.8942(15), c = 8.422(2) Â,

V = 973.955 Ä3, Z = 4, Dca|C = 1.839 g cm"1, 97 parameters were refined using 747 unique

reflections to give R = 0.0529 and Rw = 0.0913.
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4,5-D¡oxo-naphtho[l,2-d][l,2,3]d¡th¡azol-2-ium tritiate (o-DTANQ+OTf) (11-2) MeCN

(75 ml.) was added to 6.0012 g (22.249 mmol) of ll-l forming a red slurry. Silver triflate

4.8016 g (18.678 mmol) was added and the mixture was stirred for 4 hours then filtered

to remove a pale orange powder and recover the dark red filtrate. Removal of the

solvent yielded a dark purple solid. This material was stirred for 1 hr in 35 mL of dry

CH2CI2 and filtered to remove a purple solution leaving a red/brown solid of the title

compound 0-DTANQ+OTf 1.8706 g (4.8796 mmol 26%). Recrystallization from 1:1

MeCN:toluene by slow solvent evaporation under dynamic vacuum with an ice bath

around the flask, afforded red needles suitable for X-ray analysis. IR(KBr) v/cnrf1: 1716

(w), 1688 (s), 1653 (w); 1636 (w), 1591 (m), 1560 (w), 1542 (w), 1508 (w), 1496 (w),

1466(w), 1415 (s), 1371 (w), 1279 (vs, br), 1238 (vs, br), 1225 (w), 1183 (m), 1172 (w),

1155 (m), 1099 (w), 1030 (w), 1022 (s), 985 (w), 913 (m), 870 (m), 818 (w), 784 (m), 761

(w), 718 (w), 698 (w), 676 (m), 636 (s), 575 (m), 533 (w), 517 (s), 463 (w). Mass Spec

(El+; r.t. 4.33min; parent ¡on assigned as m/z 235.0 (M = Ci0H5O2S2N)+ 100%; 207 (M -

CO)+; 178 (M - C2HO2J+; 159 (S5); 130 (C2NS2CO)+; 103 (C2NS2 + H)+; 102 (C2NS2)+; 76

(C6H4)+; 64 (S2)+. Elemental Anal. Cale for CnH4F3NO5S3: C, 34.46; H, 1.05; N, 3.65. Found

C, 34.38; H7 0.97; N, 3.42%. 1H NMR (400 MHz, CD3CN, 25 0C, ppm) d: 8.49 (br s, IH),

8.30 (br s, IH), 7.95 (br s, 2H). Crystal data collected on Bruker APEX-II CCD radiation

source MoK\a, wavelength = 0.71073 nm at McMaster University, T = 150(2) K,

orthorhombic space group Pbca, a = 17.0537(17), b = 6.4960(6), c = 25.224(3) Ä, V =

2794.3(5) Á3, Z = 8, Dca|C = 1.822 g cm"1, 208 parameters were refined using 1854 unique

reflections to give R = 0.0341 and Rw = 0.0694.
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4,5-Dioxo-naphtho[l,2-£/][l,2,3]d¡th¡azol-2-¡um tetrachloragallate (0-DTANQ+GaCl4")

(11-3) Over the course of 20 min. 1.3056 g (7.4148 mmol) of gallium trichloride dissolved

in 15 mL of dry MeCN was added to a slurry of 11-1 2.5300 g (9.3798 mmol) in 30 mL of

dry MeCN. After 1 hr of stirring, the solution was filtered to remove a grey/orange solid

from the dark red filtrate. The solvent was removed from the filtrate to yield a purple

solid. This was washed with 3 ? 20 mL of CH2CI2 removing a purple by product and

affording the title compound as a red solid 2.8101 g (6.3033 mmol, 85%).

Recrystallization from 1:1 MeCNxhlorobenzene by slow solvent evaporation under

dynamic vacuum with an ice bath around the flask, afforded red needles. IR(KBr) v/cnrf

1I 1689 (s), 1620 (w), 1589 (m), 1577 (w), 1541 (w), 1494 (w), 1458 (w), 1410 (s), 1387

(w), 1325 (w), 1283 (s), 1235 (s), 1204 (s), 1099 (w), 978 (w), 914 (m), 903 (w), 870 (m),

810 (w), 781 (s), 711 (w), 698 (w), 672 (s), 653 (w), 631 9w), 528 (m), 510 (w), 459 (w).

Elemental Anal. Cale, for Ci0H4CI4GaNO2S2: C, 26.94; H, 0.90; N, 3.14. Found C, 27.12; H,

1.08; N, 2.93%. Mass Spec (El+; r.t. 2.30min); parent ion assigned as m/z 234.0 (M =

Ci0H4NO2Sz)+; 374 (M + GaCI2J+; 339 (M + GaCI)+; 252 (M + H2O)+; 235 (M + H)+; 234 (M);

206 (M - CO)+; 178 (C8H4S2N)+; 162 (C4H4O2S2N)+; 141(GaCI2)+; 130 (C3OS2N)+; 102

(C2S2N)+; 76 (C6Hs)+; 64 (S2)+. 1H NMR (400 MHz, CD3CN, 25 0C, ppm) d: 8.52 (br s, IH),

8.31 (br s, IH), 7.97 (br s, 2H). Crystal data collected on Bruker APEX-II CCD radiation

source MoK\a, wavelength = 0.71073 nm at McMaster University 150(2) K, monoclinic

space group PlJn, a = 8.0862(15), b = 9.4172(18), c = 19.659(4) Ä, ß =90.079(4) °, V =
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1497.0(5) Á3, Z = 4, Dcaic = 1.978 g cm"1, 181 parameters were refined using 2503 unique

reflections to give R = 0.0281 and Rw = 0.0529.

4,5-Dioxo-naphtho[l,2-c/][l,2,3]dithiazol-2-lum tetrachloroferrate (0-DTANQ+FeCl4")

(11-4) Over the course of 30 min. 1.2028 g (7.4148 mmol) of iron trichloride dissolved in

40 mL of dry MeCN was added to a slurry of M-I 2.5300 g (9.3798 mmol) in 100 mL of

MeCN. After 1 hr of stirring, the solution was filtered to remove a grey/orange solid

from a dark red filtrate. The solvent was removed from the filtrate to yield a purple

solid. This was washed with 3 ? 20 mL of CH2CI2 removing a purple by product and

affording the title compound as a red solid 2.5352 g (5.8693 mmol, 79%).

Recrystallization from 1:1 MeCN:chlorobenzene by slow solvent evaporation under

dynamic vacuum with an ice bath around the flask, afforded red needles. IR(KBr) v/cm"

1I 1687 (vs), 1655 (w), 1648 (w), 1637 (w), 1588 (m), 1577 (w), 1493 (w), 1482 (w), 1409

(vs), 1386 (w), 1326 (w), 1308 (w), 1286 (s), 1237 (s), 1205 (s), 1198 (w), 1164 (w), 1097

(m), 1051 (w), 979 (m), 912 (m), 869 (m), 811 (m), 784 (s), 783 (w), 713 (w), 698 (w), 673

(s), 653 (w), 631 (m), 526 (w), 505 (w), 493 (w), 481 (w), 459 (w), 438 (w), 417 (w). Mass

Spec (ESI+ in MeCN; r.t. 1.33min); parent ion assigned as m/z 234.0 (M = Ci0H4NO2S2)+;

808 (FeM3 + H303)+; 792 (FeM3 + H2O2J+; 774 (FeM3 + HO)+; 759 (FeM3)+; 682 (FeM2 +

C4O2S2N)+; 557 (FeM2 + H02)+; 541 (FeM2 + HO)+; 524 (FeM2J+; 512 (FeM2 - C)+; 347; 318

(Fe(C2HOS2N)2)+; 297 (FeCIC8H4OS2N)+; 290 (FeM)+; 252 (M + H2O)+; 236 (M + H2)+; 234

(M)+; 206 (M - CO)+; 167 (FeCI2(CH3CN))+; 149 (FeCI(CH3CN)OH)+; 132 (FeCI(CH3CN))+;

114 (Fe(CH3CN)OH)+. 1H NMR (400 MHz, CD3CN, 25 0C, ppm) d: 8.64 (br s, IH), 8.29 (br
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s, IH), 8.00 (br s, 2H). Crystal data collected on Bruker APEX-II CCD radiation source

MoK\a, wavelength = 0.71073 nm at McMaster University 150(2) K, monoclinic space

group PlJn, a = 10.3004(3), b = 11.1497(5), c = 13.8083(4) Â, ß = 110.605(2) ",V =

1484.39(9) Â3, Z = 4, Dca|C = 1.933 g cm"1, 181 parameters were refined using 3376

unique reflections to give R = 0.0363 and Rw = 0.0851.

Naphtho[l,2-</][l,2,3]dithiazolyl-4,5-dione (o-DTANQ) (11-5·) (method 1) In 30 mL of

MeCN, 1.6363 g (4.2685 mmol) of 11-2 was dissolved to afford a dark red solution.

Tetrakis(dimethylamino)ethylene (0.49 mL, 2.1 mmol) was diluted in 20 mL of dry MeCN

and slowly dripped into the red solution over the course of 1 hour. Gas was evolved

during the addition and a purple precipitate was observed. Filtration yielded a purple

solid 0.7045 g (3.0 mmol, 70% crude yield). Sublimation under dynamic vacuum (102

Torr) using a 3 stage gradient tube furnace 190, 115, 75°C, produced purple crystalline

blocks of the title compound 0.2188 g (0.93 mmol, 22%). (method 2) MeCN (60 mL) was

added to a solid mixture of bis(n.5-cyclopentadienyl)iron 0.6897 g (3.707 mmol) and 11-1

1.0000 g (3.7074 mmol). The slurry was stirred for 3 hours, over which time it changed

colour from red to purple. This was filtered and washed 3 ? 5 mL MeCN to remove a

dark red soluble by product leaving a grey/purple solid 0.5315 g (2.269 mmol, 61%

crude yield). Sublimation under dynamic vacuum (102 Torr) using a 3 stage gradient

tube furnace 190, 115, 75°C, produced purple crystalline blocks of the title compound

0.2150 g (0.9177 mmol, 24.76%). IR(KBr) v/cm"1: 1665 (m), 1649 (w), 1595 (m), 1561

(vs), 1540 (w), 1508 (w), 1490 (w), 1459 (w), 1407 (m), 1390 (w), 1380 (s), 1317 (w),
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1260 (m), 1229 (m), 1159 (w), 1095 (w), 1041 (w), 987 (m), 897 (m), 876 (w), 808 (m),

775 (w), 715 (w), 694 (w), 661 (m), 650 (w), 628 (w), 536 (w); 480 (w), 463 (w), 431 (w).

Mass Spec (El+; r.t. 3.59min); parent ¡on assigned as m/z 234.0 (M = Ci0H4NO2S2J+ 56%;

206 (M - CO)+ 100%; 162 (C2NS2C2O2 + H4)+ 17%; 160 (C2NS2C2O2 + H2)+ 9%; 130

(C2NS2CO)+ 22%; 102 (C2NS2J+ 9%; 93 (C5HO2) 3%; 75 (C6H3)+ 2%; 69 (C3H02)+ 1%.

Elemental Anal. Cale for Ci0H4NO2S2: C, 51.27; H, 1.72; N, 5.98. Found C, 51.24; H, 1.46;

N, 6.07%. Crystal data collected on a Bruker APEX-II CCD radiation source MoK\a,

wavelength = 0.71073 nm at McMaster University, 150(2) K, triclinic space group Pl, a =

8.3156(16), b = 10.872(2), c = 10.992(2)À, a = 61.995(3), ß = 86.896(4), ? = 85.509(4) °, V

= 874.5(3) Ä3, Z = 4, Dcaic = 1.779 g cm"1, 273 parameters were refined using 4491 unique

reflections to give R = 0.0355 and Rw = 0.0867. A dark purple block of o-

dithianaphthoquinone was mounted on a goniometer head with paratone oil. The

reflections from the P4P file indicated a twinned crystal and were analyzed using Cell

Now which determined a unit cell and orientation matrix. The cell data was integrated

using Twin Abs software for scaling and absorption corrections generating two data

files; Twin 4 and Twin 5. The crystal was solved using the Twin 4 data set which

contained non-overlapping reflections. A direct methods solution clearly showed two

molecules, or one dimer pair, in the asymmetric unit. The solution was implemented to

solve the Twin 5 data set which contained all reflections. The crystal had a BASF of

0.60120 : 0.35240 : 0.04640 and a direct methods solution verified the unit cell. Full

matrix least squares refinement on F2 using SHELXS-97 incorporated in the SHELX-TL

suite of programs gave /?i = 3.55 and wR2 = 4.14 (goodness-of-fit = 1.0500). All non-
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hydrogen atoms were refined anisotropically; hydrogen atoms were added manually

and refined isotropically.

