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Abstract

This thesis describes the synthesis of a range of novel dithiadiazolyl radicals. The
structures of these compounds are discussed. The physical properties of several
compounds have been investigated using EPR spectroscopy and magnetic susceptibility
studies.

Chapter one begins with an overview of the chemistry of 1,2,3,5-dithiadiazolyl radicals. A
general discussion of the history of organic conductors and magnets, and the terms
involved in some of the techniques used is given in order to provide a background to the
work presented.

The second chapter outlines the synthesis and general characterisation of all the
dithiadiazolyl radicals discussed in this thesis. A proposed mechanism for the conversion
of parent nitriles into dithiadiazolyl radicals has been included.

The third chapter describes the solid state structures of three dichlorophenyl dithiadiazolyl
derivatives (2,4-, 2,5- and 3,5-dichlorophenyl-1,2,3,5-dithiadiazolyl). A further polymorph
of 3,5-dichlorophenyl-1,2,3,5-dithiadiazolyl has also been included. The magnetic
susceptibility of 2,4- and 3,5-dichlorophenyl-1,2,3,5-dithiadiazolyl has been investigated
and the EPR analysis of all three compounds has been performed. These compounds are
the first examples of neutral dithiadiazolyl radicals that form evenly spaced, segregated
stacks in the solid state.

Chapter four describes the dimer stacking structures of two further dichlorophenyl
dithiadiazolyl derivatives (2,3- and 3,4-dichlorophenyl-1,2,3,5-dithiadiazolyl).

The fifth chapter discusses the association of 3,5-dibromphenyl-1,2,3,5-dithiadiazolyl in
the solid state. An investigation of this compound by EPR spectroscopy is also presented.

Chapter six describes the frans cofacial association of p-iodophenyl-1,2,3,5-dithiadiazolyl
in the solid state, only the second published example of this mode of dimerisation. The
synthesis of o- and p-iodobenzonitrile are also described. An investigation of the EPR
signal of this compound has also been included.

Chapter seven describes the specialised techniques used in the synthesis of all the
compounds. A list of the instruments used for analysis is also included.



Acknowledgements

Firstly I would like to thank my supervisor Neil Bricklebank for his help during my PhD,
Norman Bell for his time taken to read my work and the Materials Research institute for

financial support.

I am deeply indebted to Harry Adams and Sharon Spey who have work above and beyond
the call of duty to complete my crystal structures. Frank Mabbs has shown enthusiasm and
has spent a considerable amount of time trying to gain a clear picture of EPR
measurements of my compounds. I would also like to thank Fernando Palacio and his

students for completing my magnetic susceptibility measurements.

Thanks to all of my colleagues namely Donna, Jo, Matt, Jackie, Chris, John, Sarah, Bob
(Rory), Anna, Cristina and Tahir. They have all played a part in keeping me sane but not
always sober. The technical staff of the Division of Chemistry have also played an
important role in the support of my research, especially Kev (I will never say no)

Osbourne.

My girlfriend, Monica has tirelessly supported me throughout my work and has been a

constant source of tea during my writing up.

Finally I would like to thank my parents for supporting me even though I still haven’t got a

proper job and often find it difficult to balance my books.



Contents

CHAPTER 1
INTRODUCTION
1.0 INTRODUCTION .....ccootiereeeeeruneenneesssnneneasncsenenescsssssesasssssssssnsssssssessassessssnssensssasseses 2
1.1  BRIEF HISTORY OF SULFUR NITROGEN COMPOUNDS ..........ccccouveecruruerenes 2
1.2 DITHIADIAZOLYLS .....ooeeeeeeecteneeesestsnnasenesesessncsesssassesenesssssssssssssssssassensnes 4
1.3  SYNTHETIC METHODS FOR DITHIADIAZOLYLIUM SALTS.....ccccoceuevruennes 5
1.4  SYNTHETIC METHODS FOR DITHIADIAZOLYLS........cccccevnrnrncncrencnsnesenes 9
1.5 STRUCTURAL ASPECTS OF DITHIADIAZOLYL RADICALS.......cccceceueunee. 10
1.5.1 Cis-cofacial Type CONfIGUIALIONS ..........couuuceureeuesirerccceesssriseissssissssessssssesseses 11
1.5.2  Twisted TYPE COUfIGUIQLIONS ......cuoeeeeerseneerinererersecscssessssisissesssssesessssessessenes 13
1.5.3 Trans-antarafacial Conﬁgurattons ..... 13
1.5.4  Trans-cofacial CONfIGUIALIONS ..........eeeeeeeneeerreeereeeesessereessssessssecssssssessssessnensass 14
1.5.5  OtHer CORfOTMQLIONS ......ceouseverereererrereresissssesesssssssssstsssssssssasssssessssasasssssasssns 14
1.6 MAGNETISM AND NON-METALLIC MAGNETS.........cccoeuvrirvviiirirernerenns 18
1.7  CONDUCTION IN ORGANIC MATERIALS.........ccceereereereneneeereresesesessaenens 25
1.8 ELECTRON PARAMAGNETIC RESONANCE.......cccceitmrmeircrenssrennsinininesenes 28
1.8.1 Experimental CONSIARTALIONS ........uecveevuresisurvienesirneinescsisississsscsssssssssssessess 29
L.8.2 VAUt ee ettt sttt an 30
1.8.3 Fine, Hyperfine and SUperfine SIUCIUTe..............ovueueeeerverurvrerurrcesriisssscnneseans 30
1.8.4 EPR Spectroscopic Studies of Dithiadiazolyl Radicals....................ccuuueeucnne. 31
1.9  AIMS OF THE PRESENT WORK.......coreictrrrrrrreeeecteensesesesessessssesesssnesenss 34
1.10  REFERENCES ........cooonteteeeetnnreneeeenesesssaeacstsanesssssassssasssnsssssesssssesassssessssssssssnssses 34



2.0

2.1

22

23

CHAPTER 2

SYNTHESIS
INTRODUCTION .....cooveniremrerenuencnsencressmscssmsesssssssssssssasinssssssssssssssassssssssstsssssssasss 42
SYNTHESIS AND MECHANISMS........ccotminininiirensnnnsenssssssssssssassssesessssessssas 44
EXPERIMENTAL.......oeoeeieerenrnnmneesensisssiscssesesessssessssesesssessssssssassssssssssesssssssssassss 48
2.2.1 Preparation of 3,5-dichlorophenyl-1,2,3,5-dithiadiazolyl (1) .................c....... 48
2.2.2 Preparation of 2,5-dichlorophenyl-1,2,3,5-dithiadiazolyl (2) ..............cc....... 49
2.2.3 Preparation of 2,4-dichlorophenyl-1,2,3,5-dithiadiazolyl (3) ............ccccouunn... 50
2.2.4 Preparation of 3,4-dichlorophenyl-1,2,3,5-dithiadiazolyl (4) ...............c......... 51
2.2.5 Preparation of 2,3-dichlorophenyl-1,2,3,5-dithiadiazolyl (3) ...........cccoeennvn. 52
2.2.6 Preparation of 3,5-dibromophenyl-1,2,3,5-dithiadiazolyl (6) ......................... 53
2.2.7 Preparation of 4-iodophenyl-1,2,3,5-dithiadiazolyl (7)...............cocceverruene. 54
2.2.8 Preparation of 2-iodophenyl-1,2,3,5-dithiadiazolyl (8)................couueveveevnnn. 55
REFERENCES .......coeeeirtertenseesseeessnasasssessesscssasssssssascssasssssssssssssssssssssssssssasssass 56

ii



3.0

3.1

32

3.3

34

3.5

CHAPTER 3
STACKING MOTIFS FOR DICHLOROPHENYL

DITHIADIAZOLYL RADICALS

INTRODUCTION ....ccerrreerriccrirenensnsuessssincsensssssssssssssessssssassssssssssssssssssssessssssess 58
X-RAY CRYSTAL STRUCTURES .......cooriiirriiesirissnnsnisnisisnesesesessenesesens 61
3.1.1 X-ray Crystal Structure of 2,4-dichlorophenyl-1,2,3,5-dithiadiazolyi............. 66
3.1.2 X-ray Crystal Structure of 2,5-dichlorophenyl-1,2,3,5-dithiadiazolyl............. 72
3.1.3 X-ray Crystal Structure of 3, 5-dichlorophehyl—1 ,2,3,5-dithiadiazolyi............. 71
3.1.3.1  Structure of p-3 reettesstttstetet et as e ats et steassebenshenes 78
3.1.3.2  SHUCIUIE Of Q3 ceoeeeeeeeeeeeereeeeeeereeteeeeveteiersseesesessssssesssssseesessssssseseanas 84
MAGNETIC MEASUREMENTS .................... retetetere et asaensas s asasreane 90
3.2.1 The Diamagnetic CORIFIDULION.............cc.cecueueueueeoreeeceiicevencasecncnenssnseneasnsas 90
3.2.2 Features at Low Temperature..................ceeeeeeseeeeeveirieecireinicssesssasasssenns 94
3.2.3 Features at High Temperature....................cueeeeveverseeresveneinieessesssssesesnesenss 95
3.2.4  CONCIUSION............coeeeiciieeeecesiiiesiss s b b 98
ELECTRON PARAMAGNETIC RESONANCE...... reeeeneneneneaeaens 98
3.3.1  Frozen GlASS STUTIES .......eeeceueeeceenrrrirennnirisiesisissssssssessssssesssssssssosssssssssssssssasas 98
3.3.2  POWARE STUIES ......u.cccoueuvuunrinericeinivrisirisscserincnssisisiessssssesssssssssssssssassnsasss 103
3.3.3 Single Crystal EPR Measurements on Compound 3................cveerereerereenenae 107
CONCLUSIONS......cocturiiieeneneenenessssssssnstsssssessssssssesssssssssssnsassisessasssssssssssssasasss 111
REFERENCES .......oooeieeeeninesterenensicssscoasisssssssssesssssssesssssssssssssssssssssssesssasssesases 112

iii



CHAPTER 4
DIMER STACKING MOTIFS FOR DICHLOROPHENYL

DITHIADIAZOLYL RADICALS
4.0  INTRODUCTION .....ccocrereurreeccrtsesssssassssesencsssssesssesesessssssssssesesessssssssssessasasess 116
4.1  X-RAY CRYSTAL STRUCTURES. .........ccecevrriinricisisnesisisiscnessesssesessanens 118
4.1.1 X-ray Crystal Structure of 2,3-dichlorophenyl-1,2,3,5-dithiadiazolyl........... 122
4.1.2 X-ray Crystal Structure of 3,4-dichlorophenyl-1,2,3,5-dithiadiazolyi........... 126
42  CONCLUSIONS.. . reeeeet ittt ettt b b as et nes 130
43  REFERENCES. ...........cccunun. ettt st as e bttt aes 131
CHAPTER 5

