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Abstract

Neutral molecular radicalbave received increasing attentias building blockdor functional
molecular magrials owing to their intrinsic conductive and magnetic propetiesever, fothese systems
to be technologically viable, the molecular framework must be capable oizétahihe unpaired electron,
but also enable a degree of control and modulatigheoflesired properties. To achieve these goals, the
design of the radical template requires consideration of the intrinsic effects on the electronic structure and
those froma supramolecular perspective. In that regard, thiazyl radicals are promisindatesidas their

physical attributes can be tuned systematically for the application at hand.

In the pursuit otunablethiazyl frameworks, two thiatriazinyl radicals havedn synthesizednd
functionalized with heteroaromatic substituents. The contigastature between the attached thienyl and
pyridyl substituents was evidenpon establishing the preparative routes towards the neutral radical, and
further demonstrated whethe radicals wereharacterized spectroscopicallgtructural analysis has
emphaized the ability for the heteroaromatic moieties to direct the assembly of molecules into different
supramolecular arrangements, in addition to-aeffociating into tightlypound structures.

While dimerization voids the spin properties of thesalicals the redoxversatile thiatriazinyls
were designed to explore the physical properties originating from metal coordination. Using the more robust
anionic precursor, a dinucledysprosium complex was isolated and structyrabalyzed, wherexidation
of the ligand occurredin the process. A mechanism towards the-gefiembly of the complex has been
proposed by NMR studies using the isostructural yttrium analogue, which hadeprinsights on the
metatligand reactivity. Furthermore, singtaolecule magndbehaviour was observed for the dysprosium

complexfollowing magnetic investigations.

In contrast to thiatriazinyls, the resonasstabilized pyridinebridged bisthiadiazingl can remain
undimerized in the solid state. Three derivatives have been develipetdienyl attachments and vary by
the atomic substitution at the basal carbon position (i.e., R = H, F, Cl). Solution measurements illustrated
spin delocalization extendlij across thé-framework, while halogenation provided a handle to-finee
the energies of frontier molecular orbitals. Moreover, the ability of the thienyl rings to engage in various
interactiors was manifested in the polymorphic behaviour for edafivative. The soligtate structures
were analyzed from singlerystal Xray diffradion and highlighted theange of supramolecular

architectures afforded by these systems.

Lastly, two crystallographic phases abisdithiazolyl derivative were isoked selectively, such
that the lowtemperature phase possess an unprecedentegymgtetry trigonal space group. The mix

matched sizes of the beltline substituents afforded a honeycomb arrangement of stacked radicals. Magnetic



measurements depicted a tiéina to anantiferromagneticallprdered state below 8 K, from which a high
temperatte series expansion function was developed to model the magnetic data. Analysis of the results
suggest the presence of two equivalent spinal sublattices spanning ass the crystal lattice three

dimensionally.
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each radical derivative, isolated the crystals of the polymorphs, pradwtk naterial of each polymorph
and confirmed phase purity by PXRD, and completed all sok@m®d measurements and DFT analyses.
Singlecrystal Xray work on the polymorphic structures was completed by Dr. Jeff Ovens, Dr. Raul

Castafieda (recently ghaated PB candidate in the Brusso group) and myself at the University of Ottawa.

The chapter encompassing work on trigonal bisdithiazolyl systemsamagleted jointly with a
team of international collaborators. ProfedRmhard Oakley and | establishég: condtions to selectively
isolate the lowand hightemperature polymorphs and provided material for magnetic measurements that
were performed by Dr. Paul Dube at McMaster University. PXRD measurements were completed by myself
and temperaturdependen singlecrystal Xray measurements were facilitated Byofessor Craig
Robertson andemetris Bates at the University of Liverpool. Dr. Stephen Winter established the HTSE
function used to model the magnetic data, while himRumdessoRichard Oakley mvided atheoretical

assessment by DFT calculations.
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Chapter 1

Introduction to Radical-Based Molecular Materials

1.1 Opening Remarks

Organic free radicals, comprised of firsiv p-block elements, ardefined as molecular species
with subvalent electronic structures. For these systems, the open valence introduces an intrinsic instability
that warrants a degree of stabilizatidviost often, this is tnaslated to the reactivity of radicals, in which
a thermodynamic gain is achieved through the spontaneous pairing of electrons, either by atom or electron
transfer processes (e.g., dimerization, disproportionation reacédax reaction), requiring littleo no
activation energy.Under these circumstances, molecular radicals are-beatand transient in naturen |
other instances, molecular design strategies can be used to preserve thketipamaracter, affording
organic radicals with longer lifetiméS. Generally, these approaches invoke reekt or thermodynamic
stability to the electronic structurBegarding the former, methodslize steric protection to inhibit the
unpaired electron from reacting tiits environment, whilehe latter involves the distribution of spin
density over the wlecular framework thereby lowering the potential for reactititynany examples, both
approaches are employed to modulate the chemical stability of radicals, idgpemdhe application at
hand, and with that, radicals have received popularity towanigs in molecular transformatiof$,
biological application<® and functional materiafs

Interestingly, the consideration that radicals could be stable was unconceivable just over a century
ago. In fact, chemistdrsiggled to accept the existence of organic radicals, as characterization of these
materals was a near impossible féa4T his notion, however, had been reconsidered upon the discovery of
the triphenylmehyl radical 1-1 by Moses Gomberg in 1906.His initial attempt to synthesize
hexaphenylethane through a reaction involving triphenylmethyl bromide with silver metal resulted in the
immediate precipitation of the peroxide? (Scheme 1.1)Gomberg realized the exclusion of oxygen from
this reaction halte@recpitation until it was reintroduced into the systeBxperimental data exclusively
collected through analytical and calorimetric methsaigported the elucidation &f1 asa radical This
report undoubtably sparked the renaissance of radical chemistip Wiegh2®' centuy, which not only

supportedhe existence of free radicals but shed new light on the stability ofshpdirmolecules
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Schemel.1 Synthesis and oxidation of triphenylmethyl raditl.
1.2 Modulation of Radical Stability Through Molecular Design Strategies

1.2.1Stability Enhancementvia Steric Protection

With advancements in technology, the stability and electronic structure of radaadsbeen
studied extensivelyt should be stated thateh t er m fistabi |l ityo i s subjectiyv
no universal definition. However, for thgurpose of this thesis, the definition inscribed by Griller and
Ingold will be used to bring context to radical stabittyA r adi c al deemed fApersiste
lifetime is long enough to be detecteg $pectroscopic methods but cannot be isolated in a pure state,
whereas t he des cr igatradivagthatisaunreactifiegotaiaand neodsturé imgwlutioneand
solid state indefinitelyIn thatregard, tiphenylmethyl(1-1) represents therfit account of a persistent
radical’* Accordingly, 1-1 has not been isolatediscretely in the solid state, but rather seléociates
forming the G-bonded dimerl-3 (Chart 1.1} Nonethelessthis C8 C U-bond is relatively weak
(dissociation enthalpy 45 kJ-mott),** such that dissolution df-3 re-establishes an equilibrium withe
monomer1-1. The reversibility of dimerization, and thus persistent naturghef neutral radical in a

deoxygenated solution can be attributed to the steric congestion brought about by the phen¥d groups

-
W, W, Q.

1-1 1-3 1-4

Chart 1.1 Self-association of triphenylmethyl radicil along with examples of sterically protect

derivatives.

From a kinetic standpoint, the opsehell structure ofl-1 remains susceptible towards reactivity
with its surroundings due to a degref spin delocalization along tipbeny " -systemas demonstrated by

the propensity ofl-1 to dimerize 1-3) or oxidize (1-2). This vulnerability can be circumvented through



addtional shielding measuraga chemical modificationglong the phenyl moieds (e.g..1-4 and1-5 in

Chart 1.1). For instancé;dimerization can be alleviated through functionalization ap#re-position of

the phenyl rings blocking reactivity at theperipheral sites (e.g1-4).1%!” Moreover, when ortho-
substituentsre also introduced, rotational mobility about the aryl moieties is reduced from the repulsive
van der Waals forces generated by these groups and consequentially, spin density is concentrated on the
centralsp*-hybridized carbomtam. Thiseffect becomemore pronounced upon chlorination of the phenyl
groups, as irl-5, in which the unpaired spin is confined to this cettétEssentially this is dw to the
perchlorophenyl rings locked into one of two propefieaped conformations as a result of a high
intrarotational barrier (96 kcal ml2%22n so doing, the voids ihetween the protrudingyyl moietiesare

filled by the size of th@rtho-chlorine atomswhich further shields the spin density 01-5 against mas

chemicalreactivity, both in solution and the solid stafe

1.2.2Stability Enhancementvia Delocalization

In sharp contrast to steric protection, thermodynamic approagheso stabilize opershell
structures through electronic effects insic to the moleculeOne of the most common tactics is the
delocalization oftte unpaired electron through a conjugdtdchmework.In this scenario,@n densityis
dividedamong a manifold of atoms aadequately reduces reactivitya given locationA prime example
demonstrating this effect the phenalenyl radical6; a fusd carborbased polycyclic framework dewbi
of steric protectiod®?® The rigid platform enables digtution of electron density in the singly occupied
molecular orbital (SOMO) to the six alplearbon positiongquivalently. In other words, the spin density
of the single electron is evenly divided between thbammatoms. The effect of resonance stahilon is
apparent in solutigrin which1-6 canexist for an extended peripdowever, it should be noted that such
stability only occuraunderstrict anaerobic conditionat roomtemperatureAt lower temperaturesl-6
succumbs to its kinetic instabilityhere an equilibrium forms between the radical and-démer 1-7 in
solution?® In the ®lid state the radical dimerizes entirelgnd, under aerobic conditionsapidly

decomposeto peropyrenél-8; Scheme 1.23%%7

Qe DOy e AR
O = QD — QX0
1-6 1-7 1-8

Schemel.2 (a) Selfassociation and (b) decomposition of the phenalenyl radical under atmos

conditions

For phenalenyl radicals, and in fact most carbentered radicals, delocalization is often not

enough to overcome decompasi pathways. Such radicals therefore often require additional support in
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the form of steric protection or throughe incorporation of heteroatoms into theystem Yide infra).
With respect to seléssociatiorof phenalenyl radicals, strategic placemehtert-butyl groups at thé-
carbon atoms as k9 (Chart 1.2)protects molecules froirdimerization both in solution and solid stéte.
However, the crystal structure reveals -alimensional(1D) stacks of molecules in an astaggered
arrangemenseparated binterplanardistances withirthe van der Waals radii for carbon atoms. Studies
have elutated this close contact to exist as altinenteftwo-electron interaction, illustrating another
mode ofspin pairingbetween” -systems known as-dimerization, as highlighted ih-10.2%3* Like U-
dimerization, the degreaf this bonding interactiors heavily influencedy theinterplayof attractive and
repulsive forces betweamnolecules’? Thus, dimerizationcanbe modulated through judamis choice of
substituents along the radical framewétk® For instance, chlorination of the peripheabms of

phenalenyl afford4-11, in whichelectronic repulsiobetween these atondésrupts” -dimerization along

LK & &

S—S

astack of radicals in the solid st&fe.

‘Bu

e

19 1-10 1-11 -1 -1

By By

Chart 1.2 Sterically and electronically stabilized phenalenyl! derivatives.

1.2.3Stability Enhancementvia Heteroatomic Effects

An alternative method employed to stabilize the unpaired electron in organic radkets
advantage of heteraahs that can contribute to thesystem such as nitrogen, oxygen and sulfur atoms.
The energy of the SOMO can be furtlséaibilizedby the greater electronegativity of these atoms relative
to carbon, while also promoting spinldealization throughout thmolecule.Commonly, GH groups of
carbonbased -frameworks are replaced with an isolobal nitrogen as depictechaa@henalenyl-12%7
or, as in the case 4f13, heteroatonc substituents can be included along the molecular edge (Chait 1.2).
Relative to unfunctionalized phenalenyl (i.&-6), the stability of 1-12 has only been investged in
solution wherel-dimerization is suppressed, whilel3 has been shown to be electronically stabilized both
in solution and solid stateithout deric support. The heteroatonmwdifications to the phenalenyl skeleton
in addition to steric influeces mentioned previoushgertainly modulate the degreand type of
dimerizationbetween radicals within the various states; howetieir ability to tderate water and oxygen

has yet to be reported.