4-Hydroxy-naphtho[l,2-cr][l,2,3]dithiazol-5-one (o-DTANQ OH) (11-6) Dry MeCN (150

mL) was added to a solid mixture of bis(r|5-cyclopentadienyl)iron 1.7240 g (9.2668

mmol) and ll-l 2.5000 g (9.2685 mmol). The slurry was stirred for 3 hours over which

time it changed colour from red to purple. This was filtered and washed 3 ? 5 mL MeCN

to remove a dark red by product leaving a grey/purple solid. In air, the solid was

collected in a round bottom flask where 100 mL of THF and 20 mL of H2O were added.

The slurry was stirred for 15 hours over which time most of the grey solid disappeared

and a red solution formed. Removal of the solvent afforded a red powder. Sublimation

under dynamic vacuum (102 Torr) using a 3 stage gradient tube furnace 150, 75, 50 0C,

produced red crystalline needles of the title compound 1.3560 g (5.7633 mmol, 62%).

Recrystallization from CH2CI2 afforded red needles suitable for X-ray analysis, m.p.: 242

- 244°C. IR(KBr) v/cm"1: 3281 (vs, br), 1619 (vs), 1594 (vs), 1560 (s), 1508 (w), 1497 (m),

1458 (m), 1417 (w), 1388 (w), 1374 (vs), 1334 (m), 1308 (w), 1265 (s), 1213 (m), 1160

(w), 1137 (w), 1097 (w), 1045 (w), 1016 (m), 968 (w), 893(w), 869 (w), 795 (s), 777 (w),

769 (m), 704 (m), 664 (s), 646 (m), 620 (m), 544 (w), 533 (w), 467 (w), 454 (w), 418 (w).

Elemental Anal. Cale, for C10H5NO2S2: C, 51.05; H, 2.14; N, 5.95. Found C, 50.89; H, 2.40;

N, 5.90%. Mass Spec (El+; r.t. 3.59min; 275°C); parent ion assigned as m/z 235.0 (M =

CioH5N02S2)+ 100%; 207 (M - CO)+ 14%; 178 (M - C2H02)+ 7%; 149, 5%; 130 (C2NS2CO)+

9%; 103 (C2NS2 + H)+ 18%; 102 (C2NS2J+ 8%; 76 (C6H4J+ 4%; 57 (C2H02)+ 3%. 1H NMR (600

~102~



MHz, d6-DMSO, 25 °C, ppm) d: 10.65 (m, IH,), 8.39 (m, IH), 8.18 (m, IH), 7.80 (m, 2H).

13C NMR (APT, 150 MHz, d6-DMSO, 25 0C, ppm) 6: 173.2, 154.6, 143.0, 131.9, 131.3,

131.0, 129.3, 127.7, 126.0, 125.4. Crystal data collected on a Bruker APEX-II CCD

radiation source MoK\a, wavelength = 0.71073 nm at University of Toronto, T = 150(2)

K, monoclinic space group PlJn, a = 15.2462(14), b = 3.8351(2), c = 16.5627(14)Ä, ß =

110.361(3)°, V = 907.92(12) Ä3, Z = 4, Dcaic = 1-721 g cm"1, 140 parameters were refined

using 1133 unique reflections to give R = 0.0586 and Rw = 0.1200.

Lithium 5-oxo-naphtho[l,2-cfl[l,2,3]dithiazol-4-olate (o-DTANQ"Li+) (11-7) THF (100 mL)

was added to a solid mixture of 0.5000 g (2.123 mmol) of 11-6 and 0.0669 g (8.42 mmol)

lithium hydride. The slurry was stirred for 15 hours over which time it changed colour

from red to blue. This was filtered and washed with 3 ? 5 mL of THF removing a white

solid from the blue filtrate. Removal of the solvent yielded a blue/purple solid. This was

gently refluxed for 30 min in 150 mL of ethyl acetate and filtered to remove impurities.

Recrystallization by slow evaporation from a MeOH:toluene 1:2 afforded purple blocks

suitable for X-ray analysis of 11-7-H2O, the monohydrate species. The non recrystallized

blue/purple solid was dried overnight under dynamic vacuum (102 Torr) 170 °C, to

produce a dehydrated blue/purple solid of the title compound 0.3617 g (1.50 mmol,

70%). (11-7-H2O) IR(KBr) v/cm"1: 3423 (br), 1607 (w), 1591 (s), 1552 (s), 1488 (s), 1491

(w), 1384 (vs), 1360, (w) 1316 (w), 1266 (s), 1223 (m), 1159 (m), 1054 (w), 1016 (m), 871

(w), 796 (s), 767 (m), 700 (m), 661 (m), 646 (w), 620 (w) 556 (m), 505 (w). (11-7) IR(KBr)

v/cm"1: 1611 (m), 1586 (s), 1567 (s), 1535 (s), 1509 (w), 1491 (m), 1453 (w), 1343 (s),
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1318 (m), 1260 (s), 1218 (s), 1157 (m), 1148 (w), 1096 (w), 1049 (w), 1020 (w), 902 (w),
873 (w), 794 (s), 765 (m), 710 (w), 698 (m), 669 (w), 659 (s), 646 (w), 585 (w), 558 (m),
518 (s), 509 (w), 483 (w), 465 (m), 448 (w), 431 (w), 421 (w), 414 (w). Elemental Anal.
Cale for C10H4LiNO2S2: C, 49.79; H, 1.67; N, 5.81. Found C, 50.00; H, 1.80; N, 5.76%. Mass

Spec (ESI-; r.t. 1.31min); parent ion assigned as m/z 234.0 (M = Ci0H4NO2S2)" 100%; 280
(M - H2 + O3)"; 266 (M+02)"; 250 (M + O)"; 194 (M - C2O)"; 145; 101. 1H NMR (400 MHz,
d6-DMSO, 25 0C, ppm) d: 8.19 (d, IH, J = 6.9 Hz), 8.03 (d, IH, J = 7.0 Hz), 7.65 (m, 2H).

13C NMR (APT, 100 MHz, d6-DMSO, 25 0C, ppm) d: 180.5, 157.0, 156.4, 130.3, 130.0,

129.7, 128.4, 126.6, 125.6, 124.6. Crystal data collected on a Bruker APEX-II CCD
radiation source MoK\a, wavelength = 0.71073 nm at the University of Toronto 150(2) K,

monoclinic space group P2jc, a = 15.9640(12), b = 11.7083(15), c = 11.632(2) Á, ß =
101.590(8)°, V = 2129.8(5) À3, Z = 2, Dcaic = 1-617 g cm"1, 307 parameters were refined
using 12 restraints and 3590 unique reflections to give R = 0.0760 and Rw = 0.1408.
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Chapter 3

Structure and Properties of

5-Oxo-naphtho[l,2-ci][l,2,3]dithiazol-4-olate

Coordination Complexes
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3.1 General

The goal of this thesis was to coordinate the spin bearing ligand 11-5· to a

paramagnetic metal centre to achieve magnetic coupling and semiconductivity in the

same temperature regime. Systems exhibiting these properties could be used in new

age molecular materials such as spintronic devices. Coordination of the o-DTANQ ligand

to Sb5+, Ga3+ and Fe3+ was achieved. However, the ligand is coordinated in the 1-

oxidation state (II-51"). Unfortunately, due to the closed shell nature of II-51', these

complexes do not exhibit the desired molecular properties. The following is a summary

of the synthesis and characterization of these coordination complexes involving the o-

DTANQ ligand.

3.2 Synthetic Strategy

As mentioned earlier (section 2.2) when 0-DTANQ+Cl" (11-3.) is reduced using

SbPh3, a coordination complex is obtained. The complex results from the chloride salt

undergoing a 2 electron reduction and coordination to the antimony. The antimony also

coordinates the chloride ¡on resulting in complex Ml-I. As expected the antimony

changes oxidation state from Sb3+ to Sb5+. Compound IH-I recrystallizes easily from

CH2CI2, yielding purple needles.
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N-s Cl

+ SbPh3
MeCN

2hr

0-Sb..„,

Figure 3.1: Reaction scheme for the synthesis of Ml-I.

An attempt to grow X-ray quality crystals of the free radical species gave an

unexpected result. In an ?-cell, using 0-DTANQ+GaCl4" (11-3) dissolved in MeCN and

Fe(Cp*)2 dissolved in toluene, a small number of purple crystals were obtained after

several weeks. The resulting crystal structure revealed coordination of three o-DTANQ"

ligands to an iron centre III-2 (Fig. 3.2). We speculate that this might be the result of an

Fe(III) impurity in the Fe(Cp*)2 as the latter was not purified by sublimation prior to use.

Subsequent reactions involving Fe(Cp*)2 were performed with sublimed material in

order to avoid any similar surprises.

The complex was intriguing and we developed a method to generate it by a

direct synthetic strategy. Initial synthetic attempts involved the reaction of 11-5 with

FeCI3 and Fe(Cp)2 in MeCN. The resulting material was III-2 as expected, but it could

never be properly purified because both it and 11-5 have very low solubility. If any

unreacted 11-5 material remained, it could not be removed. A second synthetic strategy

was employed using FeCI4" as the counterion. With an iron species as the counterion,

the positively charged iron counterion would be readily available in solution for
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coordination to occur. Again III-2 was produced but still could not be purified. This led

us to synthesize 0-DTANQLi+ 11-7 which provided a more soluble version of the anion to

use for coordination. The reaction involved the slow addition of a stoichiometric

amount of FeCI3 dissolved in THF to a solution of 11-7 in THF. This was allowed to stir

overnight, over which time a purple precipitate formed. The precipitate was filtered

and washed with THF to remove any unreacted material. It was then washed with

degassed H2O to remove any LiCI followed by addition of MeCN to remove the H2O.

Drying the material overnight at 170 0C, yielded pure III-2 in high yield. This method

used to create MI-2 completely avoided the use of Fe(Cp)2, avoiding the ambiguity that

the reaction was possibly being caused by the removal of a Cp ring. Although this does

not disprove the possibility that the Cp rings of Fe(Cp)2 can be displaced by the II-51', it

provides an alternative synthesis MI-2 using FeCI3 as the iron(lll) source.

toluene / MeCN
3 Fe(Cp*)2

T
o GaCI4
®

11-3

?-cell
7 days

Figure 3.2: The unexpected formation of III-2 from 11-3 and Fe(Cp*)2 which was likely
the result of an Fe(III) impurity in the Fe(Cp*)2.
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+ 6Fe(Cp)2

a)

MeCN

N-S^FeCI4®

"1-5 N^s

15 hr

b)
3 Fe(Cp)2

FeCU
24 hr

c)
THF

+ Fed·,
12 hr

N-s

Figure 3.3: The synthesis of lil-2 using three different strategies. Route a) and b) did
create the desired product but it could not be purified. Route c) created pure material
of III-2 in high yield.

The creation of the III-2 provided clues to why yields were so low for the

reduction of II-3 to II-5 and why, when left to stir for long periods of time, the yields

became worse. In these cases, a purple species III-3 was obtained which had a nearly

identical IR spectrum to that of III-2. The IR spectrum of III-3 was so close to that of III-

2, that initially we believed that it was III-2 being formed from removal of the Cp rings

from Fe(Cp)2 used in the reduction. It was later determined that like the iron complex,

three o-DTANQ ligands were coordinating to the gallium counterion creating III-3. To

confirm the species was in fact III-3 and not III-2, material was prepared without any

iron species present using an analogous procedure to that used for the Fe species, route

b) in Figure 3. The resultant material was as expected the III-3 obtained in high yield.
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+ 6 Fe(Cp)2

11-3 Ñ-s GaCI4

GaCU

MeCN

12 hr

Figure 3.4: The synthesis of III-3 using two different strategies. Route a) did create
the desired product but it could not be purified. Route b) created pure material of Ml-
3 in high yield.

3.3 Characterization

3.3.1 Infrared Spectroscopy

The IR spectra of Ml-I, IM-2 and MI-3 are given in Figure 3.5. The spectra are all

very similar with IM-2 and IM-3 being nearly identical except shifting is observed for the

two peaks at 1572 and 1528 cm-1for IM-2 and 1575 and 1541 cm * for IM-3 respectively.

The only other significant difference is found at 511 cm"1 where a large peak is observed

for the iron complex but is absent in the gallium species.

Despite only having one ligand coordinated, many common stretches found in

IM-2 and IM-3 are also observed in IM-I. It has been observed that bands between 1400-

1600 cm"1 are diagnostic to benzo-fused o-quinones with the band near 1460 cm"1

attributed to C=O stretching. 1 The other bands of this region are likely caused by C-O
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single bond stretching and aromatic stretching. The common bands between lll-l and

SbPh3 are marked with a (?) in the spectra of Ml-I. This is done to demonstrate which

peaks can be attributed solely to the o-DTANQ ligand.