THE STRUCTURE AND PHYSICAL PROPERTIES OF
3,5-DIBROMOPHENY1-1,2,3,5-DITHIADIAZOLYL

5.0  INTRODUCTION ......coccirieeeenrnrrrirerineneisnececssssssssssssessasssesssssssasssssssnssssesessssssns 133
5.1  X-RAY CRYSTAL STRUCTURE.......cccecevssireriririririresesessssesisisescsesessssesessssesenes 134
52  ELECTRON PARAMAGNETIC RESONANCE STUDY ......cccecevurururusrenenenenes 141

5.2.1  Frozen GlASS STUAIES .......oeeoecinueecenesneinriiinissisesesssesissssisssssessessessssssens 141
5.3 CONCLUSIONS .......oiiiiieeneenetirsssninisieetsesessssssssssssssssssssssssssssssssssessssssssesssssssssss 143
5.4 REFERENCES ........cooieencccsisisnssienseescsessesessssssssssssssssessssssasassssessssssssssssssass 144

iv



CHAPTER 6

THE SYNTHESIS, STRUCTURE AND PHYSICAL PROPERTIES OF

6.0

6.1

6.2

6.3

6.4

6.5
6.6

IODOPHENYL DITHIADIAZOLYL RADICALS

INTRODUCTION ......cotrieerenerereneeneeineeseessssscessnssessssasssasstssessstsssssssssnmsssnsssass 147
SYNTHESIS OF PARA AND ORTHO-IODOBENZONITRILE ............ccccueuee. 148
X-RAY CRYSTAL STRUCTURE OF
P-IODOPHENYL-1,2,3,5-DITHIADIAZOLYL.......cocetereierrieirecnnscsnssisesnesennes 149
EPR STUDY OF P-IODOPHENYL-1,2,3,5-DITHIADIAZOLYL .......cceceeuuve. 156
6.3.1  FrOzen GIlASS SHUGIES ....ueeeueeevereeeeveenieernssisirsssesscuessesssesscsesssssssossssssessassses 156
EXPERIMENT AL......coisiuiuereenesnersesesesssnsaesentsescsesesssesassesssssessssessssasssssnsassensss 158
6.4.1 Preparation of p-Iodobenzonitrile...............evinieveserereincseeeesnssnnsnns 158
6.4.2 Preparation of 0-I0d0DENZONIMFle............uuuceceeeeneernencncervcrrrrseerrnsnssnsisnssns 159
CONCLUSIONS.......oeeetereeeiereesssesessssssesesssssassssssnsstssssssssssssssssssesssestssssessessssssases 160
REFERENCES ........coteeteteeinteteesssnesetssesestesessssssssssssssssssssssssssnssssasserssssssssssssssens 161



CHAPTER 7

GENERAL EXPERIMENTAL
7.0  INTRODUCTION .....oceteieecmencrenersnsecsssenssensssssssisssinssssssssassesssssssssssssssssssssssses 164
7.1  PHYSICAL METHODS .....ccovioiiiceitninirinsseeseicisiesssssssssesessasssssesssssssassssnes 164
7.1.1  Infra-Red SPectrOSCOPY .......uuuvueeevveerierescrerescscvrireenssessssnssnsssssssssssssssacs 164
7.1.2  MaSS SPECITOMEITY......ccucucciinveinreraririsinssinisssissesesesssesesssssssessssssssssssasssssssonss 164
7.1.3  'H and BC NMR SPeCtrOSCOPY.......eeeeveeeeercrrerrernsssersssissssssssssssssssssssneses 165
7.1.4  Differential Scanning CalOVimeITY ...............cwuererervrererssissssesissssssosssssssncas 165
7.1.5  Electron Paramagnetic RESONANCE .............euueueeeirerevencrerecrernsirsennrnnsessasesens 165
7.1.6  Single Crystal X-Ray DifftQCtiON............uceuueoeeeeeseeerereseenenissiesaseransssennes 165
7.1.7  Elemental ANGIYSIS.........oeeeevevereeevseereririnsisinssssssssssssssesessssessssssesssssssssass 166
7.1.8  MOagnetic MeQSUIEMENLS...............cwvvenivenevrssisiriiisisisssnesesesssssesasssssssssssssens 166
7.2 SOLVENTS ....oooteeererrenetccessensssssisissssssssesssonssssssssssssasasassssssssssssssesassssssssssss 166
7.2.1  Diethyl ether (FiSREr) ........eecivercrcvincirisiiinisisinissnsesesssssessssssssssssssessss 166
7.2.2  Tetrahydrofuran (Sigm@-AlGriCh)...........ucceecreeecrvncreneenneeisiessssranasane 166
7.2.3  Dichloromethane (FiSHET) .......eeveeeeevuesesinecineeseecesecsssesessessssessessesnessans 167
7.2.4  ACELONIFIIE (FISHEE)....oeeeeereeeerecrcenesienissinisisississsssisessesesssessssessnensssssasnes 167
7.2.5  Dimethylformamide ..................umereccvevinecisinicrcsncsneessnsssnssssssssssssenes 167
7.2.6  TOIUEHE (FISHEE)..uuuueceeneeeeeivervreireresvsrsscrssssssisssissssesssssssssesssssssesssssssssasss 167
73 REAGENTS......ooereereercetcnsnsnnsessssssessasssassssssssssssssssssssssssssassssssssssassssses 167
74  REFERENCES. ........uirinirennaenns . ceeeeeeneaenesaesatens 168
OVERALL CONCLUSIONS AND SUGGESTIONS ........ccocevrunirnrrrirnesinsassssnacane 169

Vi



APPENDICES

APPENDIX 1 ....oovirteteereeeeeereneesaesesesesssstsassssssssssssssssessssssesssessassenesentstassassssenesssssssasaens 171
Crystal data and structure refinement:
2,4-dichlorophenyl-1,2,3,5-dithiadiaQzolyl ................uueuvvircrcrcseuenrinvsrsiesisisesnenenenens 171
APPENDIX 2 ....uoueirrennineeesasseseseeesesesssasssssasaencstssssemsssasassestsenssssssassssssssestsssssssssossencasess 173
Crystal data and structure refinement:
2,5-dichlorophenyl-1,2,3,5,-@AIAAIAZOIY] ..........ueeeeeeeeeeeeeeveresscciriessscnnans 173
APPENDIX 3 ......cvotreeecereenenneessnassesesecssssssesssssssenssssesssssssssssssssassesentssssssssssssssnsssnsassnns 175
Crystal data and structure refinement:
P-(3,5-dichlorophenyl-1,2,3,5,-dithiadiQzolyl) ................cucuevncuenrincrireincrereresennnans 175
APPENDIX 4 ......coeeeeeeeeentesessssnesecseseesssssesssssesassssssssssssssssessstssassssssstssssnsssnsassssseses 178
Crystal data and structure refinement:
a-(3,5-dichlorophenyl-1,2,3,5,~-dithiadiQzolyl).............ueouucucnencununrerincncnennnscrerenerenn 178
APPENDIXS .... reueterseteseteneas s ettt et s e s s Rt sttt bt a s s s et et s s et as s aerereens 184
Supporting data for magnetic measurement PIOLS .............ccevveccssecusinssssusseseseacsens 184
Figure 3.25 M(T) at 10,000 Oe (no Correction) Curie-Weiss fit for 3 ........ccewunnee. 184
Figure 3.26 M(T) at 10,000 Oe (no correction) Curie-Weiss fit for I ....................... 185

Figure 3.27 M(H/T) (low temperature) diamagnetism removed Brillouin fit for 3 ... 186
Figure 3.28 M(H/T) (low temperature) diamagnetism removed Brillouin fit for 1 ... 187

Figure 3.29 4T (T) (diamagnetism removed) “dimer” fit for 3 .........ccouvuverenverevcrens 188

Figure 3.30 xT (1) (diamagnetism removed) “dimer” fit for I ..........cuevevcevvururunvenns 189
APPENDIX6............ sereeeutt et et asasas s st e e et e s st et e s et se et et sssse st ebsases 190

Crystal data and structure refinement:

2,3-dichlorophenyl-1,2,3, 5-dithiadiQzolyl ..............c.ocueeeoevecenereeereecieeecensseensseesesenns 190
APPENDIX 7 ...coeveeevrieeevrernrnenenen reeeeeneaeanaene ... 192

Crystal data and structure refinement:

3,4-dichlorophenyl-1,2,3,5-dithiadiQzolyl ..............uceeevveeeinnsreevseveeiesrccnnne 192
APPENDIX 8.....ooveveeeeereresesascecsenensesesssnssessssscsstnsensssnssesesssstatsescnssssenssssesenssensrsssnsssses 194

Crystal data and structure refinement:

3,5-dibromophenyl-1,2,3,5-AithiadiQzolyl .............cuueoeeeeeeeeeeeecieeessercsccnssesnanens 194
APPENDIX 9 ererenens reteeteteseneneatt sttt seaass A s et et eaeae ettt sttt enernatres 196

Crystal data and structure refinement:

p-iodophenyl-1,2,3, 5-AithiadiQzoly...............cuceceuunevinineirincnciriniinininesnssscssesiannes 196
APPENDIX 10 .....cviteieieecnenneneccsenreesensassessasessessssssesescsesessssasssssssssenssssssssesestssssssssessssasns 198

PUDLISHEA PAPEE ........nneeeeeininiviririrciencirisncsiseesisissessssssssssasesssssssasasssessssssssassses 198

vii



1.0 Introduction

The search for non-metallic conductors and magnets has become a significant field of
research over the past few decades. The first purely organic conductor was a perylene-
bromine salt, discovered in 1954." Experimental observations of co-operative magnetic
effects in a purely organic material were first reported in 1985.2 Since the discovery of
these two unusual organic compounds, the number of organic materials exhibiting

conductive or magnetic properties has increased dramatically.

1.1  Brief History of Sulfur Nitrogen Compounds

The study of sulfur-nitrogen compounds has attracted the attention of chemists for decades.
Unusual structures that pose considerable problems in terms of simple bonding theory have
been observed in Iﬁany novel cyclic and acyclic compounds. Tremendous additional
interest was stimulated by the discovery of the polymer (SN); that has a metal-like
conductivity at room temperature and which becomes superconducting below 0.3 K.?
Although many recent discoveries have heightened the interest in this group of compounds
the field is not new. In 1835, W. Gregory4 added sulfur dichloride to an aqueous solution
of ammonia to give a yellow precipitate of sulfur contaminated with S4Nj4. It was not until
1851 and 1896 that the stoichiometry and tetrametric nature, respectively, of pure SqN4

was elucidated. Its cyclic, pseudo-cluster structure was not revealed until 1944.