Through solely an electronic approach, enhancing tglisy of phenalenybased radicals has
been achievedia extension of the molecular backbone into lafgelameworks with the aid of heteroatom
incluson (see Chart 1.3 for examples).1hi4, the unpaired electron is delocalized by sjgionjugatiod®
between two orthgonal phenalenyl units connected throughrabedral boron centétDepending on the
hydrocarbon groups attached to the nitrogen atoms, derivatives 4have shown to be monomeric in
crystalline form or assemble into an arrangement-pfotifs 943 Preparation of extended phenalenyl
frameworks while maintaining-fold symmetry continue to garner attention, an example of which is 4,8,12
trioxotriangulenel-15.4* Here, radicals are electronically stabilized by a-2&ctron system and exhibit
high resilience towals molecular oxygen in both solution and the solid state. Under aerobic conditions, the
half-life of 1-15concentrated in solutids 185 days, while solid samples possess high thermal stability up
to 350°C* It is noteworthy to mention other carbbased radicals &t display extensive-delocalization
sans phenalenyl, such as porphyrinoids. The structural diversity behind tleyahcframework presents
a platform for stable opeshell structures utilizing varying ring sizes and substitu&fitSor example, the
odd-alternant pentathiapentaphyirl6 alsoexistsas a planar 25radical and has been demonstrated to

be stable thermally and chemically towards air and moiéture.

Ar. Ar
R
O . :
B=O0— +9
OQ o L SN
R Ar
1-14 1-15 1-16

Chart 1.3 Examples of stable carbamentered radicals with extendeatonjugation.

When spin density primarily resides on carbon atoms, as observed in the examples above, radicals
benefit significantly from greatéer-delocalization in order to circumvent reactivity. However, the same
degree of resonance is not often reedifor heteroam-centered radicals. For these radicals,
dimerization between light heteroatoms (e.g., N, O, S) is often impeded by the repulsive interactions
between lone pairsyhile reaping the electronic stabilization that accompanies the electivitydf’ This
can be appreciated among some of the most stable and recognizable organic radicals Ghavridn
Nitroxide radicals inluding TEMPO 2,2,6,6tetramethylpiperidirl-yl)oxyl) and its analogue%-17 are
effective at stabilizing an unpaired electron by delocalization between thHeetarmatom4? andmore so
nitronyl nitroxide radicalsl-18, in which the SOMO is partitioned between a pair ®ONmoieties’®
Generally speaking, these radicals display excellent resistance towards dimerization and can be handled in

the presence of water and air, althougythave the tendency ttisproportionate in which substitution at

5



the Upositionsto the nitrogenatomis imperative. On the other hand, similar stabilities are afforded in
verdazylsl-19 and 6oxoverdazyls-20, many of which do not require the same ekt steric demangf!

> In these examples, two hydrazyl linkages ategrated into a clic arrangement, thereby optimizing
delocalization of an unpaired electron between the moieties. This stability is not translated to most acyclic
variants, whereby destabilizing effects arising from the twisting of thd Nond indue a persistent

nature>®

(N) R A R)\"‘R A R )OL R
*Q‘ e NN
N ~N Na_N Na N
! > & &
117 1-18 1-19 1-20

Chart 1.4 Family of nitroxides and verdazyls as stable nitregam oxygercentered -radicals.

Molecular radicals that introduce heavier main group elements into the organic infrastie
often thermodynamically unstablnd require sufficient steric encumberment when spin densi
centralized on these atorffs’ These systems inany caseslo not benefit from the electronic effec
afforded bylight heteroatomsindoften suffer poop-overlap for” -delocalizatiomas a consequence
atomicsize differencs. To the contrary, an exception lies with sulbased radicals, more specilly,
the family of thiazylbased radicals bearing an unsaturated tbleetron $N linkage (i.e., "*
SOMO) 588 |Incorporation of the thiazyl unit into fiveand sixmembered heterocyclic skeletons t
resulted in a series of #lectron radicals1¢21i 1-25in Chart 1.58%%4 In general, monocyclic thiazyl
are persistent and require meticulous handling to avoid hydrSlgsid oxidatiorf® In the absence ¢
moisture and air, the electronidexfts associated with thea®ms are enough to stabilize the opéell
structure without the need for steric interventions in solution. Moreover, the differen
electronegativity between thé&[$ bond leaves the moiety polarized towards the nitrogan.atvith the
lack of proteting groups, this polarization has shown to be influential towards controlling the
assembly of radicals through electrost&id--N¥ interactions, from which this family of radicals ha
portrayed a diverse array of crystallographichitectures; an indispensable quality for applicati
utilizing molecular radicalsvide infrg). Despite this desirable attribute, the vast migj@f monocyclic

thiazyls undergo a degree ‘oflimerization in the solidtate?’
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Chart 1.5 Family of five and sixmembered monocyclic thiazytradicals.

Inhibition of dimerization through an electronic means has been demonstrated through the
annulation of two monocylic radicals with a bridging system (Ché)t Eor example, the unsaturated C
C bond adjacent to the spirearing nitrogen atorim 1-21 permitsfunctionalization to a conjugated unit
such as pyridine, thereby bridging the spin density from one 1-@Bjadiazolyl ring between two rings
as depictd in bisdithiazolylsl-26. The synthetic preparation for these molecules has thuscfaired alkyl
functionalization of the pyridyl nitrogen atom with a range of substituents at the basal carbon atom (e.qg.,
proto, halo, methyl, phenyi§:?° In the majority of cases, resonance stabilization contributes to discrete
radicals ofl-26in the solid state, from which the sgiiearingmolecules have demonstrated unique packing
arrangements arising from favourableeimiolecular interactionge.g, S L L LTN)6 Qther variations of
this framework have been explored to probe the strugtumgerty relationships df-26. For instancel-24
contairsthe structural infrastructure to be linked to bridging systems, as demonstrated by pridined
bisthiadiazilyls 1-27. The few known derivatives dltstack as unassociated radicals in the solid tate.
Alternatively, modifying the bridigng ring system iri-26 to pyrazine or semiquinone asl{28 and1-29,
respectively, influences the supramolecular architectures drastically-28) the radicals are more
susceptible to sekissociation as a consequence of the removal of the basah caih@ while in 1-29,
replacement of pyridyl nitrogen for the isolobal carbonyl moiety induces close packing without such
distortions’* " Thus, the role athe exocyclic ligands towarasodulting the stability is highlighted within
this family of fused tricyclic radicals. Furthermore, replacement of the sulfur atoms for selenium has been

successful imaintainingthe stable radical character in the solid stege, 1-30).®

F'{1 Fla1 R_] O iR1
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Chart 1.6 Family of bridged bisthiazyl and bisselenazyladicals.

To date, numerous persistent and stable molecular radicals have been constructed using covalent
design strategies, in which stabilization is adffed through a degree of steric, conjugative, or inductive
effects, and for many, an interplay of all threee Bmhancements made towards the lifetime of -gbe

molecules has led to their widespread development in an array of chemical, biologiqatyarcl
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applications. Crucial to the design of these materials is a molecular framework that not onlyesttigliz
electronic structure but supports the properties of a targeted application. In that regard, radicals have been
at the forefront as novelidding blocks towards the design of molecular materials, where bulk properties
can be achieved through the esbly of tailored molecules. The unpaired electron intrinsically brings a
novel conductive and magnetic element to the material, that can vetedtihrough pathways that enable
effective communication between electron sites. Crystal engineering dflithestate becomes essential,

such that favourable and predicable interactions can be integrated through the molecular design of the
radical. Thig, there remains a growing interest to unlock new molecular templates thatatival over
thesepropertieswith precision As this thesis pertains to the design of molecular materials, a short
discussion will follow on fundamental properties relatingopenshell systems, and more specifically,

molecular radicals.

1.3 Electronic Properties of Molecular Radicals

1.3.10rigin of Magnetism

The inherent magnetic properties of ofgell systems stem from both the charge and spin of an
electron’® Spin is best understoaas an intrinsic form of angular moment&fmAlthough there is no
classical equivalent to this quantum phenomenon, one often conceptualizes the spin moment as a

perpendiculavector—HJ(Figure 1.1a, red arrow) arising from the rotation of an electron about a fixed axis.

The quantizaon of-ﬁ)is defined by Equation 1.1 and parameterized by the spin quantum rajimbehich

for all electronss=%,and he r e duc e d stoastanfo ohf2"). Rith@ghdhis &ector carries

a direction in threglimensional(3D) space, it carot be measured directly as a contingency of the
Heisenberg uncertainty principle, but instead a componeﬁltaﬁ be measured along a given axidhwit
stiarst take on specificalues

precision. Quantum mechanics dictates that the magnitude of this proé|
agreeing with Equation 1.2, assuming the direction of this axisz@ba Cartesian coordinate system. In
addition,-|| , Can assume ord two positions as depicted in Figure 1.1.b and therefore, the quantum number
ms replacess to distinguish between the spin states coparatieF(+%2; spin up ot}spin) and antiparallel

(ms = -¥%; spin down ob-spin) to thez-direction.
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Figure 1.1 (a) Pictorial representations of the intrins’minﬂ)and magnetic mome'gof an electron. (b’

Projections of the vecto-ﬂ%and correspondin'palong thezdirection for spin up (above dashed lirza)d
spin down (below dashed lines) configurations as definadsbotted arrows illustrate the precessior¥

around the direction of an external magnetic f'@dlignedwith z

P o ii p (1.1
d.s oi b s (1.2)
Consequentially, a magnetic field is generated as a result of a spinning particle bearing both mass
& and chargm. The magnetic moment for an electron, sigditiy the vecto’®in Equation 1.3, is derived
by the reationship between the mass and charge of the particle with its spin through a qoreaciuamical
proportionality constar’Q With respect to the angular momentuime direction o*pis antipardel to -H)
originating from the negative charge of an electron (Figure 1.1a, blue arrow) and subjected to same
uncertainty. In other words, projections‘®€an only be measured along a given a*“siig Figure 1.1b)
with values determined by Hgtion 1.4, wherghe constant termay/2m) is substituted with the Bohr
magnetor' 8
5 0L i (1.3)
, o~ N

—20Q T a
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Just like spin, orbital angular moment=2produces a second magnetic moment. These motions

(1.9

have the potential to be coupled through a-gphit interaction, in which case, the total electronic angular

momentunis the vector sm of the individual obgeables (i.e.f . Thus, the total magnetic moment

of an electron along a given axis will reflect this summation. It is noteworthy thabdptrinteractions

are usually quenched in light atoms with principle quantum rurab2 and therefore, thequominate

source for the total magnetic moment of an electron in these atoms is rooted from spin. Collectively, each

electron contributes to the n@ero magnetic moment of a material that constitutes its magnetic behaviour.



1.3.2Electron-Zeemaninteraction

In the presence of an external magnetic f@etlectrons will experience a torque arising from the

interaction between its magnetic moment and the field. For unpaired electrons, this force induces a
precession c-H)around the direction (®like a spinning top, such that the most stablenaigon occurs

When-H)is maintained at a conical angledhf 54.73°. This angle coincides with maintaining the component
S, along this direction (dotted arrows in Figure 1.1b). Given the quamaanhaical nature of spin, the
potential energy of thisystem emerging from the magnetic interaction can be described by the spin
Hamiltonian operator in Equation 1.5, such that the energy of each spi& &ajeantized according to
Equation 1.6%82Since both spin states diffar the direction, not magnitude -*, the degeneracy of the
energy states is broken by the magnetic field as to produce an eneiw ™ aputlined in Equation 1.7.

This effect, known as the ebeon-Zeeman interaction, is illustrated for a espen system in Figure 1.2

which the spirdown state of an electron is favoured over the other & Ev).

= ‘o "€ (1.5)
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Figure 1.2 Zeeman energy splitting diagram of thestates for an electron as a function of thersith of

an externamagnetic fieldH.