70

60

#
60

HI-I40
SbPh3Cl(O-DTANQ)

30
Av"i

50

**
??-2

35 Fe(O-DTANQ)
???^? ???G^/ H35 /

I

??\?-30 ^ ? ? tfr**·^~\
;

HV A ^25

*

/? ??-320

« I Ga(O-DTANQ)?15

1600 1400 1200 1000 800 600
Wavenumbers (cm-1)

Figure 3.5: IR of (upper) lll-l, (middle) II-2 and (lower) II-3. (?) Represents peaks
common to SbPh3 and lll-l. (*) Represents peaks that are markedly different between
III-2 and III-3.

3.3.2 X-ray Crystallography

Compound Ml-I crystallizes in the PlJn space group with one molecule of Ml-I

and one CH2CI2 in the asymmetric unit. The coordination species Ml-I shows a six

coordinate pseudo-octahedral environment around an Sb5+ atom. The II-51" ligand is

coordinated on the equatorial position with the chlorine atom positioned opposite the

04. The bond length of the C5-05 bond is 1.256(6) Â, the C4-04 bond is 1.338(6) Â and
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the C4-C5(7) bond is 1.452 Ä. These bond lengths are consistent with results tabulated

in section 2.7 placing the ligand in the II-51" oxidation state. Two phenyl groups are

coordinated in axial positions and one in the remaining equatorial position. The system

has close ¡ntermolecular Sl-CIl (3.219 Ä) and S2-CI1 (3.544 Ä) contacts, forming

chains of molecules in the solid state. The chlorine atom is positioned directly between

the two sulfur atoms in plane reminiscent of what was observed for

a

ssCl05

¿0*
aisoraerea04N3

Sl CH2CI2

cb

Figure 3.6: Crystal structure of IH-I. (a) A single unit is shown with the disordered
CH2CI2 solvent molecule that co-crystallized in the structure, (b) Close contacts
between sulfur and chlorine atoms, (c) Packing of the system showing larger
separation between II-5"1 ligands caused by the axial phenyl rings. Hydrogen atoms
for all and solvent molecules for (b) and (c) have been omitted for clarity.
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the counterion species ll-l to 11-4 (section 2.8). There are no close contacts between II-

51" ligands. The large separation is likely caused by the phenyl groups in the axial

positions.

Coordination complexes MI-2 and III-3 both pack in the C2/c space group forming

a propeller structure with three ligands coordinated through the oxygen atoms to a

metal centre. This packing environment is consistent with metal coordinated SQ's

observed for a variety of Fe(SQ)3 and Ga(SQ)3 complexes.2,3'Error! Bookmark not defined.

For these complexes, the iron is found to be HS-Fe"1 with AFM coupling between the

spins of the metal and SQ ligand observed. Complexes III-2 and III-3 are expected to be

chiral, but the crystal structure shows disorder (Fig 3.7, Fig 3.8) revealing that the

ligands can orientate themselves in both possible directions, resulting in a mixture of

diastereomers. Based on the observation that nearly all other crystal structures with

this ligand show close S-O contacts, it is believed the packing of the system is greatly

influence by electrostatic interactions between S and O atoms. The result is that one

ligand is locked in place by an intermolecular S-O contact (3.153 Ä) and the other two

ligands can occupy their positions with their orientations having no impact on the crystal

packing. The three ligands are then found to exist in three different environments of

the crystal lattice. Ligand A, is the ligand with no observed disorder and forms a chain of

molecules directed by an ¡ntermolecular S2A-0(1B or 2B) contact to ligand B of a

neighbouring molecule. Ligand B forms a planar stacking array with other ligand B's

from neighbouring molecules with an alternating planar separation of ~3.6 and 3.8 Á.

Ligand C shows no close contacts and is surrounded by the toluene found to co-
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crystallize in the structure (see Fig 3.7 for ligand labelling). The gallium complex III-3

packs exactly the same as the iron complex with an intermolecular S2A— 0(1B or 2B)

distance of 3.155 Ä and alternating separations for ligand B of ~3.5 and 3.7 À (Fig 3.7). A

summary of bond distances is given in Tables 3.1 and 3.2.

bS2B
a

Ligand B
SlB

Ligand C04B

05C
05B Fe

N3C
04A

04C S2C
Sl SIC

05A

S2

Ligand A

C d
Ligand BN3B

RS2B
Ligand C

SlB
04B

04A N3C
04CSlA

SIC S2C
5A

Ligand A

Figure 3.7: Crystal structures of (a) 111-2 and (c) III-3 with disorder removed. Crystal
structures of (b) III-2 and (d) III-3 with disorder and the co-crystallized toluene shown.
Hydrogen atoms have been omitted for clarity.
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B
SIA·-048 or

Figure 3.8: Packing of 111-2 with ligands labelled, (a) A capped ball and stick drawing is
provided for ease of viewing and (b) 50 % ellipsoids. Disorder, hydrogen atoms and
solvent molecules have been removed for clarity. The packing for 111-3 is identical to
III-2 (shown).

Table 3.1
S-N heterocycle bond distances for compounds Ml-I to 1 11-3 in À.

Compound CIl-Sl S1-S2 S2-N3 N3-C10 C10-C11
Ml-I

11-2, A
11-2, B
11-2, C
11-3, A
11-3, B
11-3, C

1.734 (5)
1.734 (6)
1.666 (8)
1.733 (10)
1.738 (7)
1.662 (19)
1.883 (9)

2.085(2)
2.094 (2)
2.083 (10)
2.092 (5)
2.087 (3)
2.106 (9)
2.087 (7)

1.638(6)
1.629 (5)
1.595 (15)
1.615(11)
1.629 (7)
1.420 (40)
1.556 (16)

1.310(7)
1.325 (7)
1.336 (14)
1.334 (12)
1.329 (10)
1.43 (40)
1.490 (20)

1.427 (7)
1.427 (8)
1.405 (8)
1.438 (11)
1.455 (10)
1.414 (11)
1.430 (11)
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Table 3.2

Selected bond distances for the compounds Ml-I, III-2 and
Ga3+*

1-3 in Â. (M = Sb5+, Fe3+,

Compound 04-M 05-M C4-04 C5-05 C4-C5
IM-I

11-2, A
11-2, B
11-2, C
11-3, A
11-3, B
11-3, C

2.065 (3)
1.980 (4)
2.041 (4)
2.020 (5)
1.938 (5)
1.962 (5)
2.010 (5)

2.457 (4)
2.072 (4)
2.033 (4)
2.051 (4)
2.029 (5)
2.002 (5)
1.976 (5)

1.338 (6)
1.307 (6)
1.282 (6)
1.307 (6)
1.312 (8)
1.294 (8)
1.280 (9)

1.256(6)
1.282 (6)
1.294 (6)
1.289 (6)
1.277 (8)
1.279 (9)
1.317 (8)

1.452 (7)
1.461 (7)
1.440 (8)
1.444 (8)
1.446 (9)

1.422(11)
1.413 (11)

The 1,2,3-DTA heterocycle bond distances for the three ligands A, B and C show

a large variance between molecules IM-2 and IM-3. This is likely due to the disorder of

the crystal structure. Based on the bond lengths observed in section 2.8, ligands A and

C have bond lengths most closely related to the M-51" oxidation state. Interestingly,

ligand B shows bond lengths more consistent with the open shell species M-5 than the

closed shell M-51", but this may just be an anomaly caused by the crystallographic

disorder in the ligand.

The C-O and C4-C4 bond lengths of the ligands are all consistent with the ligands

being in the M-51" oxidation state. The C4-04 bond is found to be longer than the C5-05

bond for the ligands Ml-I, III-2 A and IM-3 A (those which show no disorder in their

structures). This bond lengthening is consistent with more electron density in the

antibonding orbital of the C4-04 bond. The M-O bond distances are consistent with

those observed for other M(SQ)3 species.2,3 From the bond distances one must

conclude that all the coordinated ligands are in the closed shell oxidation state. With no
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unpaired electron on the coordinated ligands, conductivity via the hopping model

cannot occur.

3.3.3 ESR

The low solubility of III-2 has inhibited solution state analysis. Attempts were

made at obtaining a solid state EPR signal for complex III-2. The powder sample was

packed approximately 2 inches in capillary tube and run on the X-band EPR. A large

unsymmetrical feature was observed with an integrated peak maximum of g = 4.24964.

A lower intensity unsymmetrical peak is also observed at higher field with an integrated

peak maximum of g = 2.23644 which appears as a shoulder on the much broader peak.

The width of the integrated peak extends from zero field to g = 1.3440. The spectrum is

similar to the pseudo octahedral symmetry Fe(acac)3 (acac = acetylacetonate) which

when run in the solid state on our instrument revealed a large unsymmetric peak with

two low field satellite lines of lower intensity with integrated peak maximum of g =

2.31163, g = 5.02994 and g = 12.6419 respectively. The spectrum of Fe(acac)3 agrees

well with previously reported spectra revealing the iron atom to be Fe(III).4 The similar

broad line observed for 111-2 suggests it contains an Fe(III) centre.

3.3.4 Pressed Pellet Conductivity

Pressed pellet conductivity measurements were performed on III-2. No

registered conductivity was observed in the range of 10"2 - 10"8 S. This was expected

because the III-2 ligands are coordinated in the closed shell oxidation state, creating a
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completely filled conduction band. Based upon this result and the fact that the III-3

system crystallized in an identical manor and it has no unpaired electrons it was not

measured but assumed to also show no registered conductivity.

3.4 Experimental

General Procedures and Starting Materials. Gallium trichloride and iron(lll) chloride

were purchased from Sigma Aldrich and used as received. Triphenyl antimony was

obtained commercially but sublimed before use. The solvents acetonitrile (MeCN),

methylene chloride (CH2CI2), toluene and THF were dried before use. MeCN was dried

by distillation under Ar(g) from P2O5, CH2CI2 was dried by distillation under Ar(g) from

CaH2, toluene was dried by distillation under Ar(g) from Na and THF was dried by

distillation under Ar(g) from Na and benzophenone. All reactions were performed

under an atmosphere of dry argon unless otherwise indicated. Crystal data were

obtained by Dr. Micheal Jennings and Dr. Jim Britten at McMaster University on a

Bruker Mo Smart APEX2.

Chloro-5-oxo-naphtho[l,2-c/][l,2,3]dith¡azol-4-olate-tr¡phenyl-ant¡mony(V)

(SbPh3[CI][O-DTANQ]) (lll-l) Dry MeCN (40 mL) was added to 1.0000 g (3.7074 mmol)

of 0-DTANQ+Cl" (H-X) to afford a red slurry. Triphenylantimony 1.3082 g (3.7074 mmol)

was added and the slurry immediately turned dark purple. After stirring 2 hours the

solution was filtered removing a deep red filtrate and 1.7380 g (2.9590 mmol, 79%) of

purple powder of the title compound. Recrystallization by slow evaporation of CH2CI2
~119~



afforded dark purple blocks. IR(KBr) v/cm'1: 3035 (w), 2963 (w), 1654 (w), 1573 (w),

1550 (m), 1510 (m), 1485 (m), 1433 (m), 1374 (m), 1341 (w), 1317 (w), 1262 (s), 1214

(m), 1161 (w), 1096 (m), 1052 (m), 1022 (m), 909 (w), 879 (w), 806 (s) 789 (w), 731 (s),

700 (w), 687 (s), 666 (m), 542 (w), 506 (m), 481 (w), 460 (s). ). Elemental Anal. Cale for

C28Hi9CINO2S2Sb-CH2CI2: C, 46.22; H, 2.99; N, 1.98. Found C7 49.40; H, 3.19; N, 2.15%.

Crystal data collected on a Bruker APEX-II CCD radiation source MoK\a, wavelength =

0.71073 nm at McMaster University, 295(2) K, monoclinic space group PlJn, a =

10.0575(1), b = 19.4779(2), c = 14.9345(2)Ä, ß = 90.093(1) °, V = 2925.25(6) À3, Z = 4,

Dcaic = 1.607 g cm"1, 320 parameters were refined using 4015 unique reflections to give R

= 0.0491 and Rw = 0.1298.

Tri(5-oxo-naphtho[l,2-cn[l,2,3]dithiazol-4-olate)iron(lll) (Fe(O-DTANQ)3) (III-2) THF (50

mL) was added to 0-DTANQLi+ 0.2613 g (1.079 mmol) forming a dark blue solution. To

this, 0.0583 g (0.360 mmol) of gallium trichloride dissolved in 20 mL THF was added.

After stirring 12 hr, the solution was filtered and washed with 3 ? 7 mL dry THF yielding

a purple solid. This solid was washed with 2 ? 25 mL degassed H2O (1 min each wash)

then 3 ? 10 mL dry MeCN and dried overnight under dynamic vacuum (102 Torr) 170 0C

yielding a purple powder 0.1680 g (0.218 mmol, 60%). Crystals suitable for X-ray

analysis were grown by slow addition of iron trichloride dissolved in dry toluene through

a fine glass frit into a solution of 0-DTANQLi+ (11-7) and dry THF yielding purple blocks.