Nitrogen and sulfur are diagonally related in the periodic table and therefore might be
expected to have similar electronic charge densities for similar co-ordination numbers.
Likewise, they have similar electronegativities (N = 3.0, S = 2.5)° that can become even

closer when additional electron withdrawing groups are bonded to the S atom. Extensive




covalent bonding into acyclic, cyclic and polycyclic molecular structures is therefore

expected.

The first sulfur nitrogen radical [S3N,"JCI" was reported in 1880.6 The deep green powder
was thought to be in the form of S;N,Cl and the ESR spectra of this compound indicated
the presence of a monomeric radical.’” Further studies contradicted this, showing little
solubility in a variety of solvents and the absence of a Nuclear Quadrapole Resonance
signal, consistent with an oligomeric, ionic, structure. The structure of [S3N,"']CI" was

finally elucidated in 1974® in the form of the S¢N,** cation [1].

N—S
S\;—s/ \‘s N
\‘s(—?/\s

[1]

The monomeric component of this structure (S3N,") provides a single electron to form a

* * o - . . .
7 -t interaction crossing the four sulfur atoms. There are also secondary interactions

between the sulfur and the chloride anion [2]. Such interactions inhibit the dissolution of

these salts in organic solvents.



210ILIZI3I4IS o1] showing the overlap

Since then many such structures have been reported,
of two singularly occupied molecular orbitals (SOMO) at sulfur to form dimers. The heat
of dimerisation is small (47 + 3 kJ mol™ for [S3N,"]CI),” which is enough to show some

paramagnetic behaviour even in the solid state.”®

1.2 Dithiadiazolyls

As a development of the [S3N,""] radical, it was thought that similar iso-electronic radicals
could be obtained by substituting one of the sulfurs by an RC unit (R = alkyl, aryl or
halogen). The physical and chemical properties could then be investigated for a large

variety of structures in which the properties could be modified by the variation of the R

substituent. This replacement leads to four possible isomers of a 7n RCN,S; ring [3] — [6],

which are commonly known as dithiadiazolyls.

R—C. ? R—C7 ?
A\ \
N/S S/N.
12,3,5 1,32,4
[3] [4]
SN AN

R—C’~ ] R—C’~ ]
\S/N \S/s
1,4,2,3 1,2,3,4
[3] [6]

Figure 1.1 Isomers of dithiadiazolyl

Molecular orbital calculations indicate that all of the four isomers (Figure 1.1) could be
formed although only the 1,2,3,5- and 1,3,2,4-isomers have been isolated to date.!” The
possible loss of di-nitrogen may have an important effect on the stability of the 1,2,3,4- and

1,4,2,3-isomers.



The first dithiadiazolyl was prepared as a dithiadiazolylium salt [RCN,S,]"X in 1977 by
G.G. Alange et al.'® The reduction of this to form the dithiadiazolyl radical (RCN,S,)
followed in 1980"° and was achieved by the disproportionation of a dithiadiazolylium salt
(R =Ph, X =NCS  and I) by heating, or by dissolving the salts in 1,2-dimethoxyethane.
Chemical reduction of dithiadiazolylium salts then followed in 1982 by L.N. Markovski et

al®

1.3 Synthetic Methods for Dithiadiazolylium Salts

The first synthesis of a dithiadiazolylium salt was performed using thiazyl chloride [6] that
exists as a trimer in the solid state [7]. In the vapour phase and in solution, partial

dissociation of [7] to the monomer [6] occurs (Scheme 1.1)212

Ch_ _N._ __Cl

3 N=S—Cl i
[6] g

&

7]

Scheme 1.1  Trimer state of thiazyl chloride

This molecule has been widely used in synthesis as a convenient source of an SN unit. It
was found that when thiazyl chloride was refluxed with an organic nitrile a
dithiadiazolylium chloride [9] was produced at a recovery rate of up to 50%
(Scheme 1.2).'3%3%42% The reaction was dependent not only on the functionality R, but was
also greatly affected by the reaction conditions. The best results tended to follow extended
periods of heating. This was later found to be because the initial product (dithiatriazine) [8]

decomposed to form nitrogen, chlorine gas and a dithiadiazolyl.***® The reaction is



complicated, forms several different intermediates, and can often give much lower yields

than 50%.
/Cl
_ N, -Cl, N~g
R—C=N +2N=S—CI —> R, N — R—C. ] cr
NS - 2Ny NS
Cl

[8] 9]
Scheme 1.2  Reaction of organic nitrile with (NSCl);

These problems led to the investigation of different routes for the synthesis of [9]. One
important step was the discovery that a refluxing mixture of parent nitrile and sulfur
dichloride containing ammonium chloride, creates an in situ source of thjézyl chloride
(Scheme 1.3).2*" The reaction proceeds via [S;N>CIJC], which can be converted to thiazyl

chloride [7] under an atmosphere of chlorine.®

Z

I~

N

RCN + NH,ClI + SCl; —» R— CI" + 4HCI

0

-

N/
0l
Scheme 1.3 in situ synthesis of thiazolyl chloride

It was predicted that during the reaction the nitrile was converted to the corresponding
amidine and amidinium salt. An investigation of the reaction of various amidines with
sulfur dichloride was then performed.” Subsequently a range of dithiadiazolylium salts
were made in this way.?*?%*!*2 Woodward and co-workers® conducted the attempted
synthesis of a linear polymeric sulfur nitride. It was discovered that if benzamidine was
condensed with sulfur dichloride then the desired precursor to a polymer was not
produced, and only a complex mixture of heterocycles could be isolated. On further
investigation29 the sulfur nitrogen heterocycle 3,7-diphenyl-1,5,2,4,6,8-dithiatetrazocine

[11] was found (Scheme 1.4).



/S\
NH N7S~N
2ph—4  + 3SChL 6'§ T Ph—¢  C—Ph
NH, - NN
[10] [11]

Scheme 1.4  Reaction of an amidine with sulfur dichloride

A further study of the reaction showed that another product was
4-phenyl-1,2,3,5-dithiadiazolylium chloride [9].*' The yield was improved by the addition
of a base like diazabicyloundecane (DBU) to react with the hydrochloric acid produced
during the course of the reaction.***? It was also shown that changing sulfur dichloride with
disulfur dichloride and benzamidine [10] with its tris(trimethysilyl) derivative [12], greatly

improved the yield of the reaction (60 and 54% respectively).**

/NSiMe 3
7
Ph—C\
N(SiMe;3),
[12]

The precursor to [12], N-lithio salt [13], was first reported in 1973 by A.R. Sanger et al®
A further study of this group of compounds was published in 1987.3° The reaction of
lithium bis(trimethylsilyl)amide [14] with benzonitrile in diethyl ether allowed the
isolation of the respective lithiated benzamidine derivative (Scheme 1.5). This could then
be hydrolysed with ethanolic HCI to yield an un-substituted amidine hydrochloride [15] by
precipitation. The reaction of the lithiated benzamidine with chlorotrimethylsilane in
toluene afforded tris(trimethylsilyl)benzamidine [12]. Compound [12] has been found very

useful for high yielding synthesis of sulfur-nitrogen heterocycles.?'-373839:4041.42:43.44
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Scheme 1.5  Amidine synthesis
The conversion of benzamidines such as [12] into the 1,2,3,5-dithiadiazolylium chlorides
[9] can be achieved by the addition of excess sulfur dichloride. The reaction will proceed
whether the amidine itself or its N-lithio salt [13] is used. Further purification by Soxhlet
extraction of the dithiadiazolylium salt with sulfur dioxide is necessary when proceeding
via the N-lithio salt [13]. The reaction, although giving high yields, has limitations
especially for compounds containing protons in the a-position, due to complex side
reactions. One method of solving this problem has been to use sym-triazines [16] as the

starting material (Scheme 1.6).*

H
NJ§N SLINGMesy] C/,NSiMes
H/IKN//kH 3 Me;SiCl "N(SiMes),

[16]

Scheme 1.6  Amidine synthesis via sym-triazine

In addition to the routes outlined earlier, other methods have been reported in the literature
for making dithiadiazolylium salts. Selections of these are outlined in

(Scheme 1_7).23,25,27,46,47,48




Me{ ) + 2NHCl+ 55Ch

2CCL=CCl, + %;(NSCl)y

R—C,

3RHC=N—N=CHR + 4 (NSCl);

e
i)
S n

NC—NSF, + S.X,

'

Me;SiINCNSiMe; + 2 SCl,
Scheme 1.7  Other synthetic methods for 1,2,3,5- dithiadiazolylium salts

1.4 Synthetic Methods for Dithiadiazolyls

The first dithiadiazolyl radical dimer was reported in 1980 by A.J. Banister et al."” Tt was
prepared by the metathesis of 4-phenyl-1,2,3,5-dithiadiazolylium chloride with sodium
thiocyanate. After refluxing in 1,2-dimethoxyethane for 12 hours disproportionation

occurred and the neutral dimer was isolated (Scheme 1.8).

’N\S ’N.’\S ’N\S
2R-C] T NCS— 2RCy [+2NCS"— [R-C{ T | + (NCS),
[17]

Scheme 1.8  Disproportionation of 1,2,3,5-dithiadiazolylium salts
This phenomenon is particularly common with soft anions especially NCS™ and I “2"17 The
first chemical reduction of a dithiadiazolylium salt was reported using either sodium dust,

tetramethyl-p-phenylene diamine [18] or triphenylverdazyl [19] (Scheme 1.9).%



+Me;N«D-NMe, [18]

-Me;N-D-RMe, CI
N< o
1/ S - +Na /
R- I CI » R-
C\N$S+ -NaCl C\ =S
,Ph

NN
+P—C  CH, [19]
N—=

N—

NN
-P—G  CHp Cr
NN
+ Pn

Scheme 1.9  Chemical reduction of 1,2,3,5-dithiazolium chloride

Since this discovery, many other materials have been investigated as reducing agents,
including zinc/copper couple, potassium, mercury, zinc, potassium cyanide, LiNs,
PhMgBr, nBuLi and SnCL.2#** They all work well in oxygen-donor solvents at room
temperature (e.g. THF or monoglyme). In recent years, triphenylstibine in dichloromethane
has become a common reducing agent??** Reduction can also take place

electrochemically."”