From the Zeeman interaction, the spin state of a material can be manipulated for different purposes.
Spin inversions can be facilitated through the application of electromagnetic radiation that correspond to
w ™ . The radiative emissions upon the releomtfrom excited spin states is the basis of electron
paramagnetic resonance (EPR) spectros€bpyalogous to nuclear magnetic resonance, EPR can be
applied to the identification afperrshell molecule&? characterization of electronic structsi@nd imaging
techniques that rely on spiabels’ Conversely, thermadnergy can populate higgnergy spin states. The

changes in the magnetic behaviour of a material as a function of temperature is a focus of magrigtometry.
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For isolated spins, the net magnetization of a material deperg8oltzmann distribution of the spintsta
populations; however, in instances where magnetic communication between spin sites is present, an ordered
alignment of spins can prevent thermal population to excited spin states. Upon removal of thedi&ld, a
magnet can be produced if the commutisais strong enoughnd the retention of the spin alignment is
achieved

1.3.3Molecular Magnetism and Conductivity

Magnetic communication of the alignment of spins originates from the exchange interaction
between adctrons. For two spibearing sites {j) in close proximity to each other, the following Heisenberg
Hamiltonian in Equation 1.8 is used to define the coupling of spins by the exchange palawisates the
interactionspin operator-|| and-|| can either be ferromagnetic (FM; parallel spiosantiferromagnetic
(AFM; antiparallel spins) in natuf@.The spin quantum numb&is used to reflect the total number of
spins for a multelectron system (i.eS= 1), such that the spin multiplicitg$+ 1) describes the possible
spin configurabns that can be achieved through valuesgi.e.,ms=S S-1, -3 In this bicentric
system, the energies of the triplet and singlet-gpiund states will be determined by the magnitud# of
in which FM interactions favour positive valuesJofvhile AFM interactions are determined by negative
values. Thus, the difference in energy between the two configuriw ™ ds a function of 2 (Equation
1.9) as illustrated in Figure 1.3.

= ‘Dt "C (1.8)
(o} ¢ oa C (1.9)
E
|t t 1 1 ..... L
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_

Figure 1.3 Energy diagram of a twepin system as a function of the exchange inteyral
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The mechanism for magnetic exchange is dependent on a pathway facilitating the interaction, in

which for molecular radicals witlocalized spins, often entails the diregerlap of neighbouring SOMOs.
Using the twesite Hubbard model, the degree and magldtof the pairwise exchange between radicals
can be represented by two terms in Equation 1.10. The first energy term deagtetetitial exchange
integral K) contribt i ng t o the preferential alignmenhhe of <cop
second term describes the kinetic exchange between spins by means of the transfert)ratied g on
site Coulombic repuisn (U), which simultaneously stabilizea &FM interaction. More often than ndk,
is AFM due to the idectrelationship ot with the overlap of the magnetic orbitdjg > O; Figure 1.4a,c)
On the basis of orthogonal overldp € O; Figure 1.4h, FM interactions are expected to dominanefol
through the exchange integral, which always remains positive.

1o (1.10

UV &

(b) (c)
X
X

e

It >0 It| =0 It
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Figure 1.4 The magnitude of the transfer integratfluenced by the degree of SOMO overlap.

Given a lattice of interacting radicals, direct exchanges can construct the formation, dfvone
or 3D magnetic network® Assuming the latter option, exchange interactions can unify the spins of all
radicals into a magnetdly ordered sta&, where one can imagine a ferromagnet arising from the coparallel
alignment of spins through a FM magnetic lattice, while the reverse would be true for an antiferromagnet.
Characteristically, ferromagnets preserve magnetization upon the Heaicawanagnéc field and the
stability of the lattice is measured by coercivity (i.e., the strength of a reverse field needed to demagnetize
the system). Nevertheless, residual magnetization can be observed with AFM lattices. Examples include
spincantedantiferromagets, where spins are not oriented uniformligh respect to each otheor
ferrimagnetsn which the magnitude of the magnetic moment differs between spin sitesyé.§). For
all magnetic orders, there is a critical temperature thaggponds to its transitioiid for FM; Ty for AFM)

that is dependent on the strengtld ohbove this temperature, thermal energy is suffickereak apart these
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interactions, whereblyigherenergy spin states can be populated and lead the system toaramsagnetic

behaviour.

In addition to molecular magnetisniet Hubbard model catlescribemolecular conductivityn
radicals (Figure 1.5). From the previous discussiohgtkinetic exchange between two ssites wasn
relationto a high-spin statewherea large Columbic barriet)) inhibits electron decalization between
the SOMOs. However, a logpin state can be promoted throwbctron mobilityif U is lower in energy
in comparison to the termt}| The energy barrier to chargtransfer can be approximateéa the
disproportiomtionenthalpy w "™ ) shown in Equation 1.1lvhichcorrespondto the energy difference
betweertheionization potentia{lP) and electron affinity (EA) of a molecule. Molecular frameworks that
canstabilize a neutral radical state and its respective oxidation states can effectively lamgenhance
conductivity within a system. Extension of a radidaher model to dD array of radicals generates the
formation of halffilled molecular bandgFigure 1.5b) where the degree of bandwidW = 4ft|) with
respect toU determines if a system will behave like a metal or an insulator. For metallic systems,
conductivity is enhared as electrons can, in essence, migrate freely from the valence bahd eapty
conduction band; however, this flow can be disrupted if the unifestack of radicals is susceptible to a
Peierls distortiorf® In other word, the pairing of radicals provides greater stability to the system compared
to the lattice interactions maintaining the uniform arrays, and thus, conductivity is compromised (Fig
1.5c).

Y w™ Or 06 (1.11)
(a) (b) (c)
. o g
" —_— —I— 5
—— =
. - o
w (It ) = ==
. 3
Low Spin High Spin Metal Insulator
4|t > U 4|tl < U wW>U wW>U

Figure 1.5 Extension of spin states from (a) a radical dimer to band structures far@greay of SOMOS

and (c) a Peierls distorted array.
1.4 Thiazyls as Building Blocks for Molecular Materials

1.4.1Design of Molecular Materials
The design of radicals for molecular méés is dependent on sevecainsideration8 Needless to
say, a matcular framework must possess the ability to stabilize an-sipelhstructure in orddo tap into

the properties afforded from unpaired electrons. Stabilization of the reldaracter through a delocalized
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"-system is beneficial from the perspective of intermolecular communicatiorfi,” aateractions often
dominate the assembly of molecules, while simultaneously creating opportunitiesifepspinteractions
between radials. Likewise, radicals profit fro heteroatom inclusion in terms of their influences on
electronic structures and their ability to direct crystal packing. This latter characteristic can be a vital tool
for modulating multidimensional networks for eleottic communication in molecular nestals by
influencing the degree and type of orbital overlda intermolecular interactionsOn the contrary
restricting intermolecular spispin interactions may be desirable, in which case, steric protection is not
detrimental to the development of nealular materials. For example, isolation of spin centers necessitates
the enhancement of physical properties, as seen for sitgkrule magnets (SMMs) that rely heavily on

magneticanisotropy?®°

With all this being said, an underlying factor for designing molecular materials is the ability to
control the arrangement and orientation of molecules in the solid state rather than serendipitously. In the
end, mother nature ultimey dictates this, however, the litgi of supramolecular synthons can help
generate predictable structural motifA molecular platform that enables facile chemical modifications
can provide a high degree of tunability in relation to its physicochemical propertiesy,ldealirol and
modulation include both electronic and sedtdte propertiethat comes through in the distribution of spin
density, orbital energetics, and engineering of the crystal lattice, selectively. Out of the classes of radicals
discussed this fathiazyl radicals and their heavier chalcogen congeners are ideal canftidaietecular
materials, aghe structural versatility of these systems provide a systemic approach twiring the
propertiesat hand.For this reason, the direction of the nkgresented in this thesis follows suit to
understanding the structupeoperty relationships found in thiazyl molecules. With that, the focus of the

remaining chapter will discuss an overview of molecular materials brought forth through thiazyls.

1.4.2(SN), Polymer

The pursuit of molecular materials utilizing thiazyl chemistry céonéght upon the discovery of
the (SN) polymer (-31); a onecomponent, metallic polymesynthesized exclusively from nanetal
atoms? This material crystallizes as fibrous needles tleahibits impressive conductive and
superconductive properti€$® The source othe metallic behaviour originatefsom unpaired electra
residingin " * orbitals at eachof the thiazyl subunit€Owing b the coparallel arrangement of planar chains
(Figure 1.6), electrons can delocalize effectivalgng the polymeridackbone in a lghly anisotropic

manner’
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Figure 1.6 The metallic (SN) polymer and its selissemly into sheets through-SSbdinteractions (in
box).

Inspired byl-31, thiazyl moieties have been integrated intowdtitude of heterocyclic frameworks
in the exploration for novel molecular materi#t€¥1° The polarized BN linkage has notonly
demonstrated to be a platform that stabilizes the spin and charge carrier but offers a means to direct crystal
packing through prediable and favourable electrostatic interactions (i.e:N®and S--S§. From this, a
collection of supramolecularehitectures has been realized through heterocyclic thiazyls, showcasing a
range of multidimensional pathways for electronic communicati®ulk magnetic and conductive
properties have been reported for many monomeric radicals in the solid state, amdeircases
isostructural selenium variants have enhanced these properties, emphasizing the impact that larger, more
diffuse orbitals have omstrengthening interactions between spative molecules. Moreover, thiazyl
molecules are welkkquipped for the finduning of the electronic and solgtate properties through the
modifications of the skeletal framework and additionally has offered p@ertunities to input additional
physical features to the material (e.g., optical, liquid crystalline properties).

1.4.3Monocyclic 1,2,3,8Dithiadiazolyls as Molecular Magnets

1,2,3,5Dithiadiazolyls (-23) were one of the first thiazyl heterocyclic buildingdks considered
for the development of neutral radical conductéf8!1% The attractive framework provides a local
distribution of the” *-SOMO along the intrannular heteroatoms that features a nodal plane along the
attachment of the exocyclic substituent (Figur®.1Because of this latter characteristic, functionalization
of 1-23at the carbon position has, for the most part, minaffatts on the electronic structubeit becomes
influential on the crystallographic assembly. This valuable handle, in congrueticéhaviantibonding
symmetry of the SOMO, has been shown to manifest a diverse arrangemestacking modes in the
solid state as illustrated in Figure 1-d&’ Although, without stericsupportthere exists a proclivitfor 1-

23to seltassociate through thesystemsgiven thedimerization enthalpy estiated to bea. 35 kJ-mot.
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Figure 1.7 SOMO of 1,2,3,&ithiadiazolyls1-23 and (a) ciscofacial (b) twisted (c) transofacial (d)
transantarafacial modes-stacking modes in the solid state (in box).

With appropriate functionalization, molecules BR3 can remain disjointed in the solid state
through steric and electronic rdpion. Examples of monomeric radicals listed in Figure 1.8 mark some of
the firstappearances of magnetic ordering seen in thiaaged systems. The assdibstitutedl-32 can
crystallizeinto either one of two polymorphs, in which case one exists dk apircanted antiferromagnet
ordering belowTy = 36 K %% while the other precludes this lomgnge property®® In both structures,
strategc placement of theara-nitrile group yields chattike arrays of radicals linked hedd-tail by a
series of CN--Sbinteractions, however, the striking differences in their magnetic behaviour lies within the
orientation of chainsvith respect to each lsdr (i.e., coparallel vs. antiparallel), that either propagates or
disrupts 88D magnetic lattice. When the nitrile synthon is replaced with a nitro grouple®3jrthe system
orders to a FM state beloli = 1.3 K17 The sharp contrast in the magnegioperties is attritted to the
out-of-plane twisting of thgara-nitro synthon that continues to support a linear organization of radicals,

but stabilizes a neamthogonal arrangement of neighbouring chains.
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Figure 1.8 Examples of nronomeric 1,2,3flithiadiazolyls1-32 and1-33 and their assembly into chail
like arrays through interactions between their respep@re-substituted synthon and disulfide linka
(in box).
1.4.4Metal-Thiazyl Complexes Towards Magetic Materials

While the exocyclic functional group i+23 plays a role in preventing sedSsociation in the
solid state from a materials point of view this becomes counterproductive in strengtheningpspin
interactions through closer contacts. An alternative approacinctanvent these issues has explored the
coordination ofl-23to metal centers, which takes advaetafj -dimers reversibly dissociating in solution.
Coordination complexes capable of stabilizing free radicallk28 have been investigated for magnetic
materialsi®®1%in hopes of facilitating an exchange pathway between paramagnetic metal dardgrs
bearing ligands'® As seen through the followingdentde ligands in Figure 1.9, radicals can be designed
to chelate and bridge both transition and 4esgh metal ions in fixed geometries. The pyridine
functionalized ligand-34 provided a proebf-concept of this approach for 1,2,jBhiadiazolyls though
chelation with Co(hfag)(hfac = hexafluoroacetylacetat® to afford the octahedral compl&@5.111 On
its own, the radical succumbs tedimerization in the solid state, although when complexed the radical
character is shown to be stabilized and FM coupled to thesipighCd center. Since that point, longnge
magnetic ordering at low temgaures has been achieved through bridgiggrids. Complexation of the
diradical ligandl-36 with Mn(hfac) results in the bridged dinuclear complie87, in whicha spin ground
state ofS= 4 arises through the AFM exchange interaction between the diradical li§ant) @nd MH
ions S = 5/2 eah).!*? Between neighbouring dinuclear complexes, electrostatic interactions proliferate a
two-dimensional2D) FM network through S--Odinteractions arising from the ligands andaker AF

interactions couple these magnetic sublattices that order below ¥W&Hrespect to the bridging ligand
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1-38, complexation with Sm(hfaghas resulted in the formation of the esienensional coordination
polymer1-39 thatmagneticallyorders beow 3 Kin a FM state!®
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Figure 1.9 Examples of 1,2,3;8ithiadiazolyls spirbearing chelating ligands and coordinated comple

(in box). For clarity, aly the oxygen atoms of the hexafluoroacetylacatetigands are drawn ir

complexesl-37 and1-39.