IR(KBr) v/cm"1: 1572 (m), 1560 (w), 1529 (s), 1495 (s), 1484 (s), 1459 (w), 1421 (s), 1371

(s), 1338 (w), 1315 (m), 1268 (s), 1221 (m), 1160 (m), 1098 (w), 1062 (m), 1025 (m), 910

(w), 878 (w), 806 (s), 768 (m), 710 (w), 700 (m), 663 (m), 635 (w), 555 (m), 545 (w), 509
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(s), 475 (w), 466 (w), 452 (m). Elemental Anal. Cale for C30Hi2FeN3O6S6: C, 47.49; H,

1.59; N, 5.54. Found C, 47.30; H, 1.73; N, 5.34%. Mass Spec No spectrum could be

obtained for El+ or ESI+ (1:1 tolouene:THF) at 4.7 kV because the sample could not be

ionized. Crystal data collected on a Bruker APEX-II CCD radiation source MoK\a,

wavelength = 0.71073 nm at McMaster University, 150(2) K, monoclinic space group

C2/c, a = 24.3297(19), b = 17.5436(13), c = 16.5835(12) Á, ß = 103.716(4) °, V = 6876.5(9)

Â3, Z = 8, Dcaic = 1-599 g cm'1, 568 parameters were refined using 3688 unique reflections

to give R = 0.0720 and Rw = 0.2144.

Tri(5-oxo-naphtho[l,2-d][l,2,3]dithiazol-4-olate)gallium(lll) (Ga(O-DTANQ)3) (III-3) THF

(50 ml.) was added to 0-DTANQLi+ 0.2500 g (1.036 mmol) forming a dark blue solution.

To this, 0.0608 g (0.346 mmol) of gallium trichloride dissolved in 20 mL dry THF was

added. After stirring 24 hr the solution was filtered and washed with 3 ? 7 mL THF

yielding a royal blue solid. This solid was washed with 2 ? 25 mL degassed H2O (1 min

each wash) then 3 ? 10 mL dry MeCN and dried overnight under dynamic vacuum (102

Torr) 170 0C yielding a royal purple solid 0.1682 g (0.218 mmol, 63%). Crystals suitable

for X-ray analysis were grown by slow addition of gallium trichloride dissolved in dry

toluene through a fine glass frit into a solution of 0-DTANQLi+ and dry THF yielding

purple blocks. IR(KBr) v/cm"1: 1575 (m), 1541 (s), 1499 (s), 1485 (s), 1459 (w), 1424 (s),

1377 (s), 1341 (w), 1316 (m), 1271 (s), 1223 (m), 1162 (m), 1099 (w), 1064 (m), 1027 (w),

916 (w), 879 (w), 809 (s), 769 (w), 712 (w), 703 (m), 663 (m), 637 (w), 562 (m), 549 (w),

537 (w), 479 (w), 454 (m), 420 (w). Elemental Anal. Cale for C30Hi2GaN3O6S6: C, 46.64;

H, 1.57; N, 5.44. Found C, 46.86; H, 1.77; N, 5.32%. Mass Spec No spectrum could be
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obtained for El+ or ESI+ (1:1 tolouene:THF) at 4.7 kV because the sample could not be

ionized. 1H NMR (400 MHz, DMSO, 25 0C) 5: 8.59 (d, IH, J = 7.4 Hz), 8.24 (d, IH, J = 7.5

Hz), 7.85 (p, 2H, J = 8.0 Hz). Crystal data collected on a Bruker APEX-II CCD radiation

source MoK\a, wavelength = 0.71073 nm at McMaster University, 150(2) K, monoclinic

space group C2/c, a = 24.4312(17), b = 17.4865(12), c = 16.4868(12)Á, 6 = 104.3150(10)

°, V = 6824.7(8) Á3, Z = 8, Dcaic = 1.683 g cm?, 571 parameters were refined using 3175

unique reflections to give R = 0.0754 and Rw = 0.1839.
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Chapter 4

Discussion, Future Work and Conclusions
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4.1 o-DTANQ Oxidation States

As mentioned earlier, the compound 11-5· has been reported in the literature by

Mayer, but never isolated.1 During their synthesis of 11-5·, Mayer and colleagues

reported isolating the N-H species 11-12. Interestingly, we never observed evidence for

this species but reproducibly observe the O-H species 11-6. A simple ground state energy

calculation of 11-6 and 11-12 helps explain why this is. The Mayer group performed the

Herz reaction in acetic acid, it was therefore kinetically favourable for the amine to

remain protonated during the reaction. We synthesize species 11-6 from the neutral

radical 11-5·. In this neutral open shell oxidation state, resonance of the itinerant

electron between the nitrogen and oxygen atom is readily observed. Protonation can

occur at either the nitrogen or oxygen position to produce compound 11-12 or 11-6

respectively. The reaction will favour the thermodynamically lower energy isomer,

which from computational studies carried out at the B3LYP 6-311G(d,p) level of theory

using the G03W suit of programs, show that 11-6 has a lower ground state energy than II-

12 by approximately 1 eV (23 kcal/mol) (Figure 4.1). Additionally strong hydrogen

bonded pairs helps stabilize the 11-6 isomer. Therefore, 11-6 is the thermodynamic sink

of the reaction, but 11-12 can be made the kinetically favoured product under acidic

conditions during formation of the 1,2,3-DTA ring as has been observed for other 1,2,3-

DTA systems created in acetic acid. 2 For this reason we rigorously excluded water

during the Herz reaction.
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Figure 4.1 Energy diagram showing 11-6 has a lower ground state energy then 11-12.

The stability of the 1,2,3-DTA ring towards water is an uncommon phenomenon.

Typically these systems are treated with great care to exclude water from reactions to

prevent decomposition of the S-N ring. However, species 11-6 and 11-7 and the

coordination complexes lll-l, III-2, III-3, all show remarkable stability to both air and

moisture. This stability is attributed to the added resonance imparted by the quinone

moiety. Recall from Table 1.3 that the similar naphthalene structures (1-32 to 1-38) did

not demonstrate the stability of 11-5·. In fact, 1-38 could not even be isolated without
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decomposition occurring. Alternatively, the largely resonance stabilized bis-l,2,3-DTA

species 1-43, demonstrates high stability towards oxygen, moisture and heat. This same

thermal stability is observed for 11-5· with a sublimation temperature of 1900C, at 10"2

Torr.

4.2 Cyclic voltammetry

One of the properties designed into 11-5· is a low AHd¡sp, which is achieved

through derealization of the itinerant electron onto a naphthoquinone backbone.

Cyclic voltammetry measurements of the triflate salt 11-2, reveal the system has an Ecen

of 0.80 V in MeCN, the lowest reported for a single benzo-fused 1,2,3-DTA system. Ecen

values for 1,2,3,5-DTDAs and benzo fused 1,3,2-DTAs are almost always above 1 V

because the itinerant electron is localized on the 5 membered heterocycle.3 The ability

of the 1,2,3-DTA to extend the electron density to the quinone moiety has allowed for a

lower Eceii. Referring to Table 1.3, we observe that the bis 1,2,3-DTA fused systems (1-42

- 1-45) have Eceii values that are comparable to 11-5·. This electron derealization onto

the quinone oxygen atoms has allowed 11-5· to be the first single 1,2,3-DTA able to

stabilize the 1- oxidation state. When trying to push the system further, the cyclic

voltammogram of 11-5· reveals an irreversible reduction to the radical dianion species.

In other 1,2,3-DTAs, the generally accepted theory for why the 1- oxidation state is not

accessible is because electron density is being placed into S-N and S-S antibonding

orbitals, resulting in S-S or S-N scission.3 The quinone moiety in 11-5· is drawing away
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enough electron density that this scission does not occur for the 1- oxidation state, but

this scission may be occurring when we probe the 2- state. It stands to reason that by

placing electron withdrawing groups onto the oxygen atoms, we might be able to

remove enough electron density from the S-N ring through resonance to stabilize the 2-

oxidation state. From electrochemical experiments, some promising results supporting

this theory were observed. As expected, comparing the oxidation potential when

starting with a sample in the ll-51+ and 11-5· oxidation states reveal the Ei/2(0/1+) (0.78

0.79 V) and Ei/2(1"/0) (-0.02, -0.03 V) couples appear at nearly the same spot in MeCN
respectively. This is expected for the two materials as they are electrochemically

reversible. More interestingly, when we compare these couples for 11-5·, 11-7 and 11-6,

we observe cathodic shifts when the electron deficient Li+ and H+ atoms are localized at

the 04 atom. The CVs were performed in THF for solubility purposes, but a quick

comparison of 11-5· in MeCN and THF reveals very little shifting in the peak potentials.

The oxidative peak corresponding to the Ei/2(0/1+) couple of 11-5· and 11-7 appears at 0.79

and 0.78 V respectively. For 11-6 this peak would correspond to the Ei/2(1+/2+) couple and

is not observed within the solvent window. This is not surprising because no simple

resonance diagram can place a 2+ charge on the system, without having a positive

charge on an electronegative element. For the Ei/2(1/0) couple, potentials shift from -

0.04 to 0.22 V for 11-5· and 11-7 respectively with the corresponding Ei/2(0/1+) couple for II-

6 found at 0.94 V, revealing the bonded hydrogen of species 11-6 has a dramatic effect in

stabilizing the closed shell oxidation state. Most importantly, the irreversible E^'2"' for

11-5· and 11-7 is found at -1.77, -1.36 V respectively, while the corresponding irreversible

~127~



Ered for 11-6 ¡s found at -1.15 V . The trend of increasing cathodic shifts as smaller

group 1 elements are located at the oxygen atoms is consistent with ion pairing effects

discussed in section 1.5.1. For compound 11-5·, no ion pairing is occurring at the quinone

moiety and no extra stabilization is gained, making the more negative oxidation states

difficult to access. With the incorporation of a Li+ or H+ atom, electron density is drawn

from the system, and the redox processes are pushed in the cathodic direction. The

results from the CV experiments of 11-7 with the incorporation of LiCIO4 revealed the

Ei/2(1/0) couple is shifted to 0.36 V, a cathodic shift of 0.14 V compared to 11-7 when no

LiCIO4 is present. No significant shift is observed for the Ei/2(0/1+) couple where ion

pairing effects are not expected to play a role. Unfortunately the CIO42VCIO41" couple

obscures the ??/2(2/1*' couple of 11-7 such that we cannot definitively say if it is or is not
reversible. However, the shoulder observed at -1.17 V corresponding to Ered<2 ' of 11-7, is

shifted in the cathodic direction by 0.19 V when compared to 11-7 with no LiCIO4

present. This shift demonstrates the Li+ ions are having a stabilizing effect on the

system. Because even larger stabilizing effects are observed in compound 11-6, a protic

environment used in CV experiments could possibly stabilize II-5·2" by creating a

diprotonated species similar to a catechol. Unfortunately in our attempts to create a

protic environment using HPF6, the HPF6 consisted of 40% H2O, which distorted the

solvent window such that the Ei/2(2"/1_) couple could not be observed.

Another interesting trend that can be found in Table 1.3, is that the

incorporation of selenium into the 1,2,3-DTA heterocycle helps move the Ei/2 couples

into the cathodic direction. This is a tool that can be implemented to help bring the

~128~



redox couple corresponding to the dianon state to a more accessible potential.

Fortunately, excellent synthetic work by the Oakley group has provided generic

synthetic pathways to create the selenium analogues at both the Sl and S2 positions.4

A second advantage to the incorporation of selenium is that the heavier selenium

analogues can enhance molecular overlap providing a more likely pathway for

conductivity to occur. Future work for the o-DTANQ ligand should involve the synthesis

of the heavier selenium analogues.

4.3 Stabilizing the Radical Dianion State of o-DTANQ

Currently work is being done on trying to stabilize the anionic radical state

through structural modifications such as the incorporation of alkyl groups onto the 04

atom (Figure 4.2). Alkyl groups have been chosen because they have the advantage of

imparting solubility to the system. The attempted addition of 'Pr, from the reaction of

11-7 and 2-bromopropane resulted in no observed reaction. Future plans will include the

use of the more reactive methyl iodide. This may provide enough stability that the

anionic radical state can be accessed and coordinated to a metal centre. If direct

addition from the lithium salt does not work, an alternative synthetic route could

involve converting the material to incorporate a trimethylsilane group attached at the

04 atom. This would again impart solubility and act as an excellent leaving group for

the addition of an acetate. The resulting ester could have some stabilizing effect for the

anionic radical state.
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X = Br, I
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0(COCH3),

CH3COOSiMe3

^r reducing
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O-\̂ reducing\ + agent

lv-2 N^

Figure 4.2: Hypothetical synthetic scheme to incorporate an alkyl or acetate group
onto the o-DTANQ ligand to impart solubility and potentially stabilize the negatively
charged open shell oxidation state.