1.5 Structural Aspects of Dithiadiazolyl Radicals

Like (S;N,"), dithiadiazolyls tend to display a complex array of secondary
‘intermolecular’ S---S and S---N interactions in the solid state. X-ray diffraction studies
of this group of compounds has moved on from studying the mode of association in the
solid state, to study the factors affecting the molecular packing of the compounds. More
recently, an emphasis has been made on the effects of particular R substituents to steer the

radicals towards specific solid state motifs.
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Most dithiadiazolyls associate in the solid state to form cis-cofacial dimers. The S---S

interactions linking the dimers are normally in the range 2.9 - 3.2 A. The energy of

dimerisation is approximately 35 kJ mol”.” This energy is small on the scale of bond

energies (for example a typical S-S covalent bond has a dissociation energy of
226 kJ mol™),*® but is large in comparison with other intermolecular interactions. Other
modes of association observed include frans-antarafacial and twisted dimer motifs, and

very recently a compound displaying a frams-cofacial mode has been identified

(Figure 1.2).
R\C/ ? R~— / \S
N Na»Y;
N—,_! 1 g—N
RS 'y O\
C—
N SR
Cis-Cofacial Trans-Antarafacial
R
C/ N
R—¢C S
Sy, Ny
\s N—=S
' S-—‘I—N S',/ :':N
l —
Y q) (O
— C—
C—r S\NQ R
Twisted Trans-Cofacial

Figure 1.2 Conformations of dithiadiazolyl dimers in the solid state

1.5.1 Cis-cofacial Type Configurations
Many of the dithiadiazolyls studied to date have aryl substituents and are therefore planar.
In the solid state, the materials dimerise through two S---S interactions. In the case of aryl

substituents, there is little steric hindrance, which allows the groups to lie directly above

11
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each other. Table 1.1 lists several reported cis-cofacial dimers together with their S---S

distances.
Table 1.1 Inter dimer distances for some cis-cofacial dimers
Dithiadiazolyl Substituent | S---S Dimer Distance Reference
Ph 3.102A 19
p-MeS.CsH, 3.061 A 17
p-CLCgH, 3.099 A 51
2-NC.C4H,0 3.126 A 40
CsFs 3.067 A 17
Pp-NC.CsHy 3.102) A 32
m-NC.CsHs(a-phase) 3.132) A 32

The molecular structures of these compounds are remarkably similar, but all display
significantly different molecular packing in the solid state. This phenomenon is extremely
important when considering the factors controlling the production of polymeric arrays or
chains which may display electronic or magnetic properties. An example of this can be
seen with p-CI.C¢Ha. CNSSN *! which is a dimer but which also shows secondary S---Cl

interactions. In this case, the chlorine acts in much the same way as the chloride ion in
CsHs. CNSSN * CI" and interacts along the plane of the dithiadiazolyl ring with two sulfur

atoms within the ring. Another good example of this is observed for p-NC.CsH,. CNSSN *
where the secondary interactions between the sulfur atoms within the ring and the nitrile

substituent form chains through in-plane CN---S interactions.

12



1.5.2 Twisted Type Configurations

This configuration usually occurs when the substituent is non-planar e.g. CF:,” Me,”
/Bu."*? In order to minimise steric repulsion the molecules adopt a twisted conformation
in which there is one strong S---S contact and some weaker S---N interactions. The inter-
dimer distance (S---S distance) is comparable to that of the cis-cofacial conformation. It
has also been shown that because of the large steric crowding involved in these
compounds, the melting points are often low. Indeed the /Bu derivative is a paramagnetic
liquid at room temperature but upon cooling, the compound associates as a dimer. A
further example was also observed in adamantyl-1,2,3,5-dithiadiazolyl.>® The structure was
surprisingly similar to that of smaller alkyl substituents, despite its rigidity and significant
steric influence. A twisted conformation was also observed for 2,3-F2.C6H3.m54’5 3

which had an S---S interdimer distance of 3.020(4) A. This structure was the first

observed when the R substituent was planar and illustrates how electrostatic repulsion can

be used to alter the solid state structure.

1.5.3 Trans-antarafacial Configurations

To date, only one compound has been reported with this frans-antarafacial conformation.
This is despite the fact that the energy difference between the cis and frans isomers is very
small. In the case of m-NC.C¢HsCNSSN * there are two morphologies. The first,
(o-phase) shows the cis-cofacial dimer with ordered crystal packing through secondary
S---CN interactions. The second (B-phase) is the trans-antarafacial dimer which shows
similar S---S distances and also shows strong S---CN secondary interactions which

results in a chain type structure.
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1.5.4 Trans-cofacial Configurations

Until very recently, no #rans-cofacial configurations had been published. The
2,2>-dimethylbiphenylene bridged derivative [20],°® contains one dithiadiazolyl associated
in a dimerised #rans-cofacial manner across an inversion centre to an equivalent radical on

a neighbouring molecule. The contact between these rings is small (3.24 A), which is well

within the distance effected by spin pairing. It is unclear why this cofacial association was
favoured in this compound. The other side of the di-radical has no close spin-paired
interactions with any neighbouring ring. This renders the compound paramagnetic in the

solid state. However, no long range magnetic ordering is observed.

S\I\f/ \\N/s

[20]

1.5.5 Other Conformations

During the past few years, the emphasis in much of the work into these systems has been
to control the molecular packing, several notable advances have been made leading to
derivatives with novel structures and properties. Oakley and co-workers® reported the first
example of a dithiadiazolyl, 1,3-phenylene-bis-dithiadiazolyl, which crystallised as one-
dimensional stacks. However, it was discovered that Peierls distortion caused a subtle

rocking at opposite ends of each molecule. This in turn produced long and short centroid-

to-centroid distances (i.e. S---S distances of 3.140A and 3.966A) alternating throughout

the stack (Figure 1.3).

14



N(4)

Figure 1.3 The Solid State Structure of 1,3] NSSNC .C¢Hs. CNSSN ]

Subsequently, the same workers co-sublimed simple dithiadiazolyls such as Ph. CNSSN
with iodine.”” The result was a p-doped charge transfer complex, where stacks of
dithiadiazolyls associated with iodide or triiodide anions. The complex of
1,3-[_1\E_SI\I—C.C6H4.C—I\ISW] with iodine was observed to be a semi-conductor at room

temperature with a conductivity of 100 Scm’™.

The first paramagnetic dithiadiazolyl was discovered by A.J. Banister et al®®>° The
structure of this fluorinated 1,2,3,5-dithiadiazolyl radical [p-NC.CgsF,. CNSSN ]* displayed
two distinct polymorphs. Both structures showed strong S---N interactions to form
polymeric chain structures and F---F repulsion preventing dimerisation (Figure 1.4). The
main difference between the two structures is the direction of the dithiadiazolyl within
adjacent chains. In the o-phase, adjacent chains align in antiparallel directions. In the
B-phase, all the chains lie in the same direction. This subtle difference in the crystal
packing has great consequences for the overall properties of the B-phase, which becomes
ferromagnetic at 36 K, whereas the a-phase is antiferromagnetic. The properties of this

compound are discussed in more detail later in this chapter.
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>33 into the repulsion of fluorinated substituents

Further work by Banister and co-workers
attached to a phenyl ring resulted in the first example of an intrinsic, ordered dithiadiazolyl
stack (2,5-difluorophenyl-1,2,3,5-dithiadiazolyl). However, this year, a study by Oakley
and co-workers®® has suggested that the reported structure was incorrect. The inaccurate
assignment of the original structure was attributed to the presence of a superlattice,
common in other stacked forms of dithiadiazolyls.** After re-examination, a molecular
structure of -stacked dimers was reported (Figure 1.5). This has been used to explain why
the compound was essentially diamagnetic up to 300K. This new structure showed a

striking similarity to previously reported stacks which displayed alternating short

intradimer distances (2.9 - 3.0 A) and long interdimer distances (3.9 — 4.1 A) through the

stack. The dimerisation of dithiadiazolyls has been suppressed by p-type doping e.g. iodine

doped [H. CNSSN 1.0.18L,%' displayed a stacking structure along with increased

conductivity.
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1.6 Magnetism and non-Metallic Magnets

If two objects attract each other and also repel each other (depending on their relative
orientations), then these objects might be called magnets. In addition, when certain objects
are attracted to, but not repelled by each other then these objects may be said to consist of
magnetic materials. Magnetic phenomena has been known and exploited for centuries.
Since the first known magnetic material, magnetite, many other magnetic materials have
been used and investigated.**** One of the main challenges in the field of molecular
materials concerns the design and synthesis of compounds exhibiting spontaneous
magnetisation.>*® Compounds of this type have only been described in the past decade,

and despite much effort, this class of compound is still small in size.

It is important first to understand some of the definitions as a background to magnetic
behaviour.%® Although magnetism has been known and used for hundreds of years it was
not until the nineteenth century that a link was found between electricity and magnetism.
Michael Faraday stated that the force driving a current around a circuit, i.e. the
electromotive force (Volts) is equal to the rate of change of flux through a circuit. The
effect of a magnetic field on a material can be defined in several equations. It can be shown
that in a vacuum the magnetic induction of a material, B, is directly proportional to the

field, H (Am™) (Equation 1.1).

B=y ,H Equation 1.1

where L is a universal constant, the permeability of a vacuum. In a vacuum, B and H are
always parallel to each other. When a material is present, this equation is not followed as
the material acquires a dipole moment. In this case the material has a magnetisation, M,

which is the dipole moment per unit volume. The relationship can then be shown to be:

18



B=p,H+M) Equation 1.2

The magnetisation of a material in general depends on the magnetic field acting upon it.

For most materials M is proportional to H and is related by:

M=yyH Equation 1.3

where 7y is the magnetic susceptibility and is a property of the material. The cgs units of
molecular susceptibility (used in this thesis) are emu.Oe”.mol’. The emu is an
electromotive unit with dimensions of volume so that 1 emu is equivalent to 1 cm’.

Another way of characterising the material magnetically is to use the magnetic

permeability, p. This is related to the magnetic susceptibility by:

=14y Equation 1.4

It then follows that the magnetic permeability is related to the magnetic induction by the

following equation:

B=p uH Equation 1.5

Both magnetic susceptibility and magnetic permeability can be used to characterise the
nature of a magnetic material. For small values of i then p becomes very close to 1 and is

of very little use. However, for larger values, and therefore materials of more practical

interest, p can be used.
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The classification of magnetic materials can be aided by studying the magnetic
susceptibility of materials as a function of temperature. Compounds which contain only
pairs of electrons are repelled by magnetic field and are said to be diamagnetic. Their
susceptibility is negative and independent of temperature. Compounds which contain
unpaired electrons are attracted into the magnetic field and their susceptibility is positive.
These compounds are described as paramagnetic and have a susceptibility which is
temperature dependent (discussed in more detail later). In reality, all paramagnetic
compounds contain some electron pairs (core electrons and electrons involved in bond
formation) and so the observed susceptibility is the sum of the diamagnetic and

paramagnetic components (Equation 1.6).