Alongsidel-23, 1,2,4,6thiatriazinyls (-25; Figure 1.1 were initially explored for the purpose of
molecular conductivity* These thiazyl frameworks also have the proclivity to dimerize alongitBeNN

region in a cofacial manner, sinceetlargest coefficient of the SOMO is located at the sulfur atom. In

contrast tol-23, small coefficients lie on the carbon centers of the thiatriazinyl ring, in which case spin

density can be influenced to an extent through the substituents at thesmgd&itt’ With that in mind,

the synthesis oheterocycliefunctionalized radicals were explor@@ my graduate studies towards the

development ofredoxversatile spiractive ligands Work presentecn these systems iiv be further

discussed in the earlier chapters of this thesis.
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Figure 1.10 SOMO of 1,2,4,&hiatriazinyls1-25and ciscofacial mode of -dimerization(in box).

1.4.5Magneto-Structural Correlations in ResonanceStabilized Chalcazyls

Pyridinebridged bisl,2,3dithiazolyls (-26) spawn a new generation of stable thiazyls radicals
capable of remaining discrete in the solid state. The extensive resonance affordeN-ajkitheyridine
bridge partitions spin dengi between two 1,2;8ithiazole rings equivalenth!® The SOMO 0f1-26,
illustratedin Figure 1.11, has a nodal plane lying along the central axis. Therefore, the beltline substituents
bear minimal influence towards the intrinsi®perties ofl-26, but aid in the prevention of radical self
association in the solid state. As a consequehsefamily of radicals typically adopt slippéestacks that
lock into a herringbone pattern.

y R ‘ k
szz-fgf::s ™~ T% {S //,
MR IRZ )

Figure 1.11 SOMO of 1,2,4,&hiatriazinyls1-25 and their slipped mode 6fstacking into herringbon:

arrangemaets (in box radicals illustrated by grey disks with a blue sphere for the pyridyl nitroger).a

The relative sizes of the two exocyclic stifoents has been used to probe the arrangemént of
stacks and, hence, the corresponding magnetic behd@bart1.7). Introduction of methyl groups as in
1-40 generates ribbolike arrays of -stacks connectedyla singleS L= L dor§a@t!!® The protruding alkyl
groups pose a barrier for magnetic interactions between ribbons, thereby restricting magnetic
dimensionality across thattice. In the example of tid-ethylated analoguk41 with a proton at the basal
carbon positia, ribbonlike structures are woven together through additiddadl L int&dctions in a
response to the molecular modificatid®s Concurrently, magnetic lattices are crtisged in three
dimensions, due to these sulfur atoms carrying the bulk of the spin density. Magneticgovdas not
observed in this derivative, however, replacement of sulfur for selenium led to isostructural variants
showcasing a variety of magnetic anisoicogifects originating from greater spambit coupling. Partial

incorporation of selenium as f&r42 orders to a spheanted AFM state beloWiy = 18 K12 Heavy atom
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effects are fully realized when complete selenium insertion is facilitated-48¢ in which the order
temperaturdy is raised to 27 K.

| Gt
N~ NN, N~ NN
H
1-40 1-41:E'=E2=S

1-42:E'=S;E2=Se
1-43: E'=E2=Se

Chart 1.7 Structural variants of the pyrididaridgedbisthiadiazinylradical.

1.4.6Pressurelnduced Conductivity via ResonanceStabilized Chalcazyls

While thefamily of 1-26 and their selenium analogues exhibit rich magnetic behaviour, theflack
conductivity renders these systems insulating materials. The degree of slippage, in combination with steric
influences, are contributing factors towards their podiop@rances as olecular conductors. Studies have
shown enhancements to conductivitylid4 through the application of pressure (Cha8).122 At ambient
pressure, the radicals FM order below 17.5 K and increases to 24 K at 2 GPa; one of the highest ordering
temperatures for a neametal ferromagnet. Further pressurization to 5 GPa results in the quenching of the
magnetic behaviour, at which a weak &dilet behaviour was observed at 9 GPa. The drastic change in
electronic properties through applied pressure can be linked to the change in orthogonal orbital overlap by
radicalradical slippage and the closer contacts enforced between them. Furthermgresstince of
selenium enhances the softness (reductidd)iand orbital overlap (promotion i), which in turn, can

improve their performance as molecular conductors

Et 0
IN“- N N\ N“- N\
Se | *,se S, *S
SeTR Sk S S
Br F
1-44 1-45

Chart 1.8 Resonancatabilized thiazyd exhibiting metallic states

Changing the bridging system to a semiquinone structure, &s4dn(Chart 18), has shown
significant improvements on neutral radical conductitity2*A metallic state was reached at 3 GPa, owing
to the removal of thé&l-alkyl group in place foan isoelectronic carbonyl, thiout the need for selenium
incorporation. The chemical modification provides two benefits to the design of molecular contfiétbrs.
First, the carbonyl moiety helps to stabiliz&@ brick-like arrangement of radicals through favourable

S---0b electrostatic interactions, from which an insulating state is destabilized bgsthening of the
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Coulombic energy barrier. Secondly, although the carbonyl does not directly influence the energetics of the
SOMO, it does contribute to the lowering of tHéMO such that it is nearly degenerate to the SOMO. This
effectively amplifies the iketic energy through the multiple orbital effect to help overcome the Columbic
barrier to charge transfer at slightly higher pressures.

1.4.7Magnetic Bistability in Thiazyl -Based Switches

Dimerization is prevalent amongst the majority of monocyclic thiatylsugh a Peierig/pe
distortion along an evenly spacedtack of radicals. This-bonding interaction generally weakens when
the spin density on a thiazyls can be dispd over a larger surface. For 1;8ithiazolyls (-22), adjacent
carbon atoms panit the annulation of a conjugated ring system that can be used to drain some of the spin
density located on the thiazyl ring. Many variants<f2 remain paramagnetic aiom temperature and
often selfassociate through a solgblid phase transition &wer temperatures. While dimerization is still
viewed as an unfavourable attribute in these cases, transitions that are reversible and hysteretic open
possibilities for sutchable material&?’ In other words, the monomeimer ransition occurs at different
temperatures upon thermal cycling, such that a bistagime exists between these two points. For the
present example, magnetic functionality can be inscribed from the differingyispind states of each
crystallographic pase (i.e.5=0vs.S=1).

Thermally induced magnetic bistability was first olveelin1-46 bearing a hysteresis window of
55 K centered around 150'R On two different accounts, removal of the central pyrazine bridge to afford
1-47 was showrio increase the range of the bistable regime and the transition temperaturesasthuh t
switching capabilities were operational at room temperatdté® A commonality between the
crystallographic phases &f46 and1-47 is the presence of slippédstacks of mnomers and dimers in
their respective high and low temperature struct(fFegure 1.2). Crucial to the lagging behaviour is the
|l ateral SLLLNG6 and SLLLSO6 interstack, proposed to
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Figure 1.12Magnetically listable system$-46 and1-47 exhibiting a paramagnetic higiemperature ani

a diamagnetic lowwemperature phase.

1.4.8Liquid Crystalline Materials via 1,2,4Thiadiazinyl

Fused ring systems have been shown for the-thadiazinyl radical frameworkl{24) with two
known crystal structuresfforded byl-48 and1-49 (Chart 19).132 Although the soliestate structuredepict
a Reierlstype distortion along the' -stacksof radicals the intent of these systemssito be used for the
development of liquid crystalline neal radicals where the largérsurface offers the rigid core for
mesogenic materials. Precursordef8 were functionalized ith flexible arms, wheré&-50 was shown to
exhibit liquid crystalline properties and thus, the corresponding radical was eeddio reciprocate a
similar behaviour upon oxidatioi® However, their sensitivity to oxygen was an underlying problem

towards their fabrication. Such studies shed light for new prospective properties for other stable thiazyl

variants.
F Cl E F
,N F ’N Cl
. N. N OC@H‘] 3
Neg F s Cl C5H11_<:>_©_(’
F Cl HN-S F
1-48 1-49 1-50

Chart 1.9 Benzannulated derivatived 1,2,4thiadiazinyls pursued for liquid crystalline materials.
1.5Thesis Outline

Herein, the breadth of the forthcoming work encompasses a body of work dedicated to the design
of thiazytbased solid state molecular materials. Research in the Brusso group has explored thegbottom
approach towards molecular materials utilizing both cloaed opershell thiazyl building blocksGhart
1.10). Ealy work focused on the structupFoperty relationship regarding the eight memberediitiba-
2.4.6.8tetrazocines 1-51) through thienyl functionalization. With the chemistry of thesdesys being
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relatable to opeshell thiazyls, we sought out to e the influences of heteroaromatic functionalization
of thiatriazinyls including the pyridyl(1-52) andthienyHunctionalized {-53) thiatriazinyls as described
in Chapter 2. Results o this work illustrated the novelty df52 and its reduced preaor 1-54 asa
redoxversatile ligand system and directed us to explore molecular mateaasordination chemistry,
from which Chapter 3 embarks on lanthanide chemistry utilizibg and provides insights on the self
assembly of dinuclear complexesrthermore, we recently expanded our work of thidayictionalization

in bisthiadiazinyls as the resonaratabilized framework is known to remain undimerized in the solid state.
Unpublished work described in Chapter 4 surrounds the synthesis and chalbssgpeiated with the
polymorphic nature of-55 and juxtaposed with its halogenated analodug8 and1-57. Lastly, Chapter

5 entails the separation and isolation of two crystallogeapihases ol-58, a bisdithiazolyl radical with
mix-matchedsizes ofthe beltline substituentsn which a highly symmetrical phase acquired at low

temperatures illustrates the foundation for magnetic spiral lattices in the solid state.