Another project currently under investigation is the attempted synthesis of a

mixed oxidation state boron species consisting of one ligand in the anionic state, and

one in the radical dianionic state coordinated to a B3+. This system is inspired by similar

systems pioneered by Robert Haddon, such as I-10.5 The goal of this research direction

is to create a coordination species that, through resonance will have ligands existing in

mixed oxidation states. By extending the derealization over two ligands, we could

potentially stabilize the II-5·2" state. Additionally, if the crystal packing shows p-stacking

of the ligands, the resulting % filled conduction band makes the system less susceptible

to a Peierls distortion than a Vi filled band, improving chances of creating a Mott

insulator. A proposed synthesis for this compound is found in Figure 4.3.
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Figure 4.3: Proposed synthesis for the creation of a mixed charge boron species.

4.4 Crystal Packing

S-N heterocycles have been able to exhibit a host of diverse electronic properties

such as conductivity, ferromagnetism, and bistability. No other known family of radicals

composed only of main group elements has demonstrated such a diversity for material

design. For these properties to exist, one must prevent spin quenching which typically

occurs through the formation of dimer pairs. The radical of this thesis, 11-5·, is found to

dimerize in the solid state, but can be observed by solution ESR, presumably due to a

monomer/dimer equilibrium.6 This monomer/dimer equilibrium is observed for most of

the open shell 5 membered S-N heterocycles. One method employed to prevent

dimerization for 1,2,3,5-DTDAs is to create supermolecular synthons by aligning radicals

into stacks or infinite chains by using functional groups that favour in-plane interactions.

This is typically achieved through CeN6--S6+ electrostatic interactions and has led to

research producing such systems as IV-8 to IV-13 found in Figure 4.4.7
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Figure 4.4: 1,2,3,5-DTDA systems developed to harness electrostatic interactions to
direct crystal packing.

For all the systems presented above, in plane CeN6--S6+ or O6--S6+ interactions

were observed, but in only half the systems was dimerization suppressed. Compounds

IV-8 and IV-9 created coplanar ribbons linked by CeN6--S6+ interactions, but

dimerization is still observed.8 IV-IO forms chains of dimers linked by CeN6-

-S6+contacts.7 For IV-Il and IV-12, the in-plane CeN6--S6+ interactions compete with

the out-of-plane dimerization process which is suppressed by electrostatic repulsion and

sterics (due to a large twist angle) caused by the fluorinated benzene ring.9 IV-Il was

the first dithiadiazolyl radical to be paramagnetic in the solid state, ordering as a weak

ferromagnet at 36 K under ambient pressure.10 Compound IV-13 forms in plane O6-
—S6+interactions which again help prevent dimerization allowing this compound to

order ferromagnetically up to 1.6 K. n In a similar fashion, the prevention of

dimerization of 1,3,2-DTA and 1,2,3-DTAs has been a consideration when designing new

systems. The major approach employed is to delocalize the unpaired electron over a

large molecular area to counter p-stacking dimer formation. The radical 11-5· is found to
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incorporate both the method of radical derealization used for l,2;3-DTA's as well as the

use of lateral electrostatics employed by 1,2,3,5-DTDA's through the use of an extended

p structure and quinone moiety. The oxygen atoms of 11-5-, like those of IV-13 have a

large amount of electron density localized on them. From calculations we find a positive

dipole is on the S2 and S3 atoms. This results in the sulphur atoms showing close

contacts to electronegative elements in the solid state. We observe that the packing of

structures 11-1 to 11-4 is largely influenced by close S5+-Cl6", and S5+-O6" contacts. The

common element between the packing of these four structures is that they all exhibit an

in-plane S6+-Cl6" or S6+-O6" interaction with their respective counterion (Table 2.3).

This in plane interaction of the sulphur atoms with electronegative elements is extended

into the packing of the radical 11-5·. Compound 11-5· forms planar chains of molecules

exhibiting two types of strong electrostatic O6--S6+ interactions in a staggered head to

tail fashion. Unfortunately, the packing of 11-5· still consists of a twisted cofacial dimers

between planes despite the strong planar O6--S 6+ interactions. The similar

naphthalene fused 1,3,2-DTA12 and 1,2,3-DTA5 systems adopt a herringbone packing

while 11-5· is planar, demonstrating the pronounced effect the quinone moiety has on

the packing of the system. To prevent dimerization of 11-5·, incorporation of out-of-

plane steric bulk, such as i-butyl groups, could facilitate enough separation between

planes to prevent dimerization assuming the system packs in a similar fashion. A

drawback to this method is that increased molecular separation leads to a decrease in

molecular overlap resulting in an increase in the band gap required for activated

conductivity. As expected, if a more electropositive atom than the sulphur atoms of the
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1,2,3-DTA ring is found ¡? the crystal structure, the oxygen atoms will preferentially form

close contacts with these atoms. Interactions of this nature were observed for

compound 11-6, which forms a hydrogen bond with alcoholic hydrogen atoms of a

neighbouring molecule, creating molecular pairs that pack in slipped Jt stacks. The

formation of the molecular pairs directed by hydrogen bonding is similar to that

observed for benzoic acids.13

Compound 11-7-H2O forms a tetramer consisting of 4 lithium ions and four water

molecules with the two central lithium ions in a square pyramidal geometry and the

outer lithium ions in a tetrahedral geometry with two coordinated water molecules.

Although uncommon, this packing is not unprecedented. Recently a molecular complex

consisting of a salt formed between a hydrated lithium ¡on and an intact charge transfer

complex between 3,5-dinitrobenzoic acid and 4-(dimethylamino) benzoic acid was

formed.14 Like 11-7-H2O outer lithium atoms were found to be dihydrates, with the

water molecules positioned to the outside of the lithium chain while interior lithium

atoms formed multiple Li-O bonds, bridging molecules. The two compounds 11-6 and II-

7-H2O form slipped rc-stacked structures which are conducive to activated conductivity.

These slipped p stacks have been observed in many of Oakley's conductive NRCs on

which he has performed extensive studies with the use of pressure to alter slippage to

increase orbital overlap.15 Small variations to functional groups have been shown to

have similar results.4 The tendency for the o-DTANQ ligand to form planar stacks of

molecules shows promise that future complexes may crystallize in the proper geometry

for activated conductivity to be observed.
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4.5 Coordination Species

Much of the effort involving five membered S-N hetereocycles has been directed

towards altering their properties in the solid state. Their use as spin bearing ligands to

generate new molecular materials is a very recent field of study. For this reason few

examples of five membered S-N heterocycles coordinated to metal centres exist. A

select number of 1,3,2-DTA coordination examples exist, but the group that has

observed the most attention is 1,2,3,5-DTDAs which have been coordinated to many of

the first row transition metals.16 We herein report the first coordination species of a

1,2,3-DTA system to a metal centre. Because coordination occurs through the quinone

oxygens, much of the packing of these species is governed by these atoms, and

similarities to other quinone coordinated species can be drawn. It should be noted that

the ligands are all closed shell in the present 1,2,3-DTA coordination complexes.

There is a growing amount of literature on quinone coordination species mostly

involving transition metals. Although uncommon, there are a few examples involving

quiñones coordinated to Sb5+ metal centers.17 These literature examples typically

involve coordination of a catechol to a triphenylantimony centre by reacting the

quinone with SbPh3, to which a 2 electron reduction of the ligand occurs rapidly forming

SbPh3(Cat). The reaction to form Ml-I is analogues to how these species are formed

with the major difference between Ml-I and these literature examples is that they are

coordinated as a dianion while the o-DTANQ ligand is coordinated as an anion.18 The

bond lengths of the IM-I reveal the Sb-04 bond to be 2.0653(3) Ä which is similar to
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values observed for Sb coordinated catecholates ranging on average from 2.01 to 2.04

Â. The Sb-05 bond of IM-I is long 2.457(4) Â suggesting that it is a dative bonding

interaction. Upon coordination of a catecholate, the C4-C5 bond distance is found to

decrease in length indicative of a C-C double bound. For IM-I it is found to be 1.452(7)

Ä, which is much longer than the expected 1.37 - 1.40 Â distance seen for other

antimony coordinated catecholates. Also the C-O bonds show a dramatic difference in

bond length, ranging from 1.256(6) for C5-05 to 1.338(6) for C4-04 indicating the C5-05

bond still remains a C=O double bond while C4-04 is a single bond. All of these bond

lengths are indicative that Ml-I has the ligand coordinated in the anionic state with

similar results observed for III-2 and IM-3. Figure 4.5 provides a comparison of the bond

lengths of Ml-I and an Sb(Cat)Ph3 complex.18

1 .256(6) 1.412(4 2.0292)2.4574

9,/^> 7 ^^^
^? OOC

^1 .369 4/ >>?Sb Sb
sí

O
/ \

2.0322
1.338(6) 2.065(3) 1.369(3

III-1 Sb(Cat)Ph3

Figure 4.5: Ml-I and a literature Sb(Cat)Ph318 complex with select bond lengths shown.

Interestingly there have been studies performed on a group of quiñones and

quinoneimines, coordinated to SbPh3, to reversibly bind dioxygen.17 Dioxygen, although

a powerful oxidizing agent, is kinetically inert, and in general requires activation by
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reversibly binding to a reduced metal center. By choosing to replace the redox active

metal centre with a redox active ligand, a similar activation can be obtained using only

main group elements. The research consists of a SbPh3(Cat) species that is oxidized by

dioxygen causing loss of the Sb-O(Cat) bond and the formation of a new Sb-O(O2) bond

and C(Cat)-0(02) bond resulting in the formation of a peroxide C-O-O-Sb species

[SbPh3(02Cat)], which can be reversibly reduced back to SbPh3(CaI), serving as a source

of activated dioxygen (Fig. 4.6).17 The ligands used in this research require an easily

accessible oxidation created by electron donating species incorporated into the

aromatic backbone of the ligand. 11-5·, could prove to be a useful candidate for this type

of research, due to the large electron donation created by the 1,2,3-DTA ring.

? ? _ Ph
°\I/Ph

Sb -
?' NPh

+ O2

_ Ph

J°

_ Ph _ Ph
°\ I /Ph
O -Sb

Ö-O NPh

Figure 4.6: Proposed mechanism of reversible dioxygen binding.

Another interesting feature of complex lll-l is that, like the uncoordinated

species, we observe electrostatic interactions between the 1,2,3-DTA sulphur atoms and

electronegative elements in the system. The packing of the system creates chains of

ligands connected by Cl5--S6+ interactions between neighbouring molecules with the Cl

atom located in plane between Sl and S2. This can be used as a method to direct

crystal packing of future materials. Ideally if we are to try to direct packing through

electrostatic interactions, we must use simple systems, incorporating only one

electronegative element for the sulphur atoms to orientate towards. If too many
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electronegative elements are included in the structure, the packing will be

unpredictable resulting non planar packing like what is observed for 11-2, 11-3 and 11-4.

One such attempt at creating a coordinated intermolecular interaction was

undertaken by the Pruess group creating a 4'-cyanopyridyl-l,2,3,5-DTDA (Fig. 4.7). 19

Interestingly this complex dimerizes in the solid state, showing no CeN6--S6+

interactions. However when coordinated to a Mn2+ centre via the dinitrogen pocket,

CeN6--S6+ interactions result in puckered ribbons of metal complexes. The ribbon like

packing suppressed dimerization, resulting in a material that exhibited

antiferromagnetic coupling between the five unpaired electrons of the d5 Mn" ion and

the one unpaired electron of the radical ligand 4'-cyanopyridyl-l,2,3-DTDA resulting in a

ground state spin of S = 2. The Cl6--S6+ interaction of Ml-I results in a similar packing

which assists in the prevention of dimerization (Fig. 4.7). If the ligand can be

coordinated in a open shell oxidation state, these interactions can be harnessed to help

direct long range magnetic ordering.
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Figure 4.7: Packing of (a) Mn(hfac)2(4'-cyanopyridyl-l,2,3,5-DTDA)19 and (b) lll-l,
showing the similar electrostatic interactions observed to direct the packing of the
complexes.