Xobs = Xpt Xa Equation 1.6

If we are interested in the paramagnetism arising from the unpaired electrons (xp) then a
careful correction for the sample diamagnetism must be made. This is often estimated
using Pascal’s constants, although more elaborate methods can be applied. For now, we

will concentrate on the sample paramagnetism.

Pierre Curie found an empirical relationship between the value of y, and the absolute
temperature, T. For many paramagnetic compounds there is an inverse-relationship
between y and T (Equation 1.7). Thus as a sample is cooled its susceptibility rises rapidly.
At low temperatures some deviation from the Curie-Weiss behaviour (Equation 1.7) is

often observed.

Y = Equation 1.7
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If © = 0 the compound behaves as a perfect paramagnet, i.e. each molecule acts
independently from its neighbours. However in many compounds, there may be some
degree of communication between neighbours (often referred to as a magnetic exchange
interaction). This communication may try to align the unpaired electrons on neighbouring
molecules anti-parallel to one another. These molecules are said to be
antiferromagnetically coupled and in this case © < 0. In contrast, local co-parallel
alignment of eléctrons gives rise to ferromagnetic coupling, signified by 6 > 0. The sign
and magnitude of 6 give and indication of the type é.nd strength of the coupling between

neighbouring molecules.

In the mean field approach, for ferromagnetically coupled compounds when T = 0, then
x— oo, ie. all the unpaired electrons move co-operatively and this known as a
magnetically ordered state. This temperature is known as the critical temperature. In reality
many compounds begin to deviate from Curie-Weiss behaviour will usually order
somewhat below [0]. Since the co-operativity is essentially required to propagate
throughout the three-dimensional solid, it requires communication in three dimensions. For
compounds exhibiting strong communication between spins in only on or two dimensions,
then magnetic order is frequently not observed at any finite temperature. Some common

forms of long range magnetic order are briefly outline:-

In a ferromagnet, all the electrons align co-parallel at absolute zero (T = 0 K) giving rise to
a spontaneous magnetisation, M, even in the absence of an applied field, H. Under these
circumstances, Equation 1.3 is no longer applicable and the sample susceptibility is
meaningless. Instead, we discuss the spontaneous magnetisation. At 0 K all the electrons
align perfectly and we observe saturation magnetisation, M;. On warming above 0K some

thermal energy leads to electron motion away from perfect alignment and the saturation
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magnetisation steadily decreases, reaching zero at the magnetic ordering temperature or
Curie temperature, T.. Above the ordering temperature the material is paramagnetic and ¥,
becomes meaningful once more. At temperatures well above the ordering temperature the

compound will obey Equation 1.7 with 6 > 0.

In an antiferromagnet, the spins align antiparallel throughout the solid below the Neel
temperature, Tn. An antiferromagnet is often characterised by a sharp maximum in the
susceptibility. On cooling a paramagnet, ¥ is expected to increase but, as the
antiferromagnetic interactions become stronger (in relation to the thermal energy kT) then
the electrons begin to align antiparallel to each other rather than all parallel with the
applied field and the susceptibility begins to decrease. For a three-dimensional order the
transition is usually sharp whereas low-dimensional magnetic interactions give rise to
broad maxima in the susceptibility. Well above the ordering temperature an

antiferromagnet is expected to follow Equation 1.7 with 6 <0.

In a ferrimagnet, electrons on neighbouring molecules interact antiferromagnetically
(i.e. © <0). However, the interacting molecules may bear spins of differing size (e.g. two
unpaired electrons on one molecule, S = 1, interacting a neighbouring molecule bearing
one unpaired electron, S = %2). In this case, antiparallel alignment will lead to a greater
number of spins pointing in one direction. Below the critical temperature, T, the
compound behaves much like a ferromagnet, although the magnitude of the saturation

magnetisation is lower [¢/2S for a ferromagnet vs 2(Sa — Sg) for a ferrimagnet].

More esoteric types of magnetic order and partially ordered states are also known. These

include asperomagnetism, canted antiferromagnetism and spin-glass behaviour and are
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material is 1.48 K for N,N’-dioxy-1,3,5, 7-tetramethyl-2,6-diazaadamantane [23].”" Another
compound found to exhibit weak ferromagnetism is the verdazyl radical TPV. * In this
compound, the ferromagnetism results from canted, or non-collinear, antiferromagnetic
ordering. A significant advance was then made with ferromagnetic ordering in the

fullerene-based charge-transfer salt, Ceo. TDAE [24],™ which exhibited a T, of 16.1 K.

+ IO ye)
N
\ NO,
N N
o o

[22] [23]

(H;ON  N(CHj),
6 * —
(H;C),N  N(CHj3),

[24]
The most recent, and surprisingly high T, has been reported®’”® for the B-phase of the
dithiadiazolyl p-NC.C6F4.EﬁS_S_ﬁ (Figure 1.e). Both phases of p-NC.C6F4.6N_S—Sﬁ are
paramagnetic at room temperature with effective magnetic moments slightly less than that
expected for S= Y spins ([, a-phase = 1.6 pp; Hes, B-phase = 1.55 pg), consistent with

"% The low temperature behaviour of the

antiferromagnetic exchange between spins.
B-phase is exceptional, undergoing a phase transition to a weakly ferromagnetic state at
36 K.>***7>7¢ Few non-metallic materials are known which exhibit spontaneous magnetic

moments and the majority do so below liquid helium temperature. Thus the spontaneous
magnetic moment observed for the B-phase of p-NC.C¢Fs. CNSSN constitutes the highest
T.’s observed for an ‘organic’ magnet. The ferromagnetic nature occurs as a consequence
of the polar nature of the solid state structure of this phase. It is estimated to have a spin
canting angle of 0.085 + 0.005°. Spin canting is known to be favoured by low-dimensional

systems not containing an inversion centre.
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1.7 Conduction in Organic Materials

The classic electron conduction model for a metal considers that a valence electron of an
atom can move freely between all the atoms within the solid. The energy band model for
partially filled bands (metals) shows that the energy required to excite valence electrons so
that they are mobile is very small. For filled bands, the energy required to excite the
valence electrons to make them mobile is much greater, which leads to materials that are
either semiconductors or insulators. These models are based on interaction between atoms
in a solid lattice. Thus the extension of electrical conductivity models from atom based
systems to those made up of molecules is dependent on the interactions in the solid state.
Molecular based materials which have electrons delocalised over the entire solid may
exhibit high metal-like conductivities. It was postulated, as far back as 1911,”" that
molecule-based compounds could exhibit conductivities similar to those of metals. These
predictions were realised in 1954' and since then there has been extraordinarily large

interests in this area.”®

The primary motivation for the extensive interest in the synthesis of this group of
molecular conductors is the potential technological applications of these materials. The
simple fact that many of the materials have a much lower density (about 1.5 g/cm®) than
metals (9 g/cm’® for copper) makes their use very appealing. Moreover, a combination of

different physical properties and their ease of fabrication also makes them very inviting.

Over the past 20 years research into the design of molecular conducting materials has
focused primarily on organic donor molecules like TTF [25], TMTSF [26], BEDT-TTF
27] andbacceptors such as TCNQ [28]. For these systems, conductivity is only possible
after oxidation (p-doping) of the neutral molecule, to form a charge transfer (CT) salt. This

conductivity arises from the generation of a partially filled energy band, which is
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associated with the overlap of m-orbitals within the stacks of radical ions. Modifications to
the conductive properties of the materials can be achieved by the variation of the molecular
structure of the organic donor or the inorganic acceptor. Most of these materials have

highly one-dimensional structures.

S S Me Se Se.-Me
[S>=<Sj| MeI 82:<S e:l[Me

TTF TMTSF
[25] [26]
S-S, S~ S NC CN
(L~ =0
g~ S S g NC CN
BEDT-TTF TCNQ
(271 (28]

All neutral n-radicals, including dithiadiazolyls, by definition give rise to a half-filled
energy band. However, in a one-dimensional stack of dithiadiazolyls, Peierls distortion,”

driven by charge density waves (CDWSs), produces an essentially dimerised system.
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Figure 1.7 Representations of the energy bands in stacked dithiadiazolyls
The uniformly spaced stack shown above (Figure 1.7) was described by R.T. Oakley et
al®® as the ‘metallic state’. It shows no energy gap (e,) between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). One
can therefore consider it to have the ability to conduct. It was reasoned that if the
dithiadiazolyl, HCNSSN ¢! was co-sublimed with elemental iodine, partial oxidation

would take place. Oxidation suppresses the Peierls distortion, which occurs in the neutral
radical. The conductivity at room temperature of the charge transfer salt [HCNSSN ]I was

found to be 15 Scm’. Similarly, iodination of 1,4->" and 1,3-*'( NSSNC .C¢H,. CNSSN),

both of which exist as diamagnetic dimers in the solid state, produced the charge transfer

salts [1,4-(NSSNC .CgH;. CNSSN)]I and [1,3-(NSSNC .C¢Hy. CNSSN ]I respectively.

The conductivity of [1,4-(NSSNC .C¢Hs. CNSSN )]I was particularly outstanding being in

excess 0f 200 S cm™! at room temperature.’’
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1.8 Electron Paramagnetic Resonance

Electron Paramagnetic Resonance (EPR) spectroscopy is a technique used to study
materials that contain unpaired (paramagnetic) electrons®’ and is invaluable for

investigating free radicals such as dithiadiazolyls.®

The technique is often considered more difficult to obtain detailed information from than

experiments such as NMR and Mbossbauer spectroscopy. More knowledge about the

specific ion in question is often needed for detailed interpretation. In addition, some
systems may give weak or broad signals that require cooling to low temperatures to gain
high quality spectra. Despite these difficulties, the technique is considered complementary

to NMR, which cannot be used with paramagnetic samples under normal conditions.