~ 7 | PN |
N=S2N R_N_R \'N N N\I N |N S % | =
R\ /R Y | Nig NN Sj;/\[s
N-.S—N "8’ ‘S’ R Ph
1-51 1-52 (R = 2-Py) 1-54 1-55 (R = H) 1-58
1-53 (R = 2-Th) 1-56 (R = F)

1-57 (R = Cl)

Chart 1.10 Open and closeeshell buiding blocks studied in the Brusso group.
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Chapter 2

1,2,4,6Thiatriazinyl Radicals and Dimers: Structural and Electronic
Tuning Through Heteroaromatic Substituent Modification

2.1 Introduction

For some time stable radicals have beengeized as attractive building blocks in the development
of molecular condctors and magnetic materials, in addition to their use as spin bearing ligands in transition
metal complexe§1° The exploration of orgnic and organmain group radicals in the aforementioned
applicatons represents a challenging yet fruitful research area, which drives the design and development
of new opershell materials. In that regard, heterocyclic thiazyl radicals are perhapo#hermising
candidates as thé& N unit not only affords an ungaid electron, but the incorporation of heavy heteroatoms
into planar -conjugated frameworks also provides the potential for structural control through S---N" and
Ci H---N' interactions and better opportunities for enhanced magnetic and electronic onerbgtvirtue
of greater orbital overlaf'*®* These features have attracted researchers in the direction of incorpoiating S
N moieties into -conjugated frameworks and a numbéheterocyclic thiazyl radicals have been shown
to crystallize as discrete radicals demonstrating interesting charge tr&Spad magneti® 8 properties.
Others still have been reported to exhibit head lightinduced dimeito-radical interconversions with

potential applications in magtic switcheg?2°

Concerning their potential as spin bearing ligands, multidentate thiazyl radicals have proven to be
an attractive building block.In this regard, the thiatriazinyl (TTA) radical repemts amrchetypal system,
as the general structure is ideal for the developmentadordinate paramagnetic ligands. Furthermore,
variation of the aromatic substituents, from phenyl groups to heterocycles containing nitrogen, oxygen or
sulfur, facilitaes the dvelopment of chelating paramagnetic ligands, thus enabling coordination to a
potentially diverse range of transition metals and lanthanides. The first report of a TTA radical was
described by Markovskit al. using electron paramagnetic resonafitieR) pectroscopy? however, it
was not until 1984 that Oakley and coworkers first isolated and structurally charactertpegpbBehyt
1,2,4,6thiatriazinyl (PRTTA; Chart 2.1 Since then, bth symnetrically and asymmetrically substituted
TTA radicals have been reported, most of which are partially functionalized by a phenyFiowfith
respect to metal coordination, Boeré and coworkers have explored the reactivity of symmeglié\\Ph
and asymmetric (®henyts-trifluoromethybTTA) derivatives with [Cr(Cp)(C@)2].2"?%As may be
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expected, the substituents played a role in the coordination,a3 A afforded and'i adduct bonded
through the sulfur atom whereas the asymmetric ligaadited in am? S=N linkage. Interestingly, in both

cases, coordination through the central nitrogen of the TTA ring did not occur. It is anticipated that
heteroaromatic substituentsuch as in 3Bis(2-pyridyl)-1,2,4,6thiatriazinyl and 3,5is(2-thienyl)-
1,2,4,6thiatriazinyl (Py¢TTA and TRTTA, respectively; Chart 2.1), would promote such coordination
through the chelating effect rendering thESNN portion of the heterocyclic rindevoid of substituents.

This would therefore permit these heteroatamengage in supramolecular interactions, which has been
shown to direct crystal packing in the solid state and facilitate conductive or magnetic exchange pathways

in thiazyl based rddal complexeg!

N > N ~ —= N =~
7 7o 7o
N-SwN N\SfN Nsst

2-1 2-2 2-3
Ph,TTA Py, TTA Th,TTA
7 e ~
IN H N | — H | . — H —
X | | X \ N ~ N \ N -~ — N /
L+ H _ N N
N‘S'N or S'N NH Ci Ci S’N N"S ci
2-4 2-5 2-6
Py, TTAH

Chart 2.1 Examples of arybubstituted TTA radicals arid-bridgehead thiadiazolium salts.

As a first step towards the development of heteroarorfhatictionalized TTA, the Brusso group
reported the synthesis 8f5-bis(2pyridyl)-4H-1,2,4,6thiatriazinyl (PywTTAH), a task viich involved the
intermediacy of thenono andbis-N-bridgeheadll,2,5thiadiazolium salt®-5 and2-6 (Chart 2.1)° This
unusual nosinnocent behavior of pyridyl nitrogen atoms has only rarely been obs@ther; the apparent
proclivity of the pyridyl ligands to forniN-bridgeread heterocycles rements an important finding and
holds potential in the design of novel opemnd closeeshell heterocyclic compounds. In that initial
communication, the BYTA radical was generatdd situ and characterized by EPR spectrosctipye
have now successfully isolated and characterize@T?yin the solid state. In addition, the syntiseand
characterizatio of thebisthienyl derivative THT TA is also reported herein. Comparison of the EPR spectra
of the two radicals, along with computational studies, reveals the impact of heteroaromatic substitution on
the electronic structure of TTAadicals. Moreover, cstal analysis emphasizes the importance of
intermolecular contacts on the crystal packing and demonstrates the potential for structural control through
S---N" andCi H---N' interactions, which are significantly influenced by the presenf thepyridyl and
thienyl groups in PYTTA and TRTTA, respectively. This work therefore represents a fundamental study
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of heterocyclic aromatic substitution in thiadbdsed radicals and investigates how varying these functional
groups influences thmolecularproperties and longange order within the supramolecular structure.

2.2 Results and Discussion

2.2.1Synthesisand Isolation of Py,TTA

Our initial synthetic worken route to the closeshell Py,TTAH elucidated the preparation and
structural characterizatn of twounusualN-bridgeheaell,2,5thiadiazolium salt2-5 and2-6.2° While the
in situ preparan of Py,TTA through oxidation of Py.-TTAH with half an equivalent of iodine in the
presence of 4limethylaminopyridine (DMAP) was successfully achieved, isolation of the radical in the
solid state proved difficult due to the formation of intractable megwf DMAPsalts. Initial attempts to
overcome this problem included deprotonatioRwil TAH prior to oxidation irorder to isolate the anionic
derivative; however, the proton affinity of the central nitrogen on the TTA ring is quite high and, regardless
of the bas used (e.g., DMAP, proton sponge, KOH, etc.), generation of the anion was unsuccessful. In fact,
Py.TTAH is surprisingly robust with a high tolerance towards aqueous, basic, and thermal conditions. Its
only instability appears to be in acidicnahtions,in which the thiatriazine ring opens and regenerates an
N-bridgeheasl,2,5thiadiazonium saf®

Since deprotonation was not feasible, treatment with a relatively strong oxidant such as bromine
was considered in order to prepare-Bi&g2-pyridyl)-1-bromeo1,2,4,6thiatriazine. This was not only
expected to eliminate the problem associated thigiprota on the central TTA ring, but also to provide a
compound that can be treated with a suitable reductant to affefd Rysimilar to the aforementioned
route employed for the phenlghsed derivative®. However, while reaction with braine formed the
desired ibromeo1,2,4,6thiatriazine, the generation of HBr led to protonation of the pyridyl nitrogen atoms
affording the 3,8is(2-pyridinium)-1-bromo1,2,4,6thiatriazine dication, isolated as a mixed
bromide/tribromide salt212;, Scheme2.1). Crystallization of this material from dichloroethane (DCE)
afforded yellow needles suitable forrgy analysis confirming the structural idigy of 2-12 (Figure2.1a).

Figure 2.1 ORTEP drawings (50% thermal ellipsoids) of the asymmetricair{#) 2-12 (b) 2-13 (c) 2-
14and (d)2-15at 200 K, with atom numbering of the TTA riffgr crystallographic data see Tables A:
and Al.2in AppendixAl). Disorder in the thiophes®f 2-15is not shown.
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2-7 2-9: R =2-Py 2-8
2-10: R = 2-Th
i lfv \
S
= H ) = H = 7S S
\ = N ﬁ, \ = N = Y/ = N =
_N+ H _ SN N=t _ - |
cl S” Cl | S” =S ¢l N:S,N
2.5 2-6 i
vi vii 2-11
Z N NZ
I H | ix
~ N . R._NUR
NSO \S’
2-4 2-2: R = 2-Py (Py,TTA)
Py, TTAH 2-3: R = 2-Th (Th,TTA)

H H
“ N N~
| | N R_N_R
(j\r ""‘ Q\(N\ X I 1) || g2 A
I . 3 N‘S'N
7 ra

N\ ’,N 11
B $ N o)
Br 3 Eli ~ NN
r 2-14: R = 2-Py
212 2-13 2-15: R = 2-Th

Scheme2.1 Synthesis of PTTA and ThTTA. Reagents and condition$) NHsg, MeCN, 110 °C, 72 h
(ii) 2-thiophenecarboxamide, NaH, DMSO, 25 °C, 56 hijij) SCl. (3 equiv.), MeCN, 25 °C, 3 hj\
S,Clz (4 equiv.), MeCN, reflux, 16 hy{ SCl> (5 equiv.), MeCN, reflux;\i) PhCI, reflux, 72 h;\(i)
SbPh, MeCN, reflux, 1 hyviii) SbPR (0.5 equiv.), MeCN, 25 °C, 1 hixj NCS (0.5 equiv.), DMAP.
MeCN, 25 °C, 2 h;X) Br,, MeCN, 25°C; (xi) Br,, DMAP, MeCN, reflux; kii) O,, MeCN.

To avoid protonation of the pyridyl nitrogen atoms, PyAH was treated with bromine in the
presence of DMAP, affording the desired compoundb&@&-pyridyl)-1-bromo1,2,4,6thiatriazine.
However, while this confirmed thatNDAP successfully inhibits protonation, the prod2ct3was isolated
as a cocrystal with DMAP-HB(Figure2.1b) and attempts to reduttés mixed salt with triphenylantimony
resulted in the regeneration of F¥AH. In order to isolate the FYTA radical, we therefore turned to the

use of oxidants, wbh would not generate protons as a gideduct. Oxygen, of course, also had to be
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avoided due to the proclivity of TTA radicals to formoko-1,2,4,64H-thiatriazines (e.g.2-14; Figure

2.1¢). Various mild oxidants, including 2@chloro-5,6-dicyanobenzoquinon&y-bromosuccinimide and
N-chlorosuccimmide (NCS) were explored, and of these NCS proved to be the most effective affording
Py,TTA as a microgystalline copper colored solid. Recrystallization obPRA from hot acetonitrile
(MeCN) afforded crystals suitable forpdy analysis\ide infrg).

2.2.2Synthesisand Isolation of ThoTTA

In regard to THTTA, the absence of basic sites on the thienyl residue suggested that the synthesis
would resemble that of the phenyl derivatives more closely than that of the pyridyl deriMatietheless,
regardless fothe reaction pathway the most succesgitéparate routes include condensation of
imidoylamidines with excess sulfur halid&€?3! which thereforerequires N-(2-thienylimidoyl)-2-
thienylamidine 2-10) as a starting point. Although several preparative routes have been reported,
unsubstitutedN-imidoylamidines remain a synthetic challenge and have received relatively little attention
in literature. Theelassical route involves the reaction betweenldhioimidoylamidinewith an amidine®?
whereas anl&rnative avenue includes ring opening of triazines with lithium bis(trimethylsilyl)afhide.
More recently, however, nitriles activated through irithéc effects have been shown to undergo
nucleophilic addition reactions with ammonia or amidf@:3* Our initial attempts to prepar2-10
therefore focused on the reaction efyanothiophene2t8) with NHs(g), which proved successful for the
pyridyl derivative 2-9).2° Unfortunately, negligible yields of the desl product were obtained regardless
of the temperature or pressure conditions used. Thisomaytributed to the electron donating character of
the thiophene moiety, which deactivates the nitrile to nucleophilic addition. Similar challenges were
encounered when effort was directed towards the reaction between thebasee thiopheng-
carboxamithe with 2cyanothiophene. This was overcome by strengthening the nucleophilicity of the
amidine through deprotonatiaia lithium diisopropylamide affording-10 as a brown oil. Although this
route can be used to prepd@d0, isolation ofN-(2-thienylimidoyl)-2-thienylamidine was problematic
leading to relatively poor purified yields. This was alleviated by changing the base to sodium hydride and
employing a vey polar aprotic solvent (e.g., DMS&)affording 2-10 in much higher yield and greater
purity (Scheme 2.1)Subsequent condensatior?efOwith excess sulfur monochide afforded 3,5is(2-
thienyl)-1-chloro-1,2,4,6thiatriazine 2-11) as a bright yellow crystalline material. Due to its limited
stability, 2-11 was used directly without further purification in the reduction reaction with
triphenylantimony resulting in dark green microcrystalline soli@rystallization from hot DCE afirded
Th,TTA as dark red platelets suitable for singtgstal Xray analysishowever,if molecular oxygen was

presentcrystals of2-15would be produce@Figure2.1d).
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2.2.3EPR Spectroscopyf TTA Radicals