Aside from suppressing dimerization, the strong propensity for the sulphur

atoms to orientate themselves towards electronegative atoms such as oxygen, could

allow for intermolecular magnetic exchange. Systems of this nature have been

observed for 1,2,3,5-DTDA coordinated complexes. For example the Mn""(

boaDTDA)(hfac)2 (boaDTDA = 4-(benzoxazolyl)-l,2,3,5-dithiadiazolyl) system was
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expected to have a ground state spin of 2, arising from antiferromagnetic coupling

between SMn = 5/2 and Sth¡azyi =1/2. Instead, close contacts between a sulfur and the

oxygen atom of a neighbouring molecule O5--S6+ provide a pathway for ¡ntermolecular

exchange coupling with S-O distances of 3.173 and 3.033 Ä. Due to the S--0 exchange

interactions, a supramolecular unit is created with a total ground state spin of 4.20

This type of interaction becomes very important when we look at the packing of

species III-2 and III-3. Both exhibit an interaction that mimics that of the Mn(ll)(

boaDTDA)(hfac)2 system, but instead of forming discreate dimer pairs of molecules,

these systems form infinite chains through S-O interactions with distances of 3.153 and

3.155 À for III-2 and III-3 respectively, which are comparable to those of the

Mn(ll)(boaDTDA)(hfac)2 species (Fig 4.8). If the open shell version of the o-DTANQ ligand

can be coordinated to a metal centre with identical packing, there exists the opportunity

for magnetic coupling between discrete units to form long range magnetic ordering.
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Figure 4.8: Line drawing showing close S-O contacts in III-2 and 1 11-3-

Forcing a similar system to crystallize with identical packing is difficult. However,

from the literature, it appears that for benzo fused o-quinone ligands, trivalent pseudo

octahedral crystal packing is the most common crystal packing observed.21 This pseudo

octahedral geometry observed for III-2 and 111-3 has been observed for other 1,2,3,5-

DTDA coordination complexes such as Ni(hfac)2(L), Fe(hfac)2(L) and Co(hfac)2(L)

complexes (L = 4-pyridine-l,2,3,5-dithiadiazolyl based ligand) for which monomeric units

form in the crystalline state.19 However, dimers were observed for the Mn(hfac)2(L) and

Cu(hfac)2(L) coordination complexes.19 The lack of dimerization is assumed to be due to

the steric bulk of the hfac" ligands for the Ni, Fe and Co complexes, but when distortions
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from the pseudo octahedral geometry occur as in the Mn and Cu complexes, the steric

bulk caused by the hfac" is reduced allowing for dimerization to occur. The observation

that III-2 and 111-3 both form identical pseudo octahedral geometry is promising for the

prevention of dimerization for future open shell species.

Systems III-2 and III-3 form stacks of o-DTANQ ligands with interplanar

separations larger than that observed for a typical 1,2,3-DTA dimer. Therefore one can

expect if the same geometry is maintained for an open shell ligand, the propensity for

dimerization would diminish. The prevention of dimerization is important because this

stacking structure provides an ideal pathway for conductivity via the hopping model.

4.6 Reactivity of the o-DTANQ Ligand

Coordination of the o-DTANQ ligand as an open shell species was always a goal

of this thesis. However, to coordinate the species as an open shell ligand, we first

required an understanding of the reactivity of the ligand and any possible side reactions

that could occur so they could be prevented. We have learned that the ligand is easily

reduced in the presence of water forming 11-6, and that the II-51" oxidation state is

chemically stable and has a strong propensity towards coordination. From CV

experiments, we observed the Ei/2<1/0) couple lies very close to 0 V vs SCE while the

Ered'2 ' couple is found well below -1 V. To probe if the radical anion state could be

accessed in a coordination complex, it is suggested a Cr11^o-DTANQ)L2 complex (L =

ligand", used to impart solubility) be created, because the kinetic stability of Cr(III)
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permits observation of corresponding reduction steps without substantial quinone

dissociation.22

The solid state magnetic properties were not obtained because the ligands are

closed shell. We expect the only measureable magnetism is from the high spin metal

ions, which typically exhibit weak ¡ntermolecular antiferromagnetic interactions.19 We

therefore assume a similar result for III-2 and did not perform the measurements.

4.7 Suggested Coordination Complexes

The next logical step for the o-DTANQ ligand is to attempt to create coordination

complexes of the neutral radical species (11-5·). It is well known that carbonyl oxygens

are poor donors making them weak ligands. However, with the increased electron

density on the oxygen atoms from the itinerant electron, we believe bidentate

coordination could be more readily facilitated. Most of the research on coordinated o-

quinones deals with semiquinones or catecholates, but some early work by Pierpont

provided a general method to create coordinated benzoquinones with examples

including M = Cr, Mo, W, M(O2C6CU)3,23 Mo2(O2C6CU)624 and others.25 The general

synthesis to coordinate a benzoquinone to a zero-valent metal centre provided by

Pierpont is to reflux the ligand and a metal carbonyl in a non protic solvent such as

methylene chloride or benzene.26,24 It must be noted that zero-valent metals have a

strong affinity for S atoms. However, due to the simplicity of this reaction, it is worth

attempting, making it an ideal starting point for future work on coordinating 11-5· (Fig

4.9). Although examples are limited, most of the benzoquinone coordination species
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exhibit pseudo octahedral coordination environments about the metal centre, similar to

III-2 and III-3. The pseudo octahedral coordination makes magnetic coupling very easy

to interpret because of the separation of the s and p orbitals of the metal ions in this

coordination environment. The p orbitals of the quinone will couple

antiferromeagnetically to the t2g orbitals of the metal and ferromagnetically to the eg

orbitals.27 Coordination can also be attempted on systems more closely related to those

previously used in our lab, including the use of a M"(hfac)2-THF2 were M = Fe, Co, Ni,

Mn, Cu (Fig. 4.10). If the packing of these systems is anything like that observed for Ml-I,

III-2 or III-3, there exists the potential for intermolecular magnetic exchange through

S-O contacts. Additionally the stacking of the ligands could provide a pathway for

activated conductivity.

M(CO)n

M = Fe, Co, Ni, Cr, Mo, W

° 'jm;
?," r°

Figure 4.9: Proposed Synthesis for the hypothetical triradical coordination species.
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Figure 4.10: Hypothetical synthesis for the creation of a M(hfac)2(ll-5·)·

4.8 Attempted Synthesis of Qu¡noline[l,2-GG[1^3]d¡th¡azolyl-4,5-d¡one

An obvious progression for the ligand 11-5·, is to replace the naphthalene

backbone with a quinoline backbone IV-16 creating a ligand that possesses two

bidentate chelation sites, one at the oxygen atoms and one at the nitrogen atoms. The

nitrogen coordination pocket would serve as an excellent point to coordinate the ligand

in the open shell state instead of coordinating through the oxygen atoms in a closed

shell anionic state, which we have observed thus far.

IV-16

Figure 4.11: Ligands 11-5- and IV-16.
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Numerous synthetic routes were explored to create IV-16, but none have yet

been successful. 4-Aminonaphthalene-l,2-dione IV-19 is the ¡deal material to perform a

Herz reaction to create IV-16 and is known in the literature, but no high yield prep

exists. We therefore set out to make IV-19 via an analogous synthesis to that used in

chapter 2 to create ligand 11-5· (Fig 4.12). Unfortunately, the conversion of quinolin-6-ol

IV-17 to quinoline-5,6-dione IV-18 using CuCI and 02(g) in MeCN was unsuccessful

because IV-17 was insoluble in MeCN. The reaction converting IV-17 to IV-18 is initiated

by the formation of an in-situ Cu catalyst which likely oxidizes the species through a

radical mechanism.28 The catalyst does not form in the absence of MeCN. With this

knowledge, the reaction was performed in a MeCN/solvent mixture with a host of

solvents in which IV-17 was found to be soluble (Table 4.1). When performed in THF,

acetone, and EtOH, a brown sludge was formed, and no recoverable material could be

extracted. Minimum amounts of DMSO and NMP were used to dissolve IV-17 with

reactions forming an orange solution that from crude NMR analysis appeared to be IV-

18, but the product could neither be extracted from the solvent nor removed under

reduced pressure without thermal decomposition occurring.

Table 4.1

Solvent systems used to convert IV-17 to IV-18 (Fig. 4.12) and their outcomes.
Solvent used and ratio Solubility of IV-14 Result

MeCN
THF /MeCN (1/1)

Acetone / MeCN (1/1)
EtOH / MeCN (1/1)

Acetic Acid / MeCN (1/1)
DMSO /MeCN (1/25)
NMP /MeCN (1/25)

None
Low
Low

Partially
Soluble
Soluble
Soluble

No reaction
No recoverable material
No recoverable material
No recoverable material

No reaction
Could not remove from sol.
Could not remove from sol.
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IV-17

+ CuCI + O2
MeCN

2hr

XS S2CI2

MeCN ? 4hr

IV-20

IV-18

AcOH1 400C, 1.5hr

IV-19

Figure 4.12: Proposed reaction scheme for the synthesis of IV-16.

Because solubility was such a large issue, we attempted to alter the solubility of

IV-17 by making it a cation with a triflate counterion (Fig 4.13). The subsequent reaction

of IV-21 with CuCI and 02(g) in MeCN produced results similar to those for THF, acetone

and EtOH.

HOTf
THF

? 3 days

IV-17

IV-21

V© T
H OTf

Figure 4.13: Reaction for the formation of species IV-21, a soluble starting material.

Production of IV-18 was then attempted following a synthetic method by

Hargreaves from 1936 employing PbO2 as an oxidizing agent.29 The reaction produced a

recoverable orange/brown material that by NMR analysis was a mixture of products,

presumable IV-18 and IV-22, but yields were too low for this method to be viable.
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Figure 4.14: Synthetic scheme for the production of IV-18 using PbO2.

Another synthetic attempt employed the use of Frémy's salt buffered in a

potassium phosphate solution (Fig 4.15).30 The reaction produced a recoverable orange

solid that by NMR and IR analysis appeared to be a mixture of product, starting material

and decomposition material. This method posed a feasible synthetic route, but due to

the high cost of Frémy's salt, it has been abandoned for a more cost effective method.

O
HoO / MeOHOH O

KHoPO
+ (KO3S)2NO

1hr\ \
N N

IV-17 IV-18

Figure 4.15: Synthetic scheme for the production of IV-18 using Frémy's salt.

Synthetic work for the formation of IV-18 is currently being continued by a

colleague Lee Yi-Ting, who has recently converted IV-17 to the N-oxide IV-23 using a

known synthetic route.31 It is believed the N-oxide has the effect of neutralizing the ring

deactivating effects caused by the nitrogen atom. He has subsequently converted IV-23
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to the N-oxide of IV-17 (IV-24) in appreciable yield using stabilized IBX (section 1.5.2).

Synthetic plans are to remove the N-oxide following a literature procedure33 by reacting

IV-24 with phosphorus oxychloride in chloroform to generate IV-18 from which he will

follow the synthetic scheme found in Figure 4.12 ultimately generating the chloride salt.

?s
OHOH ^ f

MCPBA SIBX
^^DMSO\ NNN

IV-23V-17 IV-24

OO

cuO
^ ty POCI3
^ ^ CHCI3 \

NN

IV-18
O

Figure 4.16: Proposed synthesis for the creation of IV-18. The formation of the N-
oxide helps prevent ring deactivation caused by the nitrogen atom.

Since 11-5· has proven to easily coordinate in the anionic state, forming

complexes that pack in a geometry conducive to activated conductivity, an interesting

although synthetically challenging species would be the creation of a 1,2,3-DTA-o-

quinone ¡mine species IV-25 and the corresponding lithium salt IV-26 (Fig 4.17). This

would provide a charged radical species that could then be coordinated as an open shell

ligand using similar methods to those employed in this thesis.
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+ LiH

IV-25 N-- s7 IV-26 N-s7

Figure 4.17: Hypothetical 1,2,3-DTA-o-quinone ¡mine species IV-25 and an ionic open
shell species IV-26, that could be used for metal coordination.

4.9 Conclusion

The goal of this thesis was to design, synthesize and coordinate a spin bearing

ligand to a paramagnetic metal centre to generate a coordination complex that would

exhibit both magnetic coupling and activated conductivity in the same temperature

regime. To accomplish this, the 1,2,3-DTA heterocycle known to stabilize a free radical,

was incorporated into a naphthoquinone backbone. The incorporation of the quinone

moiety provided enough electron derealization to stabilize the 1- oxidation state,

providing the first literature example of a stable single fused 1,2,3-DTA system.

Furthermore, the 1,2,3-DTA was found to be extremely water stable, a highly

uncommon feature among S-N five membered heterocycles. Cyclic voltammetry

measurements were employed to try to create a reversible environment to access the

radical dianion state (II-5·2"), but were unsuccessful likely due to S-S or S-N scission.

Through the development of the lithium salt 11-7, a soluble version of the o-DTANQ

ligand was produced. This closed shell species was coordinated to Sb5+, Ga3+ and Fe3+,

making these the first literature examples of 1,2,3-DTA coordination complexes.