Considerable paraliels exist between NMR and EPR because both depend on the magnetic
moment of a spinning particle, either the nucleus or the electron. For electrons with a spin
Y4, two energy states are produced by the interaction with a magnetic field, B. They differ

in energy by:

AE =guB Equation 1.8

'The value of g depends on the identity of the particle and p is its magnetic moment. For a
free electron, g is 2.0023 and for a proton, the value is 5.5856.%> The magnetic moment
varies considerably because of its dependence on mass.

eh

= Equation 1.9
47m
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In the case of EPR pg (the Bohr magneton) is 9.274 x 102* JT". The spectra obtained by

EPR depend on determining the g-values for the unpaired electrons in the sample, which
are different to those of the free electrons and are dependent on the chemical environment
of the paramagnetic atom. This is usually achieved by using a fixed frequency, usually
9 GHz, and varying the applied field. The method used is the opposite to that of NMR
because the chamber where the sample is kept has to be tuned to the particular wavelength
used. It is therefore not possible to adjust the wavelength without an adjustable chamber.
The frequency of 9GHz was chosen because similar systems using this frequency were
already being used for marine radar (X-band), and were well understood. Some
spectrometers operate at 36GHz (Q-band) because the technology of airport radar can be

utilised.

1.8.1 Experimental Considerations

EPR studies can be performed on liquids, solids and solutions. The technique is very
sensitive so only a small sample is required. Because of this high sensitivity, every effort
must be made to omit all traces of additional paramagnetic impurities. Solid samples are
measured in silica tubes rather than glass to avoid the contamination from iron (II) in the
glass. Air is often removed from the tubes prior to analysis to avoid line broadening from
the presence of molecular oxygen. Line broadening due to spin-spin relaxation effects can
be minimised by dissolving the sample in a solvent at a concentration of about
5 mmol dm>. A small amount of another solvent such as dimethylsulfoxide or glycerol is
useful to encourage the formation of a glass when cooling. This in turn helps to prevent the

crystallisation of the solid sample from the solvent during cooling.

In order to reduce noise, most spectrometers use a modular technique, which superimposes

a cyclic variation on the magnetic field. The detection of the signal involves examining the
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phase of the resultant wave using a phase-sensitive detector.®® The graphical results are

displayed in the first derivative form (Figure 1.8).

Figure 1.8 An example of a first derivative EPR signal

The position of maximum absorption is at the point where the curve crosses the baseline
and the signal width is the distance between the maximum and minimum. The second

derivative can often be used to determine the fine structure of the sample.

1.8.2 g-Value

For a free electron in a vacuum g is 2.0023." In chemical systems, the unpaired electron
occupies an orbital almost exclusively localised on a single atom or can be strongly
delocalised across a molecule. It then follows that the g-value reflects the nature of the
orbital. In the case of free radicals, the value of g approaches that of a free electron. Orbital

contributions are most common in compounds containing a transition metal ion.

1.8.3 Fine, Hyperfine and Superfine Structure
A species which has the spin S has a total of 2S + 1 energy states, characterised by the
quantum numbers M. In the absence of a magnetic field all states with M; 0 are expected

to remain doubly degenerate (i.e. M; and - M; are the same energy). However, the electric

fields produced by other atoms usually separate these doublets and act via spin-orbital
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coupling. This is known as zero field splitting and depend on the structure of the sample
under investigation. The presence of a magnetic field removes the remaining degeneracy
and allows transitions between adjacent states to be observed. The appearance of more

than one line (when S = %) is known as fine structure.

The spectra produced by EPR may have some additional fine structure when the atom on
which the unpaired spin is centred also has a spin (exactly analogous to NMR). A nucleus
of spin I gives rise to the splitting of the EPR line into 2I + 1 components, all with equal
intensity and separated with a coupling constant, A. This phenomenon is known as
hyperfine structure. In an analogous way, nuclei on adjacent atoms may give splitting of
the spectrum. This is known as superfine structure and is dependent on the extent of
delocalisation of the unpaired electron on to these atoms, decreasing rapidly with the
number of bonds involved. It is usually only detectable for nuclei of atoms directly bound

to that containing the unpaired electrons.

1.8.4 EPR Spectroscopic Studies of Dithiadiazolyl Radicals
Free radicals, whether organic or inorganic, usually give sharp spectra with g close to 2. It
may be possible to see hyperfine and superfine structure, both of which are usually well

resolved.

The structural study of inorganic ring systems by EPR spectroscopy has received
significant interest in recent years'® and has proved to be a vital tool in the study of
dithiadiazolyls. Reviews of the technique and the characterisation of spectra in relation to
sulfur nitrogen radicals have been published.'®**%* The technique has been described® as
being unrivalled as a probe of the structure of paramagnetic molecules, leading to

unequivocal assignment of ground state geometry and electronic wavefunction.
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Isotropic and powder EPR spectra have been obtained for a range of 1,2,3,5-dithiadiazolyl

derivatives. Some of the data is summarised in Table 1.2.

Table 1.2 EPR data for different substituents attached to 1,2,3,5-dithiadiazolyl

Substituent Temperature | Solvent g an
CeHs™ 298 K CsHg/THF 2.0104 0.49
CeHs’ 205K dg-toluene 2.01019 0.517
CeFs™> 219K dg-toluene 2.01012 0.505
Bu*® 203K ds-toluene 2.01059 0.51
Bu™” 2.0121 0.52

Me’ 203K dg-toluene 2.0104 0.538
CF® 193K d-toluene 2.00939 0.49
CFs™ 298 K liquid SO, 0.51
CCL™ 298K CsHg/THF 2.0104 0.49

1,4-CeHy- 273K CHCl; 2.011 0.51 mT
1,3-C¢Hy-> 213K CHCl; 2.011 0.51 mT
NSSNC -CNSSN ¥’ 23K CHCl, 2.011 0.5 mT

F~ 298 K liquid SO, 0.506

cr~ 298 K liquid SO, 0.53

Br” 298 K liquid SO, 0.5

" 298 K SO,/CFCl; 2.0106 0.5

Simple solution state measurements give well resolved isotropic spectra with hyperfine
splitting to two equivalent N nuclei (an ~ 0.5 mT), to yield 1:2:3:2:1 quintet. An example
of the spectrum for PhCNSSN ° is shown below (Figure 1.9). Although the coupling to
sulfur is also large (as ~ 0.62 mT), the low abundance of 33S means that this frequency is

not normally observed. Further splitting has also been observed as a result of the R
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substituent ¢.g. in CF3. CNSSN ,* coupling to fluorine produces a superfine splitting with

a 1:3:3:1 pattern.

All the dithiadiazolyls analysed to date have shown large isotopic g-values of
approximately 2.01. There is little variation in g;, and an for dithiadiazolyls. EPR has also
been used to investigate the thermodynamic nature of the monomer-dimer equilibrium in
solution.”** Anisotropic spectra of frozen glass, powder and single crystal samples have
been obtained in order to separate the hyperfine coupling into x, y and z directions (similar

to solid state NMR). It has been used to calculate the percentage occupancy (spin density)
of the radical on the ring atoms. Single crystal measurements on Ph.CNSSN® and

1,3-(NSSNC .C¢Hs. CNSSN )** have revealed the orientations of the SOMO and further

splitting due to dipolar coupling.

Figure 1.9 EPR solution spectrum of Ph. CNSSN



1.9 Aims of the Present Work

The project aimed to synthesise several novel dithiadiazolyl radicals possessing various
halogenated phenyl substituents. The effect of the halogen substituents and isomers on the
molecular packing was to be investigated. Information on the intermolecular interactions
of particular halogen atoms in the solid state, and the significance of their position on the

phenyl ring will be discussed.

Products with interesting structures were then examined for their physical properties
(i.e. magnetic or electrical). A comparison could then be drawn between the physical
properties and the packing structure to learn more about electron mobility between

adjacent dithiadiazolyl rings in the solid state.
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2.0 Introduction

This chapter reports the synthesis of neutral radical dithiadiazolyls with varying R-groups.
On each occasion, an investigation of the crystal structure was performed in collaboration
with H. Adams and S. Spey at the Department of Chemistry, University of Sheffield.
Derivatives with interesting structures were examined further by electron paramagnetic
resonance (EPR) in collaboration with Dr F, Mabbs and co-workers at the EPSRC cwEPR
service, Department of Chemistry, University of Manchester. Magnetic susceptibility
experiments were performed by Professor F. Palacio at the University of Zaragoza. This

chapter will discuss the synthesis of all the dithiadiazolyls described in this thesis.

The main section of work undertaken was the synthesis of a range of dichlorophenyl
dithiadiazolyls 1-5. Preparation of all the possible isomers of Cl,.C¢Hs. CNSSN were

attempted (except 2,6-Cl,.C¢Hs. CNSSN )! and all have an assigned crystal structure.

cl Cl
ﬁ L ]
/ \T /N\T
C C
\\N/s \\N _s
Cl Cl
1 2
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Cl C Cl C
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The synthesis and structure of 3,5-dibromophenyl-1,2,3,5-dithiadiazolyl 6 is reported and a
comparison of the structure has been made with relevant examples from the literature and

that of the chloro-derivatives.

Br.
/N\?
C
A\
NS
Br

The syntheses of two iodophenyl dithiadiazolyls. 7 and 8 are described. The. crystal

structure of 7 is reported.
I
: . / \IS - /N\T
\\N/s \\N/s
7 8
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2.1 Synthesis and Mechanisms

As outlined in the previous chapter (Section 1.3) there are several published methods® for
the synthesis of dithiadiazolylium salts and for their subsequent reduction to the
corresponding dithiadiazolyl radical. The chosen method. for these compounds was from

the appropriate halogenated benzonitrile derivative via an amidinium salt’ as shown in

Scheme 2.1.
N
720
R—C=N - rR—C |
NS
Na[N(SiMe3),] A
Et,O
|
o // N-SlMe3 .
\.© Na
N-SiMes
25CL, , 0 °C
Sublimation
A
R—C\ | CI + NaCl + SiMesCl
Filter
N— N
7S SbPh 7 S
R—C | CI + NaCl S R—C_ ] + By-products
N;S.;. CH2C12 N/S
Scheme 2.1  Synthetic strategy for the preparation of 1,2,3,5-dithiadiazolyls
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The reaction of an organic nitrile with lithium bis(trimethylsilyl)amide was first reported in
1973 by AR Sanger et al’ The reaction. between benzonitrile. and lithium
bis(trimethylsilyl)amide allowed the isolation of a lithiated benzamidine derivative.* Tt was
also found that the reaction seemed to be solvent dependant as the same synthesis in
petroleum gave only sym-2,4,6-triphenyltriazine.* The synthetic route is easily completed
at room temperature for any nitrile that lacks an o-hydrogen.. The presence of an

a-hydrogen leads to the formation of a carbanion, as shown below (9).°

Li  NH

2
R—CH—
N(SiMe,),

For similar reasons the reaction of lithium bis(trimethylsilyl)amide with nitriles containing
an a~chlorine (e.g. trichloroacetonitrile) also fails, with the elimination of lithinm chloride.
This also had implications for some of the dichlorobenzonitrile derivatives. that I planned
to use in this study (e.g. 2,4-dichlorobenzonitrile and 2,5-dichlorobenzonitrile) which
contain chlorine in the ortho position. I have found that sodium bis(trimethylsilyl)amide.
does not react w1th ortho chlorine substituents in dichlorobenzonitriles to produce a
carbanion. Instead, it yields the desired metalated amidine shown in Scheme 2.2.
Moreover, Na[N(SiMe;),] is less moisture sensitive than the lithiated derivative and
produces comparable. yields. For this reason, the sodium derivative has been used for all

the isomers made (regardless of the position of the chlorine substituents).