We previously reported tha situ EPR spectrum oPy,TTA in dichloromethane (DCM), which
consisted of a complex multiplet that was simulated using a model based on hyperfine coupling to two
equivaleit and one uniqué“N nuclei (experimentally derived constangs: = 3.72 G;an = 4.27 G;
calculated coupling constants; = 3.47 G;an = 4.20 G)® Interestingly, when recrystallizey,TTA was
dissolved in degassed DCM, the solution remained EPR silent. Wisiléniding was initially surprising,
an EPR spectrum consistent with that obtained frositu preparation oPy.TTA was eventually achieved
by switching to hot toluen@Figure2.2a; ay = 3.77 G and 4.38 G), which was necessary to provide the
elevated temperatures required to disséyel TA. By contra§ the Xband EPR spectrum dh,TTA
recorded in DCM at room temperature was much more easily obt#déhting that dissolution and/or
dissociation oTh,TTA is clearly more extensive than in the caseyT TA. The EPR foiTh, TTA exhibits
a severine pattern that is consistent with the DFT calculated spin distribution for a TTA raBigalé
2.2b). It was simulated using a model based on hyperfine coupling to threeequasilent*N nuclei @
= 3.92 G an@.86 G), which may be coraped with DFFcalculated valuesag = 3.77 G and 3.67 G). The
near equivalence of the values here is in contrast Ry,TTA (Figure2.2a) and is constent with the
expected electronicifferences between the thienyl and pyridyl ligands, the latter being a more potent
electronwithdrawing group. As a result, tl,TTA spin density is more extensively polarized away from
the N Si' N region of the TTA coreSimilar trends have been observethe EPR spectra grsubstituted
aryl TTA radicals?>3¢ For example, spin density in TTéystems is equally distributed over the three
nitrogen atoms when phenyl orMeOGsH4 substituents are employed, but becomes stropglsrized
toward the central nitrogen atom (in the TTA ring) when eleetvithdrawing 4NO,CsH4 groups are
present® Thus comparison between the EPR spectra sf By and ThTTA confirms the expectation that
heteroaromatic subatition influences the electronic structure of Tria@licals. Furthermore, this study also
speaks to the solubility and, accordingly, the strength of intermolecular interactions observed in the pyridyl
derivative compared to that of JTr'A, which is further &emplified by inspection of the crystal structsire
(vide infra).
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Py, TTA Th,TTA

%WWW

4.38 (4.20) 386(367
3.77 (3.47) 3.92 (3.77)

Figure 2.2 (a) Experimental (top) and simulated (middle) EPR spectréeft) Py.TTA in toluene
collected at 40 °@g = 2.0068; SW =8G; LW =0.24G) and(right) Th,TTA in DCM collected &RT (g

= 2.0066; SW = 3%5; LW = 0.19 G). Experimentally derived and calculated (in parentheses) cou
constantsy in G (below).(b) UB3LYP/6-311+G(2d,p) calculatedop) SOMO and lfottom) spin density

distribution for a geometry optimized model o2 4,6thiatriazinyl.

2.2.4Structural Analysis of TTA Radicals

To explore the impact of heteroaromatic substitution (i.e., pyuisiythienyl) on crystal packing,
single crystals of RfTA and ThTTA were analyzed by Xay diffraction Crystallographic datard
selected bond lengtlese listed in Thle A1.3and Al.4of AppendixA1l, while ORTEP drawings of the

molecules in the asymmetric units are provideBigure2.3.

(a) (b)

Figure 2.3 ORTEP drawings (50% thermal ellipsoids) of the asymmetric unit oPYal)TA and (b)
Th,TTA at 200 K, with atom numberindisorder in the thiopheseof Th,TTA is not shownColour
code: C, grey; H, whiteN, blue; S, yellow
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Two views of thesolid-state structures, that of the cofaciatlimer and dimeof-dimers (i.e.,
tetramers), are shown Figure2.4. Focusing on the molecular framework, a number of similarities exist
between the two compounds. For example, crystaRysiiTA and ThTTA consst of discrete pairs of
TTA rings linked in a ctacial manner containing short S---S contacts of 2.592(6) A and 2.647(1) A,
respectively. While these distances are longer than a disulfide bond (2.06)&’ith8yare substantially
shorter than the sum of thervader Waals radii (3.6 Aj and ae comparable to the transannular $6--S
interactions often observed in binary sulfur nitrides, which range from 2.43 to 2.65 A (e.g., 2.43 A for
bis(dimethylamino)1,5,2,4,6,&dithiatetrazocing® 2.58 A for SN.).*° As well, since the two TTA rings
are perfectly eclipsed, numerous cl&e-N§ N---Nbéand C:--@interactions exist witin the dimer as a
result of the close S:-&ontact In the structure of both BYTA and ThTTA, the two TTA rings that
form the cofacial dimer exhibit shallow be#te configurations due to a slight disggement of the nitrogen
and sulfur atoms thatsile along the center of the molecular framework (i.e., the sulfur and nitrogen atom
para to it). It is interesting to note that similar structural features (e.g., cofacial dimerlikmat
configuration) wee described for the phenyl derivativeePRA; 2 indicative of minimaktructural variation

of the TTA ring and cofacial dimers upon heterocyclic substitution.

(a)
S--8'=25922 A; SN’ = 3.230-3.250 A S--§'=2.647 A; S--N' = 3.243-3.304 A
N--N'=2.992-3.025 A; N---C' =3.299 A; C---C’ = 3.190-3.408 A N--N’' = 2.998-3.060 A; N---C’ = 3.190-3.330 A; C--C’ = 3.215-3.408 A
(c)

SN =2.940-3.339 A; N-'N' = 2.968 A S8 =3.642 A; SN’ = 3.105-3.279 A
Figure 2.4 Two views ofthe dimer (a, b) andimer-of-dimers (c, d) for PMTA (a, ¢) and THTTA (b, d)
are shown with close intermolecular contacts highlighted by dashed kaded regions indicat

molecules in background of vie@olour code: C, grey; H, white; N, blue; S)lgev.

While a numler of similarities exist between the structures off A and ThTTA, the impact of
heteroaromatic substitution becomes apparent when looking at the supramolecular contacts, which direct
packing in the solid state. For example, wittie asymmetric unitfd®y.TTA, which belongs to the triclinic

space groupl and contains two molecules, many unigue close contacts that are within or nominally larger
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than the sum of the van der Waals separation &xisthereas crystals of ThTA belong to the monoclinic

space groupP2:/n and consists fofewer intermoleular interactions Although both compounds form
tetramers in the solid state, inJPYA these headlo-head dimeiof-dimers are held together by numerous
S---N' interactions, whereas only one S---S' and three unique S---N' contacta dkiststructure fo
Th,TTA. Futhermore, the tetramers of AT A form a bricklike array held together by a series of close
“-contacts between the carbon atoms on the pyridyl rings and either the pyridyl or TTA ring on adjacent
tetramersFigure2.5a) . A -epeivievdodtee Py TA brick-like array reveals additional close contacts,
many of which stem from hydrogen bonding between adjacent pyridyl holgkng the molecules together

in a 2D fashionKigure2.5b).

S--C’'=3.558 A; C---C’ = 3.346-3.465 A C--C' =3.460 A
C—-H---S'=2.950 A; C-H--N' = 2.596-2.809 A C-H-N’' = 2.644-2.841 A; C-H---C’' = 2.910-2.994 A

Figure 2.5 Views of the packing arrangement exhibited by crystals eT P demonstrating (a) the briek
like array of " -stacked tetramenseld byinterlayer 7" contacts and (b) the twdimensional network
formed betweetetramers oadjacent bricike arrayslinked by lateal contactsContactdacing dimer
of-dimers (including S---S' dimer contactsare shown in yellondashed linesand contacts betwee
tetramers are shown in red dashed lisour code: C, grey; H, white; N, blue; S, yellow.

Similar to PYTTA, tetramer®f Th, TTA also form a brickike arrangement held together primarily
through” 7" interactions (e.g C---C' and C---S"); however, contrary to,PYA, the structure of THTA
consists of alternating layers ‘oktacked tetramers that are rotated wéipect to one another by 51.60(7)°
forming a crossbraced configuratiorFjgure2.6a). These layers are held together through latarhl---N',
CiH---S, and S---C' interactionsF{gure 2.6b). While a number of contacts exist within the thienyl
derivative, there are fewer thanat of the pyridyl derivatie. Such structural features may explain the
enhanced solubility and presence of an EPR signal fof THh compared with Py TA, which is EPR
silent at room temperature. While the electvathdrawing vs. donating substituentsvhdittle structural
impacton the molecular framework of the thiatriazinyl rings, heteroaromatic substitution (i.e., pyridyl vs.

thienyl) significantly influences the loagnge molecular order and, therefore, the supramolecular
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architectures. This findmis further supported by ngaring the crystal packing of the phenyl derivative
(PRTTA) with that of the pyridyl (P¥TTA) and thienyl (TRTTA) analogs, where even fewer

supramolecular contacts exiét.

S---C' = 3.448-3.595 A; N---C’ = 3.347 A S--C'=3.570 A
C--C' = 3.398-3.500 A; C-H---N' = 2.573 A C-H---S'=2.890-3.096 A; C-H--N" = 2.662 A

Figure 2.6 (a) View of the packing arrangement exhibited by crystals off T demonstrating (a) thi
brick-like arrays of -stacked tetramers held by interlay&f contacts and the cressaced arrangemet
between adjacent arrayBaded regions indicate molecules in background of viéw Orthogonal
viewpoint of adjacent arrays linked by lateral contacts. Contacts lacimerdf-dimers (includings---S'
dimer contactsqre shown in yellow dashed lines and contacts between tetramefan in red dashe
lines.Colour code: C, grey; H, white; N, blue; S, yellow.

2.3 Summary and Conclusion

The isolation and solidtate charaetization ofPy.TTA has now been achieved. In addition, the
thienyl derivativeTh,TTA was prepared and structurally characterized. From a synthetic standpoint, the
nature of the heteroatom in the aromatic substituents plays a pivotal role in the prepathtivay. Based
on the results described here, the generation of a wide rangeeafdrematic TTA derivatives can be
anticipated. Comparison of the EPR spectra along with computational studies demonstrates the effect of
heteroaromatic substitution oretklectronic structure, while crystal analysis emphasizes the importance of
intermolecular contacts on the crystal packing. In this regard, although structural studies reveal several
similarities betweerPy,TTA and ThTTA, the pesence of heteroatoms inettaromatic substituents
significantly influences the crystal packing and, hence stiramolecular architectures. The enhanced
intermolecular interactions observeddgwTTA and ThTTA (compared to PITTA) result in more tightly
bound structures, the catpience of which was particularly noted in the EPR studies,®fTRy in which

a purfied sample requires hot toluene to produce an EPR signal.
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Inclusion of heteroatoms in the aromatic substituents of TTA not only influences the molecular and
solid-stateproperties of the discrete molecules, but it also facilitates coordination to ty wdneetals. Not
only is this anticipated to stabilize the unpaired electron thus preventing dimerization, but it also provides
an avenue to generate coordination comgsdkat can take advantage of the unencumbér8oNNportion
of the TTA ring, which an engage in supramolecular interactions that are known to direct crystal packing
in thiazyl based ligands and provide conductive and magnetic exchange pathvealdition, the redox
flexible properties of TTA enables a degree of tunability in regartth@¢ooxidation state of the ligand
framework (e.g., 7-neutral radical and "8anion) prior to or postoordination. Thus, the synthetic
preparations described here preseets opportunities to explore heteroaromatibstituted TTAs for the

development obrganiecmetal hybrid materials.