-150



Although the ligands of all these systems coordinated in a closed shell form, some

generic trends were observed with the packing of the systems. Due to the planar nature

of the ligands, the largest influence on the packing of the systems was electrostatic,

specifically between the Sl and S2 atoms of the 1,2,3-DTA heterocycle and other

electronegative atoms. Close S-O contacts in complexes III-2 and 1 11-3 could be

conducive to magnetic exchange if the open shell version of the radical could be

coordinated in a similar geometry. The planar packing of the ligands in complexes MI-2

and III-3 could allow for activated conductivity via the hopping model if open shell

species were coordinated.

A comparison of C-O and C-C bond lengths to other quinone species

demonstrates that the 11-5· ligand exhibits longer bond lengths than a typical o-

benzoquinone, likely due to the increased electron density from the itinerant electron.

This increased electron density may make the oxygen atoms strong enough electron

donors that 11-5· can be coordinated. Although not impossible, preliminary results show

that coordination of the open shell dianionic species is unlikely, because ligand

decomposition will likely occur. The ability of the 1,2,3-DTA heterocycle to allow for

derealization of an itinerant electron makes it an ideal candidate for new electronic

materials research. It is our hope that the knowledge gained from the 4,5-dioxo-

naphtho[l,2-c/][l,2,3]dithiazolyl (o-DTANQ) molecule will help further the advancement

of this promising field.
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Compound Name: 4,5-Dioxo-naphtho[l/2-c/][l,2,3]dithiazol-2-ium chloride
(0-DTANQ+Cl") (ll-l)

MW: 269.73 g/mol

Appearance:

Red powder

Lit. and/or notebook #
and page:

CS03-expl4, Pg29
CS06-exp5, Pg9

First made on date:

Oct. 23, 2008

Made by:

Chad Smithson

Experimental Data:

IR(KBr) v/cm'1: 1704 (m), 1679 (vs), 1587 (m), 1575 (w), 1490 (w), 1457 (w), 1413 (s),
1363 (w), 1313 (w), 1291 (s), 1234 (s), 1225 (m), 1180 (w), 1155 (w), 1093 (w), 1040 (w),
993 (w), 980 (w), 912 (m), 900 (s), 848 (s), 804 (s), 784 (m), 710 (w), 697 (m), 672 (m),
650 (w), 629 (w), 557 (w), 529 (m), 515 (w), 467(m).

Mass Spec (El+; r.t. 0.91min); parent ¡on assigned as m/z 234.0 (M = Ci0H4NO2S2J+ 56%;
206 (M - CO)+ 100%; 162 (C2NS2C2O2 + H4)+ 18%; 160 (C2NS2C2O2 + H2)+ 10%; 130
(C2NS2CO)+ 26%; 102 (C2NS2J+ 12%; 93 (C5H02)+ 4%; 75 (C6H3)+ 4%; 69 (C3HO2J+ 2%.
Crystal data collected on Bruker APEX-II CCD radiation source MoK\cr, wavelength =
0.71073 nm at McMaster University; T = 150(2) K, orthorhombic space group Pnma, a =
19.620(5), b = 5.8942(15), c = 8.422(2) ?, V = 973.955 Â3, Z = 4, Dcaic = 1-839 g cm"1, 97
parameters were refined using 747 unique reflections to give R = 0.0529 and Rw =
0.0913.

Synthesis and Structure:

xs S2CI2

MeCN ? 4hr

N^S_CI
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IR: KBr pressed pellet
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Compound Name: 4,5-Dioxo-naphtho[l,2-c/][l,2,3]dithiazol-2-ium tritiate
(0-DTANQ+OTf) (11-2)
MW: 383.35 g/mol

Appearance:

Red powder

Lit. and/or notebook #
and page:

CS03-exp46, Pg79
CS04-exp32, Pg53

First made on date:

March 19, 2009

Made by:

Chad Smithson

Experimental Data:

IR(KBr) v/cm"1: 1716 (w), 1688 (s), 1653 (w), 1636 (w), 1591 (m), 1560 (w), 1542 (w),
1508 (w), 1496 (w), 1466(w), 1415 (s), 1371 (w), 1279 (vs, br), 1238 (vs, br), 1225 (w),
1183 (m), 1172 (w), 1155 (m), 1099 (w), 1030 (w), 1022 (s), 985 (w), 913 (m), 870 (m),
818 (w), 784 (m), 761 (w), 718 (w), 698 (w), 676 (m), 636 (s), 575 (m), 533 (w), 517 (s),
463 (w).

Mass Spec (El+; r.t. 4.33min); parent ¡on assigned as m/z 235.0 (M = Ci0H5O2S2N)+ 100%;
207 (M - CO)+; 178 (M - C2HO2J+; 159 (S5); 130 (C2NS2CO)+; 103 (C2NS2 + H)+; 102 (C2NS2)+;
76 (C6H4J+; 64 (S2)+.
Elemental Anal. Cale for CnH4F3NO5S3: C, 34.46; H, 1.05; N, 3.65. Found C, 34.38; H,
0.97; N, 3.42%.

1H NMR (400 MHz, CD3CN, 25 0C, ppm) d: 8.49 (br s, IH), 8.30 (br s, IH), 7.95 (br s, 2H).
Crystal data collected on Bruker APEX-II CCD radiation source MoK\ot, wavelength =
0.71073 nm at McMaster University, T = 150(2) K, orthorhombic space group Pbca, a =
17.0537(17), b = 6.4960(6), c = 25.224(3) Â, V = 2794.3(5) Á3, Z = 8, Dca,c = 1.822 g cm"1,
208 parameters were refined using 1854 unique reflections to give R = 0.0341 and Rw =
0.0694.

Synthesis and Structure:

.0 AgOTf

MeCN 1hr

N^S„CI

N^S„OTf
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NMR: 1H, CD3CN, 400MHz, 64 Scans
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IR: KBr pressed pellet
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Compound Name: 4,5-Dioxo-naphtho[l,2-GÌ][l,2,3]dithiazol-2-ium tetrachloragallate
(0-DTANQ+GaCl4") (11-3)
MW: 445.81 g/mol

Appearance:

Red xstals

Lit. and/or notebook #
and page:

CS03-expl9, Pg36

First made on date:

Nov. 12, 2008

Made by:

Chad Smithson

Experimental Data:

IR(KBr) v/cm"1: 1689 (s), 1620 (w), 1589 (m), 1577 (w), 1541 (w), 1494 (w), 1458 (w),
1410 (s), 1387 (w), 1325 (w), 1283 (s), 1235 (s), 1204 (s), 1099 (w), 978 (w), 914 (m), 903
(w), 870 (m), 810 (w), 781 (s), 711 (w), 698 (w), 672 (s), 653 (w), 631 9w), 528 (m), 510
(w), 459 (w).

Elemental Anal. Cale, for Ci0H4CI4GaNO2S2: C, 26.94; H, 0.90; N, 3.14. Found C, 27.12; H,
1.08; N, 2.93%.

Mass Spec (El+; r.t. 2.30min); parent ¡on assigned as m/z 234.0 (M = Ci0H4NO2S2J+; 374
(M + GaCI2J+; 339 (M + GaCI)+; 252 (M + H2O)+; 235 (M + H)+; 234 (M); 206 (M - CO)+; 178
(C8H4S2N)+; 162 (C4H4O2S2N)+; 141(GaCI2)+; 130 (C3OS2N)+; 102 (C2S2N)+; 76 (C6H5)+; 64
(S2)+.
1H NMR (400 MHz, CD3CN, 25 0C, ppm) d: 8.52 (br s, IH), 8.31 (br s, IH), 7.97 (br s, 2H).
Crystal data collected on Bruker APEX-II CCD radiation source MoK\ct, wavelength =
0.71073 nm at McMaster University 150(2) K, monoclinic space group PlJn1 a =
8.0862(15), b = 9.4172(18), c = 19.659(4) Ä, ß =90.079(4) °, V = 1497.0(5) Ä3, Z = 4, Dcalc =
1.978 g cm"1, 181 parameters were refined using 2503 unique reflections to give R =
0.0281 and Rw = 0.0529.

Synthesis and Structure:

O GaCU

MeCN 1hr

?— ? C|

T
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NMR: 1H, CD3CN, 400MHz, 64 Scans
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IR: KBr pressed pellet
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Compound Name: 4,5-Dioxo-naphtho[l,2-c(][l,2,3]dithiazol-2-ium tetrachloroferrate
(0-DTANQ+FeCl4") (M-4)

MW: 269.73 g/mol

Appearance:

Red powder

Lit. and/or notebook #
and page:

CS06-exp9, Pgl7

First made on date:

May 13, 2010

Made by:

Chad Smithson

Experimental Data:

IR(KBr) v/cm"1: 1687 (vs), 1655 (w), 1648 (w), 1637 (w), 1588 (m), 1577 (w), 1493 (w),
1482 (w)7 1409 (vs), 1386 (w), 1326 (w), 1308 (w), 1286 (s), 1237 (s), 1205 (s), 1198 (w),
1164 (w), 1097 (m), 1051 (w), 979 (m), 912 (m), 869 (m), 811 (m), 784 (s), 783 (w), 713
(w), 698 (w), 673 (s), 653 (w), 631 (m), 526 (w), 505 (w), 493 (w), 481 (w), 459 (w), 438
(w), 417 (w).

Mass Spec (ESI+ in MeCN; r.t. 1.33min); parent ¡on assigned as m/z 234.0 (M =
C10H4NO2Sz)+; 808 (FeM3 + H3O3J+; 792 (FeM3 + H202)+; 774 (FeM3 + HO)+; 759 (FeM3)+;
682 (FeM2 + C4O2S2N)+; 557 (FeM2 + H02)+; 541 (FeM2 + HO)+; 524 (FeM2J+; 512 (FeM2 -
C)+; 347; 318 (Fe(C2HOS2N)2)+; 297 (FeCIC8H4OS2N)+; 290 (FeM)+; 252 (M + H2O)+; 236 (M
+ H2)+; 234 (M)+; 206 (M-CO)+; 167 (FeCI2(CH3CN)J+; 149 (FeCI(CH3CN)OH)+; 132
(FeCI(CH3CN)J+; 114 (Fe(CH3CN)OH)+.

1H NMR (400 MHz, CD3CN, 25 0C, ppm) d: 8.64 (br s, IH), 8.29 (br s, IH), 8.00 (br s, 2H).
Crystal data collected on Bruker APEX-II CCD radiation source MoK\a, wavelength =
0.71073 nm at McMaster University 150(2) K, monoclinic space group PlJn, a =
10.3004(3), b = 11.1497(5), c = 13.8083(4) Ä, ß = 110.605(2) °, V = 1484.39(9) Â3, Z = 4,
Dcaic = 1.933 g cm"1, 181 parameters were refined using 3376 unique reflections to give R
= 0.0363 and Rw = 0.0851.

Synthesis and Structure:

MeCN 1hr
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NMR: 1H, CD3CN, 400MHz, 64 Scans
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IR: KBr pressed pellet
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MS: ESI+, MeCN, r.t., 1.33min
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iCS06exp18a mw=234 +ESI in MeCN
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Compound Name: Naphtho[l,2-i/][l,2,3]dithiazolyl-4,5-dione (o-DTANQ) (11-5·)

MW: 234.27 g/mol

Appearance:

Dark purple blocks

Lit. and/or notebook #
and page:

CS03-exp35, Pg64
CS06-exp58; Pg89

First made on date:

Feb. 23, 2009

Made by:

Chad Smithson

Experimental Data:

IR(KBr) v/cm"1: 1665 (m), 1649 (w), 1595 (m), 1561 (vs), 1540 (w), 1508 (w), 1490 (w),
1459 (w), 1407 (m), 1390 (w), 1380 (s), 1317 (w), 1260 (m), 1229 (m), 1159 (w), 1095
(w), 1041 (w), 987 (m), 897 (m), 876 (w), 808 (m), 775 (w), 715 (w), 694 (w), 661 (m),
650 (w), 628 (w), 536 (w), 480 (w), 463 (w), 431 (w).

Mass Spec (El+; r.t. 3.59min); parent ion assigned as m/z 234.0 (M = Ci0H4NO2S2J+ 56%;
206 (M - CO)+ 100%; 162 (C2NS2C2O2 + H4)+ 17%; 160 (C2NS2C2O2 + H2)+ 9%; 130
(C2NS2CO)+ 22%; 102 (C2NS2)" 9%; 93 (C5HO2) 3%; 75 (C6H3)+ 2%; 69 (C3HO2J+ 1%.
Elemental Anal. Cale for Ci0H4NO2S2: C, 51.27; H, 1.72; N, 5.98. Found C, 51.24; H, 1.46;
N, 6.07%.