Scheme 2.2 shows a proposed mechanism® for the addition of sodium bis(trimethylsilyl)
amide to an organic nitrile giving a metalated amidinium salt. The salt gains stability

through resonance between the two carbon nitrogen bonds.
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SiM€3

N ?iMe3
(‘ \S iMe3 /N_Si_M€3
R—C=N _— R—C
¥ Q
/N—SiMe3 N—SiMes
R_C\\ Na" o 5 R_C\ Na*
N—SiMe3 H_SiMC:;

Scheme 2.2  The formation of an amidine salt

The addition of sulfur dichloride to the metalated amidinium salt eliminates
chlorotrimethyl silane (SiMe;Cl) and sodium chloride. A. proposed mechanism for the
formation of the dithiadiazolylium ring system is outlined below. Ring closure occurs

because of the stabilisation of the resulting ring system due to resonance (Scheme 2.3).
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- Scheme 2.3  The formation of the dithiadiazolylium ring system

Reduction of the dithiadiazolylium chloride to the neutral radical is outlined below
(Scheme 2.4). The triphenylantimony reacts with two chloride ions to yield pentavalent

dichlorotriphenylantimony. The stability of the. neutral radical is thought to be due to its



resonance stabilisation and aromaticity. In addition, Peierls distortion causing dimerisation

of the radicals may further explain their unexpected stability in the solid state.
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Scheme 2.4  The reduction of a dithiadiazolylium salt

The intermediate dithiadiazolylium chloride can be purified by recrystallisation and by
soxhlet extraction with liquid SO,. However, I chose to eliminate the purification step
because the sodium chloride by-product of the reaction does not affect the formation of the
radical during the reduction stage’ and the chlorotrimethyl silane is removed by washing
with diethyl ether. After the reduction, the dithiadiazolyl radical is purified by vacuum
sublimation. The production of crystals suitable for x-ray analysis can then be achieved by

sublimation under a temperature gradient.
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2.2 Experimental

22.1 Preparation of 3,5-dichlorophenyl-1,2,3,5-dithiadiazolyl (1)

Cl
/N\S
C\\ |
N/S

Cl

Sodium bis(trimethylsilyl) amide (1 g, 5.1 mmol) was dissolved in diethyl ether (50 ml).
3,5-Dichlorobenzonitrile (0.88 g, 5.1 mmol) was added to give an immediate dark blue
coloured solution which was left to stir at room temperature overnight. The reaction
mixture was cooled to 0 °C and sulfur dichloride (0.79 ml, 12.5 mmol) was added. The
resulting orange-red precipitate was stirred for 5 hours, filtered, washed (3 x 20 ml diethyl
ether) and dried in vacuo for approximately 3 hours. The orange dithiadiazolylium chloride
(0.94 g, 3.22 mmol) was dissolved in dichloromethane (50ml) and triphenylantimony
(0.57 g, 1.61 mmol) was added to give an immediate purple solution that was stirred for
approximately 6 hours. The dichloromethane was removed in vacuo leaving an oily
purple/red solid which was sublimed on to a cold finger at 95 °C to yield a purple,
microcrystalline solid. This solid was further sublimed under gradient temperature
(105 - 25 °C) to yield lustrous dark red crystals.
DSC: Sublimation  73-74.7°C (0) 95-97°C (B) Mpt 124-126°C

Decomp. 200-250°C
MS (ED 248.8 (M), 202.9 M’ - SN), 170.9 (M" - S,N), 77.9 (S:N")
Infrared 1720(br), 1565(m), 1307(sh), 1156(w), 1176(w), 1021(w), 955(w), 891(W),

864(m), 805(s), 667(W), S98(W), 469(s).
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Elemental analysis:

l Carbon | Hydrogen | Nitrogen
Calculated 33.61 1.21 11.19
Experimental 33.61 1.24 11.00

2.2.2 Preparation of 2,5-dichlorophenyl-1,2,3,5-dithiadiazolyl (2)

Cl

Cl
Sodium bis(trimethylsilyl) amide (1 g, 5.1 mmol) was dissolved in diethyl ether (50 ml).
2,5-Dichlorobenzonitrile (0.88 g, 5.1 mmol) was added to give an immediate dark blue
coloured solution which was left to stir at room temperature overnight. The reaction
mixture was cooled to 0 °C and sulfur dichloride (0.79 ml, 12.5 mmol) was added. The
resulting red/brown precipitate was stirred for 5 hours, filtered, washed (3 x 20 ml diethy]
ether) and dried in vacuo for approximately 3 hours. The brown dithiadiazolylium chloride
(0.94 g, 3.22 mmol) was dissolved in dichloromethane (50 ml) and triphenylantimony
‘(0.57 g, 1.61 mmol) was added to give an immediate purple solution that was stirred for
approximately 6 hours. The dichloromethane was removed in vacuo leaving an oily
purple/red solid which was sublimed on to a cold finger at 95 °C to yield a purple/red
microcrystalline solid. This solid was further sublimed under gradient temperature

(95 - 25 °C) to yield lustrous dark red crystals.

DSC: Sublimation 75-80°C  Mpt 100-103°C  Decomp. 120-226 °C

MS (ED) 248.8 (M"), 202.9 (M" - SN), 170.9 (M" - S;N), 77.9 (S:NH)

Infrared 1720(br), 1565(m), 1307(sh), 1156(w), 1176(w), 1021(w), 955(w), 891(w),
864(m), 805(s), 667(W), 598(W), 469(s).

Accurate mass calculated for C;H;S,N,*Cl, 248.91147, found 248.91112
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2.2.3 Preparation of 2,4-dichlorophenyl-1,2,3,5-dithiadiazolyl (3)

Cl

C C |
A\
N/S

Sodium bis(trimethylsilyl) amide (1 g, 5.1 mmol) was dissolved in diethyl ether (50 ml).
2.4-Dichlorobenzonitrile (0.88 g, 5.1 mmol) was added to give an immediate dark blue
coloured solution which was left to stir at room temperature overnight. The reaction
mixture was cooled to 0 °C and sulfur dichloride (0.79 ml, 12.5 mmol) was added. The
resulting light yellow precipitate was stirred for 5 hours, filtered, washed (3 x 20 ml diethyl
ether) and dried in vacuo for approximately 3 hours. The yellow dithiadiazolylium chloride
(0.94 g, 3.22 mmol) was dissolved in dichloromethane (50 ml) and triphenylantimony
(0.57 g, 1.61 mmol) was added to give an immediate purple solution that was stirred for
approximately 6 hours. The dichloromethane was removed in vacuo leaving an oily
purple/red solid which was sublimed on to a cold finger at 95 °C to yield a purple
microcrystalline solid. This solid was further sublimed under gradient temperature

(105 - 25 °C) to yield lustrous dark red crystals.

DSC: Sublimation 60-61 °C Mpt 79-80 °C Decomp. 140-165 °C

MS (ED) 248.9 (M), 202.8 (M" - SN), 171.0 (M - S;N), 78.0 (SN

IR (nujol)  1401(s), 1342(s), 1262(w), 1227(w), 1154(w), 1103(s), 1071(m), 1050(s),
1024(sh), 935(m), 886(m), 826(s), 806(m), 782(s), 664(W).

Accurate mass calculated for C;H;S,N>>Cl, 248.91147, found 248.91144

Elemental analysis:
| Carbon | Hydrogen | Nitrogen
Calculated 33.61 1.21 11.19
Experimental 33.69 1.27 11.04
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2.2.4 Preparation of 3,4-dichlorophenyl-1,2,3,5-dithiadiazolyl (4)

Cl

Cl C

Sodium bis(trimethylsilyl) amide (1 g, 5.1 mmol) was dissolved in diethyl ether (50 ml).
3,4-Dichlorobenzonitrile (0.88 g, 5.1 mmol) was added to give an immediate dark purple
coloured solution which was left to stir at room temperature overnight. The reaction
mixture was cooled to 0 °C and sulfur dichloride (0.79 ml, 12.5 mmol) was added. The
resulting orange precipitate was stirred for 5 hours, filtered, washed (3 x 20 ml! diethyl
ether) and dried in vacuo for approximately 3 hours. The orange dithiadiazolylium chloride
(0.94 g, 3.22 mmol) was dissolved in dichloromethane (50 ml) and triphenylantimony
(0.57 g, 1.61 mmol) was added to give an immediate purple solution that was stirred for
approximately 6 hours. The dichloromethane was removed in vacuo leaving an oily
purple/red solid which was sublimed on to a cold finger at 100°C to yield a purple
microcrystalline solid. This solid was further sublimed under gradient temperature

(110 - 25 °C) to yield lustrous dark red crystals.

DSC: Sublimation 86-89°C  Mpt 156-158 °C Decomp. 220°C (onset)

MS (EI) 249.0(M"), 203.0M" - SN), 171.0 (M" - S;N), 77.9(S;N")

IR (nujol)  1403(s), 1348(s), 1262(w), 1225(w), 1154(w), 1106(s), 1068(m), 1053(s),
1024(m), 938(m), 886(m), 826(s), 806(m).

Accurate mass calculated for C;H;S,N,>Cl, 248.91147, found 248.91195
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2.2.5 Preparation of 2,3-dichlorophenyl-1,2,3,S-dithiadiazolyl (5)

Cl Cl
Sodium bis(trimethylsilyl) amide (1 g, 5.1 mmol) was dissolved in diethyl ether (50 ml).
2,3-Dichlorobenzonitrile (0.88 g, 5.1 mmol) was added to give an immediate green/brown
coloured solution which was left to stir at room temperature overnight. The reaction
mixture was cooled to 0 °C and sulfur dichloride (0.79 ml, 12.5 mmol) was added. The
resulting bright yellow precipitate was stirred for 5 hours, filtered, washed (3 x 20 ml
diethyl ether) and dried in vacuo for approximately 3 hours. The bright yellow
dithiadiazolylium chloride (0.94 g, 3.22 mmol) was dissolved in dichloromethane (50 ml)
and triphenylantimony (0.57 g, 1.61 mmol) was added to give an immediate purple
solution that was stirred for approximately 6 hours. The dichloromethane was removed in
vacuo leaving an oily purple/red solid which was sublimed on to a cold finger at 100 °C to
yield a purple microcrystalline solid. This solid was further sublimed under gradient

temperature (95 — 25 °C) to yield lustrous dark red crystals.