2.4 Experimental Details

2.4.1General Procedures

The reagents sulfur monochloride (Sigildrich) and triphenylantimony (TCI America) were
obtainedcommercially and used as received. Sodium hydride (60% dispersion in mineral ai\eskr)
was washed with hexanes prior to uget,?® 2-8,*> and 2thiophenecarboxamidifféwere prepared as
outlined in the literature. All deents were of reagent grade; MeCN and DCE were dried by distillation
over BOs and sored over 4 A molecular sieves. Dimethyl sulfoxide was dried and stored over 4 A
molecular sieves. Unless otherwise indicated, all reactions were performed under gheteno$ dry
nitrogen using dried solvents. Melting points were taken using @l ke apparatus and are uncorrected.
NMR (*H, ¥C) spectroscopy was performed on samples dissolved in deuterated solvents at room
temperature using a Bruker Avance 400 MHzcsfmeneter and the spectra were referenced to the residual
solvent signat? FTIR spectroscopy was performed on solid samples using an Agilent Technologies Cary

630 FTIR spectrometer. Elemental analyses were performed by MHW LaboratoriesixPAZ 85018.

2.4.2Experimental Procedures

Preparation of 3,5bis(2-pyridyl) -1,2,4,6thiatriazinyl (2-2). Py, TTAH (0.500 g, 1.96 mmol), -4
dimethylaminopyridine (0.136 g, 1.11 mmol) aidchlorosuccinimide (0.134 g, 1.00 mmol) were
combinedwith degassed MeCKb mL; 3 freezepumpthaw cycles) affording a maroorusty. After 2h,

a fine brown solid was filtered vacuoand washed twice with MeC{8 mL). Crude yield =0.175 g (0.688
mmol, 35%). Recrystallization from MeCN afforded bldamown microcrystalline mteral of 2-2. IR (gmax,

ATR): 3050 (w), 3004 (w), 164 (w), 1571 (w), 1530 (m), 1510 (m), 1489 (m), 1476 (m), 1461 (m), 1422
(m), 1396 (m), 1380 (s), 1345 (m), 1254 (m), 1231 (m), 1160 (w), 1112 (m), 1042 (w), 994 (m), 974 (w),
912 (w), 843 (w), 814 (w), 768 (s), 757 (mBI7(s), 726 (s), 692 (m), 668 (win™. Anal. Calcd for
C12HeNsS: C, 56.68; H, 3.17; N, 27.% Found: C, 56.90; H, 3.37; N, 27%6
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Preparation of N-(2-thienylimidoyl) -2-thienylamidine (2-10). Sodium hydride (1.71 g, 71.3 mmol) was
added to a solution @&thiophenecarboxamidin®.00 g, 47.6 mmol) an2thiophenecarbonitril¢€5.20 g,
47.6 mmol)in DMSO (86 mL).After stirring for 56 h at room temperature, the resulting dark brown
solution was quenched with 200 mL of water and extracted with DCM. Theilogfase was washed with
water, dried over potassium carboretelfiltered. The filtrate was drieth vacuoaffording2-10as a brown
solid (9.26 g, 39.4 mmol, 83%). Pale yellow needlez b were obtained by recrystallization in hexanes.
MP =98/ 99 °C *H NMR (i, CDCE): 7.51 (2H, dd,J = 3.8,1.2 Hz), 7.46 (2H, ddJ = 5.0, 1.2 H2, 7.09
(2H, dd,J = 5.0, 3.8 H2. °C NMR (U, CDCk): 162.09(2C), 142.75(2C), 130.10(2CH), 127.73(2CH),
126.43(2CH). IR ( g ATR): 343 (M), 3263 (M), 1588 (s), 184s), 1481(s), 143 (s), 132 (s), 120
(m), 1241 (w), 1167 (s), 161(w), 1047 (m), 978 (m), 910 (w), 856 (m), 8Am) cm. Anal. calcd for
Ci0HoN3S,: C, 51.04; H, 3.86; N, 17.86. Found: C, 51.16; H, 3.73; N, 17%4

Preparation of 1-chloro-3,5-bis(2-thienyl)-1 §2,4,6thiatriazine (2-11). Sulfur monochloride (5.72 g,
42.4) was added dropwise to a stirring solutior2-d0 (2.0 g, 8.50 mmol) itMeCN (50 mL)forming a
white precipitate, which dissolved upon heating to reflthe resulting bright orange solutionsvdtered
hot and, on cooling to 0 °C, yellow needike crystals formed. The crystals were filtered and died
vacua Yield 2.07 g (7.22 mmol, 85%3H NMR (Ui, CDCL): 8.22 (2H, dd,) = 3.9,1.3 Hz), 7.78 (2H, dd,
J=5.0, 1.3 H}, 7.24 (2H, dd,J = 5.0, 3.9 H, *3C NMR (i, CDCk): 165.48(2C), 140.85(2C), 135.91
(2CH), 134.38(2CH), 129.09(2CH). IR ( g ATR): 31 (W), 1516 (s), 148 (w), 143 (m), 13% (s),
1219 (s), 11B (m), 1027 (br, s), H(br, m), 858 (s), 88(m), 823 (m), 768 (s), 745 (M), 715 (s), 699 (s)

cmt.

Preparation of 3,5-bis(2-thienyl)-1,2,4,6thiatriazinyl (2-3). Triphenylantimony (1.22 g, 3.45 mmol) and
2-11(2.07 g, 6.90 mmokvere @mbined with degassed Me(R freezepumpthaw cyclesyesulting in a
maroon slurry. After stirring foll h, a dark purple solid was filtered in vacuo. Crude yield 1.66 g (3.14
mmol, 91%). Recrystallization from DCE afford@eB as sparkly, green platese@>135°C. IR ( g
ATR): 3089 (w), 1519 (m), 1464 (m), 1418 (s), 448), 170 (s), 1340 (s), 1328 (s), 18%m), 11% (s),
1142 (w), 1126 (w), 180 (m), 1052 (m), 1031 (s), 1015 (s), 10@), $40 (m), 910 (w), 88 (m), 853 (M),

798 (m), 764 (s), 74%), 7% (s), 710 (skmt. Anal. calcd for GHeNsSs: C, 45.43; H, 2.29; N, 15,96.
Found: C, 45.60; H, 2.47; N, 15%yv

2.4.3EPR Spectroscopy
The X-band EPR spectra of PyTA and ThTTA were recorded using a Bruker EM200
spectrometer on samples dissolveddigassedlichloromethane and/or toluene. Hyperfine coupling

constants were obtained by spectral simulation using PEST Winsim and Bruker WinEPR Sthfonia.
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2.4.ACrystallography

The data collection results foroonpound2-12, 2-13, 2-14, 2-15, PwTTA and ThTTA represent
the best data sets obtained in several trials for each sample. Ttaésemeemounted on thin glass fibers
using paraffin oil. Prior to data collection, crystals were cooled to 200.15 K. The data was collected on a
Bruker AXS KAPPA single crystal diffractometer equipped with a sealed Mo tube source (wavelength
0.71073 A) ad APEX Il CCD detector. The raw data collection and processing were performed with the
APEX Il software package from BRUKER AXSThe diffraction data for crystals @12, 2-15 and
Th,TTA were collected vih a sequece of 0.3°wscans at 0, 120, and 240°%inDue to the lower unit cell
symmetry, in order to ensure adequate data redundancy, diffraction dath3d-14 andPy,TTA were
collected with a sequence of 0.@8%5cans at 0, 90, 180 and 2709%inThe initial unit cell parameters were
determined from 60 data frames with Oi8%caneach, collected at the different sections of the Ewald
sphere. Semempirical absorption corrections based on equivalent reflections were d@8igstematic
absences in the diffraction data and unit cell parameters were consistent witit ®p:fior compound2-
13, 2-14andPy,TTA, monoclinicP2:/c for compound-12, monoclinicP2; for 2-15and monoclinid2:/n
for Th,TTA. Solutions in the centrosymmetric space groups for all the compounds extepielded
chemically reasonable and comatitinally stable results of refinement. Meanwhile, diffraction data-for
15 suggested nenentrosymmetric space groups for the stmadtmodel. The structures were solved by
direct methods, completed with difference Fourier synthesis, and refined With&uix leastsquares

procedures based &#.

The structural model f&-14 contains one target compound molecule located in gepesdions.
An initial unit cell determination procedure suggested that the crystal mounted on the machine-was non
meroherally twinned. Refinement of the structure confirmed the presence of the second independent
crystallographic domain. In order to fifmkdependent orientation matrices 5423 reflections were collected
from 3 sets of 50 frames each in the different sectidriie Ewald sphere. The collected reflection data
were processed with CELL_NOW softwérand produced two independent orientation matrices. The data
set was rantegrated with two obtained matrices, treated twinning absorption corrections and
consecutive model refinement was performed against HKLF 5 reflection data file. Twinningndatiai
coefficient (BASF) was refined to 0.4102.

The asymmetric unit for compou2dl3includes two target molecules aode molecule opara-
amino pyridine, all located in general positions. The structure also incorporatesstani@&ms located in

thetwo independent inversion centers.
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The diffraction data for the crystal of the compR%2 were collected to 0.75A rekition; The
absorption correction stage, that both R(int) and R(sigma) exceed 35% for the data below 0.85A resolution.
Based on the R(sigma) value, data were truncated to 0.80A resolution for refinement. The asymmetric unit
for this crystallographic modeif 2-12 consists of one target compound molecule, oneddion and one
separate Batom. All the fragments are located in the general positions.

The structural model dPy.TTA consists of two aligned molecules of the target compound with
close contadbetween two sulfur atoms of the units (3@(2) = 2.59A). Both molecules are located in the

general positions in the unit cell.

The asymmetric unit for the structure ZfL5 contains one target molecule located in a general
position. On the final stageof refinement, the numbers suggested the presence of merohedral twinning in
the structure. To take this into account, simple TWIN and BASF instructions were introduced and the
twinning parameter was refined to 0.0687. After introduction of anisotrofineneent parameters for all
the nonhydrogen atoms, it was discovered that one of theBber rings (S(3), C(7E&(9)) of the structure
is disordered by 186rotation around the Qfi C(7) carborcarbon bond. The atomic positions of this
fragment were splito model the disorder and occupancy was allowed to refine. On the latest stages of
refinement, occupancy was fixed at 6138% providing satisfactory anisotropic thermal motion
pamameters. To ensure proper geometry of the disordered moiety, a set ofrgex@sains (SAME) were

introduced.

The structural model for BMTA demonstrates two molecules of the target compound located in
the general position of the unit cell. Similarthe structure dPy.TTA, these two molecules reveal close
contact betweetwo sulfur atoms (S(1)5(4) = 2.65A). The anisotropic refinement of the structure revealed
possible disorder by 180otation around the carbon bonds for all four of theéimber ings. To model
the disorder, the positions of sulfur atoms within theseeber rings and the positions of carbon atoms
opposite to sulfur were split and the occupancy coefficients were allowed to refine. On the later stages of
refinement, occupancy cogfients were fixed at the following values: S(2), GGp) ring is rotated
around C(1)C(3) bond with partial occupancies 90% : 10%; S(3), IG¢7}0) ring is rotated around C(2)

C(7) bond with partial occupancies 75% : 25%; S(5), G@@QR)6) ring is rotatd around C(11)(13) bond

with partial occupancies 80% : 20%; S(6), C{XA(RO0) ring is rotated around C(1Z}(17) bond with

partial occupancies 65% : 35%. To ensure proper fragments, geometries and acceptable anisotropic thermal
displacement coefficienfer two sets of geometry (SADI) and thermal motions (EADP) restraints were

used during the refinement.
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For all six compounds, positions of all hydrogen atoms were calculated based on the geometry of
related norhydrogen atoms. All hydrogen atoms wereateel as idealized contributions during the
refinement. All scattering factsrare contained in several versions of the SHELXTL program library, with
the latest version used being v.6%12.

2.4.5Theoretical Calculations

All calculations were performed at the DFT level using the UB3LYP functi@satontained in the
Gaussian 09W suite of prograffisviolecular geometries were optimized using th@1d+G(2d,p) basis
set without symmetry constraints. Isotropic Fermi contacts wera fed® singlepoint calculations using
the doublezeta basis set EPR for first-row atoms and sphtalence triplebasis set ©11G(d,p) for
secondrow atoms on the optimized geometries.
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Chapter 3

ConnectingM ononuclear Dysprosium Single-M oleculeM agnets to
Form Dinuclear Complexesvia in situ Ligand Oxidation

3.1Introduction

Since the discovery of the magHiée behaviour of slow relaxation of the magnetization in
individual molecules, singleolecule magnets (SMMs) have emerged as prominent systems in regard to
molecular magn&m.?! This is primarily due to the fact that these molecules hold tremendous potential
towards implementation in quantum computation and memory storage de@ues.the years, several
hundreds of research groups have focused their attention on the synthesis of new SMMs with large energy
barriers using various anisotropid Bietal ions® ” However, the recent development of lanthanides as ideal
candidates for the isolation of high barrier SMMs has shifted synthetic efforts due to the considerable
intrinsic magnetic anisotropy of the lateedement$! !

Although lanthanideSMMs hold the current record for large anisotromrriers, significant
improvements are necessary for their realization in the aforementioned applicatianstdrare, inducing
magnetic coupling between twbidns remains a major challenge due to the core nature of thbitls.