Crystal data collected on a Bruker APEX-II CCD radiation source MoK\a, wavelength =
0.71073 nm at McMaster University, 150(2) K, triclinic space group Pl, a = 8.3156(16), b
= 10.872(2), c = 10.992(2)Ä, a = 61.995(3), ß = 86.896(4), ? = 85.509(4) ',V = 874.5(3) Â3,
Z = 4, Dcaic = 1.779 g cm1, 273 parameters were refined using 4491 unique reflections to
give R = 0.0355 and Rw = 0.0867.
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Synthesis and Structure:
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IR: KBr pressed pellet
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MS: El+, r.t, 3.59 min
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Compound Name: 4-Hydroxy-naphtho[l,2-c/][l,2,3]dithiazol-5-one (o-DTANQOH) (11-6)

MW: 235.29 g/mol

Appearance:

Red crystalline solid
Synthesis and Structure:

O

excess H2O
THF 15hr
sub. 1500C

Lit. and/or notebook #
and page:

CS04-exp42, Pg69
CS06-exp40, Pg67

First made on date:

Aug. 26, 2009

Made by:

Chad Smithson

Experimental Data:

m.p.: 242-244°C.

IR(KBr) v/cm"1: 3281 (vs, br), 1619 (vs), 1594 (vs), 1560 (s), 1508 (w), 1497 (m), 1458 (m),
1417 (w), 1388 (w), 1374 (vs), 1334 (m), 1308 (w), 1265 (s), 1213 (m), 1160 (w), 1137
(w), 1097 (w), 1045 (w), 1016 (m), 968 (w), 893(w), 869 (w), 795 (s), 777 (w), 769 (m),
704 (m), 664 (s), 646 (m), 620 (m), 544 (w), 533 (w), 467 (w), 454 (w), 418 (w).

Elemental Anal. Cale, for Ci0H5NO2S2: C, 51.05; H, 2.14; N, 5.95. Found C, 50.89; H, 2.40;
N, 5.90%.

Mass Spec (El+; r.t. 3.59min; 275°C); parent ion assigned as m/z 235.0 (M = Ci0H5NO2S2J+
100%; 207 (M - CO)+ 14%; 178 (M - C2HO2J+ 7%; 149, 5%; 130 (C2NS2CO)+ 9%; 103 (C2NS2
+ H)+ 18%; 102 (C2NS2)+ 8%; 76 (C6H4J+ 4%; 57 (C2H02)+ 3%.
1H NMR (600 MHz, d6-DMSO, 25 0C, ppm) d: 10.65 (m, IH,), 8.39 (m, IH), 8.18 (m, IH),
7.80 (m, 2H).

13C NMR (APT, 150 MHz, d6-DMSO, 25 0C, ppm) d: 173.2, 154.6, 143.0, 131.9, 131.3,
131.0, 129.3, 127.7, 126.0, 125.4.

Crystal data collected on a Bruker APEX-II CCD radiation source MoK\a, wavelength =
0.71073 nm at University of Toronto, T = 150(2) K, monoclinic space group PlJn, a =
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15.2462(14), b = 3.8351(2), e = 16.5627(14)Á, ß = 110.361(3)°, V = 907.92(12) Á3, Z = 4,
Dcaic = 1.721 g cm"1, 140 parameters were refined using 1133 unique reflections to give R
= 0.0586 and Rw = 0.1200.

NMR: 1H, DMSO, 600MHz, 4 Scans
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NMR: 13C Jmod, DMSO, 400MHz, 128 Scans
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IR: KBr pressed pellet
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MS: El+; r.t, 3.59 min, 275°C
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Compound Name: Lithium 5-oxo-naphtho[l,2-c/][l,2,3]dithiazol-4-olate monohydrate
(0-DTANQLi+-H2O) (11-7-H2O)

MW: 259.23 g/mol

Synthesis and Structure:

THF 15hr

T T
O Li

H9O

Appearance:

Blue/purple powder

Lit. and/or notebook #
and page:

CS06-exp7, Pgl3
CS06-exp29, Pg51

First made on date:

May 12, 2010

Made by:

Chad Smithson

Experimental Data:

IR(KBr) v/cm"1: 3423 (br), 1607 (w), 1591 (s), 1552 (s), 1488 (s), 1491 (w), 1384 (vs),
1360, (w) 1316 (w), 1266 (s), 1223 (m), 1159 (m), 1054 (w), 1016 (m), 871 (w), 796 (s),
767 (m), 700 (m), 661 (m), 646 (w), 620 (w) 556 (m), 505 (w).

1H NMR (400 MHz, d6-DMSO, 25 0C, ppm) d: 8.16 (d, IH, J = 6.9 Hz), 8.00 (d, IH, J = 7.0
Hz), 7.63 (m, 2H), 3.33 (s, 2H).

Crystal data collected on a Bruker APEX-II CCD radiation source MoK\a, wavelength =
0.71073 nm at the University of Toronto 150(2) K, monoclinic space group PlJc1 a =
15.9640(12), b = 11.7083(15), c = 11.632(2) Á, ß = 101.590(8)°, V = 2129.8(5) Á3, Z = 2,
Dcaic = 1.617 g cm"1, 307 parameters were refined using 12 restraints and 3590 unique
reflections to give R = 0.0760 and Rw = 0.1408.

~178~



NMR: 1H, DMSO, 400MHz, 64 Scans
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IR: KBr pressed pellet
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Compound Name: Lithium 5-oxo-naphtho[l,2-c/][l,2,3]dithiazol-4-olate (o-DTANQ"Li+)
(11-7)

MW: 241.22 g/mol

Appearance:

Blue/purple powder

Lit. and/or notebook #
and page:

CS06-exp23, Pg42
CS06-exp43; Pg72

First made on date:

June 16, 2010

Made by:

Chad Smithson

Experimental Data:

IR(KBr) v/cm"1: 1611 (m), 1586 (s), 1567 (s), 1535 (s), 1509 (w), 1491 (m), 1453 (w), 1343
(s), 1318 (m), 1260 (s), 1218 (s), 1157 (m), 1148 (w), 1096 (w), 1049 (w), 1020 (w), 902
(w), 873 (w), 794 (s), 765 (m), 710 (w), 698 (m), 669 (w), 659 (s), 646 (w), 585 (w), 558
(m), 518 (s), 509 (w), 483 (w), 465 (m), 448 (w), 431 (w), 421 (w), 414 (w).

Elemental Anal. Cale for C10H4LiNO2S2: C7 49.79; H, 1.67; N, 5.81. Found C, 50.00; H,
1.80; N7 5.76%.

Mass Spec (ESI-; r.t. 1.31min); parent ¡on assigned as m/z 234.0 (M = Ci0H4NO2S2)" 100%;
280 (M - H2 + O3)"; 266 (M+02)"; 250 (M + O)"; 194 (M - C2O)"; 145; 101.

1H NMR (400 MHz, d6-DMSO, 25 0C, ppm) d: 8.19 (d, IH, J = 6.9 Hz), 8.03 (d, IH, J = 7.0
Hz), 7.65 (m, 2H).

13C NMR (APT, 100 MHz, d6-DMSO, 25 "C, ppm) d: 180.5, 157.0, 156.4, 130.3, 130.0,
129.7, 128.4, 126.6, 125.6, 124.6.

Synthesis and Structure:

O H2O
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NMR: 1H, DMSO, 400HHz, 64 Scans
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NMR: 13C Jmod, DMSO, 400MHz, 1350 Scans
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IR: KBr pressed pellet
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Compound Name: Chloro-5-oxo-naphtho[l,2-GÍ][l,2,3]d¡th¡azol-4-olate-tr¡phenyl-
antimony(V) (SbPh3[CI][O-DTANQ]) (lll-l)

MW: 587.35 g/mol

Appearance:

Purple crystalline
material

Lit. and/or notebook #
and page:

CS03-exp30, Pg57
CS06-exp52, Pg83

First made on date:

Jan 30, 2009

Made by:

Chad Smithson

Experimental Data:

IR(KBr) v/cm"1: 3035 (w), 2963 (w), 1654 (w), 1573 (w), 1550 (m), 1510 (m), 1485 (m),
1433 (m), 1374 (m), 1341 (w), 1317 (w), 1262 (s), 1214 (m), 1161 (w), 1096 (m), 1052
(m), 1022 (m), 909 (w), 879 (w), 806 (s) 789 (w), 731 (s), 700 (w), 687 (s), 666 (m), 542
(w), 506 (m), 481 (w), 460 (s).

Elemental Anal. Cale for C28H19ClNO2S2Sb-CH2CI2: C, 46.22; H, 2.99; N, 1.98. Found C,
49.40; H, 3.19; N, 2.15%.

Crystal data collected on a Bruker APEX-II CCD radiation source MoK\ot, wavelength =
0.71073 nm at McMaster University, 295(2) K, monoclinic space group Pl1Zn, a =
10.0575(1), b = 19.4779(2), c = 14.9345(2)Á, ß = 90.093(1) ',V = 2925.25(6) Á3, Z = 4,
Dcaic = 1607 g cm"1, 320 parameters were refined using 4015 unique reflections to give R
= 0.0491 and Rw = 0.1298.

Synthesis and Structure
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IR: KBr pressed pellet
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Compound Name: Tri(5-oxo-naphtho[l,2-af][l,2,3]dithiazol-4-olate)iron(lll) (Fe(o-
DTANQ)3) (III-2)

MW: 758.68 g/mol

Appearance:

Purple powder

Lit. and/or notebook #
and page:

CS05-explO, Pg20
CS06-exp41; Pg69

First made on date:

Nov. 9, 2009

Made by:

Chad Smithson

Experimental Data:

IR(KBr) v/cm"1: 1572 (m), 1560 (w), 1529 (s), 1495 (s), 1484 (s), 1459 (w); 1421 (s), 1371
(s), 1338 (w), 1315 (m), 1268 (s), 1221 (m), 1160 (m), 1098 (w), 1062 (m), 1025 (m), 910
(w), 878 (w), 806 (s), 768 (m), 710 (w), 700 (m), 663 (m), 635 (w), 555 (m), 545 (w), 509
(s), 475 (w), 466 (w), 452 (m).

Elemental Anal. Cale for C30H12FeN3O6S6: C, 47.49; H, 1.59; N, 5.54. Found C, 47.30; H,
1.73; N, 5.34%.

Mass Spec No spectrum could be obtained for El+ or ESI+ (1:1 tolouene:THF) at 4.7 kV
because the sample could not be ionized.

Crystal data collected on a Bruker APEX-II CCD radiation source MoK\a, wavelength =
0.71073 nm at McMaster University, 150(2) K, monoclinic space group C2/c, a =
24.3297(19), b = 17.5436(13), c = 16.5835(12) Á, ß = 103.716(4) °, V = 6876.5(9) Ä3, Z = 8,
Dcaic = 1.599 g cm"1, 568 parameters were refined using 3688 unique reflections to give R
= 0.0720 and Rw = 0.2144.

Synthesis and Structure:
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IR: KBr pressed pellet
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Compound Name: Tri(5-oxo-naphtho[l,2-£y][l,2,3]dithiazol-4-olate)gallium(lll) (Ga(o-
DTANQ)3) (111-3}

MW: 772.56 g/mol

Appearance:

purple powder

Lit. and/or notebook #
and page:

CS06-expl5, Pg28
CS06-exp44, Pg73

First made on date:

May 27, 2010

Made by:

Chad Smithson

Experimental Data:

IR(KBr) v/cm"1: 1575 (m), 1541 (s), 1499 (s), 1485 (s), 1459 (w), 1424 (s), 1377 (s), 1341
(w), 1316 (m), 1271 (s), 1223 (m), 1162 (m), 1099 (w), 1064 (m); 1027 (w), 916 (w), 879
(w), 809 (s), 769 (w), 712 (w), 703 (m), 663 (m), 637 (w), 562 (m), 549 (w), 537 (w), 479
(w), 454 (m), 420 (w).

Elemental Anal. Cale for C30Hi2GaN3O6S6: C, 46.64; H, 1.57; N, 5.44. Found C, 46.86; H,
1.77; N, 5.32%.

Mass Spec No spectrum could be obtained for El+ or ESI+ (1:1 tolouene:THF) at 4.7 kV
because the sample could not be ionized.

1H NMR (400 MHz, DMSO, 25 0C) d: 8.59 (d, IH, J = 7.4 Hz), 8.24 (d, IH, J = 7.5 Hz), 7.85
(?, 2H, J = 8.0 Hz).

Crystal data collected on a Bruker APEX-II CCD radiation source MoK\ct, wavelength =
0.71073 nm at McMaster University, 150(2) K, monoclinic space group C2/c, a =
24.4312(17), b = 17.4865(12), c = 16.4868(12)Á, 6 = 104.3150(10) ",V = 6824.7(8) Â3, Z =
8, Dcaic = 1.683 g cm"1, 571 parameters were refined using 3175 unique reflections to
give R = 0.0754 and Rw = 0.1839.

Synthesis and Structure:
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NMR: 1H, DMSO, 400MHz, 64 Scans
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IR: KBr pressed pellet
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