In addition, contrding the symmetry, coorditian geometry and the crystal field effects are not trivial.
This therefore necessitates the design, synthesis and study of novel systems. When it comes to developing
new SMMs, ligand design is critical. To that end, ligands rbestfficient chelates whilalso harnessing

the intrinsic anisotropy of lanthanide ioffs:* Ligands that can also act as bridging units between metal
centres are particularly attractive as they can also providgmtat magnetic exchangetpaays often
termed supeexchange. In most casdigands are carefully chosen for these chelating and/or bridging
properties. In that regar@, , 2 6 -t&@pyridiBed(@rpy Chart 3.} is a weltknown tridentate chelating
ligand that has been used foweeal decades for encapsulating metal ions. However, terpy does not provide
any possibilities for bridging metal ions. In contrast;l3&g2-pyridyl)-4H-1,2,4,6thiatriazine (PyTTAH;

Chart 3.} is an inherently redoactive pirtertype ligand as discussén Chapter 2The versatility of

Py, TTAH as a ligand is shown upon deprotonation to act as an anioni€RyilitTA") or subsequent
oxidationto generat¢he neutral radical (PYTA), which can then be further oxidized to forroto-3,5
bis(2pyridyl)-4-hydro-1,2,4,6thiatriazine {-oxo-Py,TTAH); all while retaining its stable coordination
pocket (Chart 3.1)!%! Therefore,Py,TTAH is an ideal ligand system to explore in the caation

chemistry of lanthanide ions.
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The synthesis of SMMs based on coordination chemistry relieselfrassembly proess. In this
approach, energetically favourable coordination complexes are formed and subsequently studied through
singlecrystal Xray diffraction and magnetometry in order to establish maggtetictural correlations.

Little importanceis typically given to the seHassembly process as the reaction intermediates are often hard

to isolate or study since these reactions involve several ingredients irpat@ynthesis. However, if the
self-assembly process can be monitored and studiedluable informton on the complex formation can

be achieved. This can subsequently be applied to the synthesis of targeted molecules. With this in mind, we
have focused our attention on the synthesis of P&-based lanthanide SMMs, not only for themgnetic
behaviourbut also to investigate their selésembly process. Herein we report the synthesis, isolation and
study of [Dy(1-0x0-Py,TTA)2(NOs)4(H20),]-CHsCN (3-7a), exhibiting SMM properties. In addition, its

yttrium analogue3-7b) is reported in order to elucigathe seHassembly of our SMMia NMR studies.

3.2 Results and Discussion

3.2.1Synthesis Crystallography and Time DependentH-NMR Studies
Reaction oDy(NOs)s-6H,0 (1 equiv.) with3-2 (1 equiv.) in acetonitrile (MeCN) yieldeddark
purple solution which turndear colourless within onieour (Scheme 3.1)After 3 hours, the formation of
pale yellow rectangular shaped crystal8-aTa-MeCN resulted in 60% yield. The drastic change in colour
of the reactiommixture indicates a cimge in thefiredoxo chemistry of tie ligand upon coordination. This
is further evidenced by the singteystal Xray structure, which indicates that metal assisted oxidation of
the ligand occursv{de infrg). It is noteworthy that an increase in metal comicdion (e.g., from 1 to 2
equivdents) in the reaction mixture accelerates the rate of the change in colour. In addition, the size and
shape of the reaction vessel influence the rate of the reaction. Based on these observations, it is clear that

some ineresting redox chemistry is ocdmg, asPy,TTAH is surprisingly robust with a high tolerance
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towards aqueous, basic, and thermal conditions. Its only instability appears to be under acidic conditions,
in which the thiatriazindTTA) ring opens and regerates anN-bridgeheael,2,5thiadiazolium salt’
Furthermore, oxidation ®y,TTAH in the absence of metals is not achievable. For example, bubbling O
gas through sations of Py.,TTAH in methanol MeCN (wet and dry) andichloroethandeft Py,TTAH

intact (i.e., no oxidation occurred). If, however, the ligand is coordinated to a aretakidation becomes

more feasible, as has been observed in previous coordinatibessemploying this ligand systéeft®

Q
X X N =N
Q

XN x X x
\I/ \I/ o ON,

Z N NZ = z Z Q/ N\ Moo—n=0
5, | H . I I/ - |N N N\ I N O-—M"""N ) / N_.\Mgsf/—o;'[\j—
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b: M = YN b: M= YN b: M = Y

|
I

(a) (b) ’ (c) (d)

(e) (f) )

)
e |l |

Scheme3.1 (Top) Synthesis of complexeés7aand3-7b. X = NOs or H,O. Reagents and condition$) |
M(NO3)s-6H-0, MeCN,25 °C (Bottom) Progression of the reaction mixturetat (a) 0 min, (Ibk) 80
100 min, (1) 3 h.

(i) )] (1

SincePy, TTA canexist as a neutral radical in solutjdime generation of the oxide may be attributed
to the generation of the radical, which is known to be susdepiiboxdation'® Alternatively, the
generation of the oxide may occur following coordination to the metal ion, which pulls electron density of
the anionic charge towards the metal celetaging the suilr @aom of the TTA ring susceptible to oxidation.

In order to elucidate the reaction process, time depefdedMR studies were carried out on timesitu
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reaction betweely (NOs)s-6H0O (2 equiv.)and3-2 (1 equiv.) in CRCN. The choice ofttrium saltover
Dy(NOs)3-:6H.0O for the NMR studies was due to the diamagnetic natwiech would enable the
determination of a radical intermediate (eifga, paramagnetic signal was observed this could be attributed
to the generation of thBy.TTA radical). Conversely, ifdiamagneticintermediates are formed, using
yttrium in place of dysprosium enables identification of the intermediead$MR spectroscopy. In order

to correlate these results with the reaction observed befwd®&Ds)s-6H,0 and3-2, in addition to simir
physical properties of the reaction (i.eleaching of the reaction mixture) ey analysis confirmed the
generation of isostructural p{1-oxo-Py2TTA)(NOs)4(H20)2] - CH:CN (3-7b-CH3CN; vide infra).

Time dependentH NMR studies, which are summarizedRigure 31, reveal that the reaction
mixture initially consists solely of the unreacted,PyAH starting material. After %20 min, four
additional pyridyl peaks begin to emerge, which is attributeth¢ogeneration of a yttrium coordinated
Py.TTA" ligand intermediate (i.e.3-8b). Within 5 10 min of the observation of the first intermediate, a
second compound also exhibiting a pattern consistent with four pyridyl peaks appears, which is postulated
to be the oxidized anionigyand, 3,5bis(pyridyl}1-oxo-1,2,4,6thiatriazide (2oxo-Py,TTA") coordinated
to yttrium (i.e.,3-9b). After 60 min,3-2, 3-8b and3-9b are all present in the solution. After 90 min, we
begin to see the depletion of FFFAH and broadening of the NMR peaks, which is attributed to
precipitation of the dimer within the NMR tube. Following the complete consumpti82¢6 h spectrum),
the N'H peaks no longer exist, providing evidence for theessignments as metal coordinated ligands.
Comparison of the peak shifts with that of unredd®ssTTAH and the 1oxo-Py.TTAH (preparedvia
oxidation of the radical), coupled with the formation of thmet (which precipitates out afolution),

further supports these assignments.
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Due to the isostructural nature of compledega and 3-7b, only the dysprosium analogue is
discussed belowl he asymmetric unidf the centrosymmetric structure ®7ais composed of a Dyion
with a ninecoadinate environment adopting a distorted muffiometry (Figure 3.2f. The tridentate
terpyridinelike coadination pocket othe oxo-Py.TTA" ligandbinds to the metal centwéa N1, N4 arl
N5 donors while oxygen atoms (02, O3, 05, O6) from two nitrate anions and a water molecule (O8) occupy
the primary coordination environment. The remaining single codidimaite is occupied by an oxygen
atom (Ola) fronthe oxidized S=0O grougf the neghbouringl-oxo-Py,TTA" ligand This SO group plays
an integral role in the dimerization and formation of the dinuclear molecule. The intramolecul@nyDy
distance of M9 A is relatively long compared to the reported dinuclear complexesyever, weak
intramolecular magnetic interactions cannot be ignored for highly anisotroplicang?° It is interesting
to note that there are no short contacts or hydrogen bonding between the asymmetric units; efly the S
bridges hold the dinuclear molecules together. Close inspectiba patking arrangement reveals that the

molecules are well aligned with each other with the closestiméal distance being 6.76 (Kigure 3.3)

(b)

Figure 3.2 Partially labelled molecular-Xay structure of the centrosymmetric dinuclear complexe® (
7a:CH3CN and (b)3-7b-CHsCN. Hydrogen atoms and MeCN moleaige omitted for clarity.
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Figure 3.3 Crystallographic packing &-7a-MeCN down the (ap-axis and (bp-axis. Dashed lines infe
intra- (peach) and intermolecular (black) Dy---Dy distances. Hydrogen atoms and kie{®&dulesare

omitted for clarity.

3.2.2Magnetic Measurements

In orderto elucidate the magnetic properties of the paramagnetic coyglgxdirect curren{DC)
and (AC) magnetic susceptibility measurements werefop@ed using asuperconducting quantum
interference deviceSQUID) magnetometer. THBC susceptibility measumgents at 1000 Oe (Rige 3.4)
reveal a room temperatueg value of 27.97 ciK mol?! consistent with the expected value of 28.34 cm
K mol? for two noninteracting DY ions §=5/2, L =5, ®His5, g = 4/3).Upon lowering the temperature,
thecT product decreases gradually to reach a minimum value of @8¥80mol* at 1.8 K. Such a negative
deviation suggests the existence of weak antiferromagnetic interactions between metal ions and/or the
presence of magtic anisotropy. Intraand intermolecular distances (7.09 and 6.76 A, respectively) suggest
that atthis applied field interactions between the ions are likely rather small, if not negligible, due to the
core nature of thefdons?! Therefore, it is reasonable to attribute the decrease aTtpeoduct to the

magnetic anisotropy of the ffyions.
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Figure 3.4 Temperature dependence of théroduct at 1000 Oe f@&-7a-MeCN with beng the molar

magnetic susceptibility equal k/H per mole othe compound.

Recent studies have shown a rem®rdinate environment around the'Dipn that can provide
nonnegligible magnetic anisotropy to a molecular system if an ideal ligand figidgent?® Herg the two
nitrate ions around the metal centre playiraportant electron withdrawing effect by promoting higher
degeneracy of thefrbitals subsequently leading to enhanced-spinit coupling?? In order to further
confirm the magnetic anisotropy, magnetization measurements eogr@ucted (Figure 35). The
magnetization ploM vs. H/T shows field dependencé the magnetization that does not saturate at low
temperatures and high greetic fields indicating the presence of magnetic anisotropy and/elyiogy
excited states in this systemhile the nonsuperimposition of the islkermallinesis an indication othe

former.
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Figure 3.5 Field dependence of the magnetizatibh,at the indicated temperatures (a) 3era-MeCN
illustrating the norsaturationM vs. H/T plot (b) showing nossuperposition of the magmedtion curves

at different temperatures.

To further explore the possibility of SMM behavio&C magnetic susceptibility measurements

were carried out under a zdd@ field. The characteristic frequencypndent oubf-phase signal was not
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observed; ttlg can be attributed to significant quantum tunnelling of the magnetization (QTM) often
observed in lanthanide SMMs, which diminishles relaxation barriers. Such QTM can be reduced upon
application of a sniastatic field. In order to determine the optimuDC field, AC susceptibility
measurements at various static fields {Z80D0 Oe) were performed at 2 K (Figuréab). The oubf-
phase data clearly exhibit an optim@® field (the field at which the mimum of characteristic frequency

is observed, Figre 36c) of 750 Oe, where the QTM is minimizedCAneasurements at this optimum field
reveal a full frequency dependent peak below 5 K between 0.1 and 1000 Hz @gifeindicative of
SMM behaviour. Aalysis of the data using the Arrhenius ldgaton 3.1) gave a calculated relaxation
barrier ofUer = 19 K and d4 value of 2.0 x 16 s for the thermally activated regime (Figurédj.

tote T (3.1)
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Figure 3.6 Frequency dependence of the (aphasecd a n d -of-phasesoo UAC s uscept
under various DC fields at 2;Kc) field dependence of theharacteristic frequency as a function of -
applied DC field &2 K; (d) magnetization relaxation timéversus 1T plot under the optimum field of 75
Oe (red line corresponds to Arrhenius lamgdfrequency dependence of the (ephmases6  a n d -of{
phasss0 AC susceptibility si 37aBeChl atindichtedtempebsaure e

The observeddrrier is relatively small as a result of the QTM. It is noteworthy that the presence
of a peak shoulder around 1 Hz can be observed urd3gf. The intensity of the peak shoulder grows to
become adll peak when the applied static field is increase@300 Oe and diminishes at smaller fields
such as 250 Oe (Hige 36b). Moreover,AC data collected at the applied static field of 2500 Oe exhibit

this peak around 1 Hz, which does not shift (ifgg37). Such behaviour can arise from large figilduced
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