DSC: Sublimation 73-75 °C Mpt 119-120.5°C Decomp. 190-226 °C

MS (ED) 248.8 (M), 203.0 (M" - SN), 171.0 (M" - S;N), 78.0 (S;N*)

IR (nujol)  1411(s), 1337(s), 1263(w), 1215(w), 1159(w), 1109(s), 1063(m), 1044(s),
1023(sh), 935(m), 892(m), 844(s), 801(m).

Accurate mass calculated for C7H382N23 5Cl, 248.91 147, found 248.91007
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2.2.6 Preparation of 3,5-dibromophenyl-1,2,3,5-dithiadiazolyl (6)

Br

~

C/
AN
N

N=—wn

—
Br
Sodium bis(trimethylsilyl) amide (0.71 g, 3.3 mmol) was dissolved in diethyl ether
(50 ml). 3,5-Dibromobenzonitrile (1 g, 3.3 mmol) was added to give an immediate brown
coloured solution which was left to stir at room temperature overnight. The reaction
mixture was cooled to 0 °C and sulfur dichloride (0.48 ml, 6.6 mmol) was added. The
resulting orange precipitate was stirred for 5 hours, filtered, washed (3 x 20 ml diethyl
ether) and dried in vacuo for approximately 3 hours. The orange dithiadiazolylium chloride
(1.38 g, 3.22 mmol) was dissolved in tetrahydrofuran (50 ml) and Zn/Cu couple (0.24 g,
1.61 mmol) was added to give an immediate red solution that was stirred for
approximately 6 hours. The dichloromethane was removed in vacuo leaving an oily red
solid which was sublimed on to a cold finger at 125 °C to yield a purple microcrystalline
solid. This solid was further sublimed under gradient temperature (110 — 25 °C) to yield

lustrous dark red crystals.

DSC: Sublimation 91-93 °C Mpt 148-150°C  Decomp.230 °C (onset)
MS (ED) 339.1 (M), 292.9 (M"- SN), 161.0 (M" - S;N), 78.0 (S:N")

Elemental analysis:
| Carbon |  Hydrogen | Nitrogen
Calculated 24.80 0.89 8.26
Experimental 24.65 0.90 8.22
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2.2.7 Preparation of 4-iodophenyl-1,2,3,5-dithiadiazolyl (7)

Sodium bis(trimethylsilyl) amide (0.89 g, 4.8 mmol) was dissolved in diethyl ether
(50 ml). 4-iodobenzonitrile® (1.11 g, 4.8 mmol) was added to give an immediate yellow
coloured solution which was left to stir at room temperature overnight. The reaction
mixture was cooled to 0 °C and sulfur dichloride (0.61 ml, 9.6 mmol) was added. The
resulting orange-red precipitate was stirred for 5 hours, filtered, washed (3 x 20 ml diethyl
ether) and dried in vacuo for approximately 3 hours. The orange dithiadiazolylium chloride
(1.32 g, 3.85 mmol) was dissolved in dichloromethane (50 ml) and triphenylantimony
(0.68 g, 1.9 mmol) was added to give a black solution that was stirred for approximately
12 hours. The dichloromethane was removed in vacuo leaving an oily purple/red solid
which was sublimed on to a cold finger at 130 °C to yield a purple microcrystalline solid.
This solid was further sublimed under gradient temperature (120 — 25 °C) to yield lustrous
dark red crystals..

DSC: Sublimation 120-121°C  Mpt 171-172°C Decomp. 210-239 °C

MS (ED) 307.1 (M), 261.1 (M - SN), 229.0 (M* - S;:N), 77.9 (S:N*)

Elemental analysis:
|  Cabon | Hydrogen | Nitrogen
Calculated 2737 1.31 9.12
Experimental 2713 1.32 9.05
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2.2.8 Preparation of 2-iodophenyl-1,2,3,5-dithiadiazolyl (8)

Sodium bis(trimethylsilyl) amide (0.66 g, 3.6 mmol) was dissolved in diethyl ether
(50 mi). 2-iodobenzonitrile (0.82 g, 3.6 mmol) was added to give an immediate yellow
coloured solution which was left to stir at room temperature overnight. The reaction
mixture was cooled to 0 °C and sulfur dichloride (0.45 ml, 7.2 mmol) was added. The
resulting orange-red precipitate was stirred for 5 hours, filtered, washed (3 x 20 ml diethyl
ether) and dried in vacuo for approximately 3 hours. The orange dithiadiazolylium chloride
(1.19 g, 3.5 mmol) was dissolved in dichloromethane (50 ml) and triphenylantimony
(0.61 g, 1.75 mmol) was added to give a light brown solution that was stirred for
approximately 12 hours. The dichloromethane was removed in vacuo leaving an oily red
solid which was sublimed on to a cold finger at 90 °C to yield a purple oil. This solid was

further sublimed under gradient temperature (90 - 25 °C) to yield purple oil.
DSC: Mpt 40-57 °C Decomp. 110-164 °C

MS (EI) 306.9 (M"), 261.1 (M* - SN, 229.0 (M* - S;N), 77.9 (S:N*)

Accurate mass calculated for C;H3S;N,I 306.88606, found 306.88612
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Chapter 3

Stacking Motifs for Dichlorophenyl

Dithiadiazolyl Radicals
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3.0 Introduction

The assembly of molecular species into ordered supramolecular arrays, which display
useful physical phenomena, provides a goal for much contemporary research.'? Relatively
minor changes to the structures of the constituent molecules can lead to pronounced
changes in the crystal packing and hence to the overall physical properties of the

compound.

In this chapter, the structures and physical properties of three dichlorophenyl
dithiadiazolyls, 1, 2 and 3, the first examples of dithiadiazolyls that crystallise in uniformly
spaced, segregated, stacks in their neutral radical form are presented. A second polymorph

of 3 has also been isolated and its crystal structure is described.

Cl Cl Cl .
Cl c’i\] \? C/\N\? c’i\l O
\N/S \N _S \N _S
1 Cl ’ Cl 3

As discussed above (Section 1.5, page 10), one of the primary aims of dithiadiazolyl

research has been to produce infinite arrays of dithiadiazolyl molecules either in the form

of paramagnetic chains or segregated stacks.

Previous studies have investigated the effect of di-** and tri’-fluorinated phenyl groups on
the molecular packing of dithiadiazolyl radicals. Studies by Rawson and co-workers
revealed that 3,5- and 2,4-difluorophenyl-1,2,3,5-dithiadiazolyl associated in stacks of
dimers, containing alternated short intradimer and long interdimer S---S interactions. In

contrast, 2,5-difluorophenyl-1,2,3,5-dithiadiazolyl was found to crystallise in stacks
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containing uniformly spaced radical units with an unexpectedly long intermolecular S---S

distance of 3.554(3) A. However, a re-examination of the structure of 2,5-difluorophenyl-

1,2,3,5-dithiadiazolyl by Oakley and co-workers® discovered that the original structure was
a superlattice and the true structure was actually segregated stacks of dimer pairs, like
those of the analogous 2,4- and 3,5-difluorophenyl isomers. This conclusion is supported
by the absence of paramagnetic or conductive behaviour that might be expected for an
evenly spaced (undimerised) radical® Stacking motifs within dithiadiazolyls have also
been observed in the form of partially oxidised radicals,”®® which exhibit conductivity at

room temperature.

Fluorine---Fluorine interactions are generally considered to be of a repulsive nature.' It
has been suggested that homonuclear interactions between heavier halogens are attractive'

and that Cl.--Cl interactions can have a marked effect on the solid state structure.'’

1t has long been accepted that many intermolecular X---X (X= Cl, Br and I) distances in
molecular crystals are significantly less than the sum of the accepted van der Waals radii.'?
These X---X interactions have special significance in crystal engineering or the deliberate
design of organic crystal structures because they may be used to create layered motifs,"?
which are associated with specific solid state reactivity patterns. These have previously
been described as “donor-acceptor”, “secondary” and “charge transfer” interactions. More
recently, the interactions have been described in terms of highest occupied molecular
orbital and lowest unoccupied molecular orbital (HOMO-LUMO) and nucleophilic

attack." In all such cases, it has been noticed that there is a directional preference in which

' that in organic

contacting groups position themselves. Indeed, it has been shown
molecular sblids, association is only via certain geometrical motifs.'® This is thought to be

due to either specific attractive forces of chlorine in certain directions (i.e. increased
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attraction) or non-spherical shapes with polar flattening'? in a close packed structure
(i.e. decreased repulsion). A statistical approach employed by Desiraju and Parthasarathy
concluded that there were indeed attractive (and anisotropic) forces within CI---Cl
interactions.'® Irrespective of the origin of the effect, it would appear that chlorine atoms

attached directly to an organic group tend to “steer” the crystal structure to a so-called

“B-mode”."" This is characterised by a short crystallographic axis of c.a. 4 A with the

molecules packing in layered sheets and stacks. This phenomenon has been observed for at
least one hundred published polychlorinated-aromatics.'® The B-structure may therefore
have great significance in the design of low dimensional organic metals and

superconductors.

To date only one chlorine-substituted phenyl derivative of a dithiadiazolyl radical has been
reported, p-chlorophenyl-1,2,3,5-dithiadiazolyl."> In the solid state it is a dimer
(Figure 3.1) but exhibits packing of an unusual type for dithiadiazolyls. The discrete
dimers form into two interpenetrating ribbons, which are orthogonal to one another. The

ribbons are connected by a triangle of S---Cl contacts along the plane of the dithiadiazolyl

ring of 3.38A and 3.52A. These distances are less than the sum of the van der Waals radii
(3.5-3.7 A). The publication noted the similarity of interaction between this compound

and cyano substituents attached to aryl dithiadiazolyls.'®"”
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Figure 3.1 Crystal structure of p-chlorophenyl-1,2,3,5-dithiadiazolyl

3.1 X-Ray Crystal Structures

X-ray structural determinations were undertaken on compounds 1 - 3. All of the
determinations were carried out by Sharon Spey and Harry Adams from the University of
Sheffield. An Ortep structural plot of one molecule from each of the three isomers,
including two polymorphs of 3 (a-3 and (3-3) are shown in Figures 3.2 — 3.5. The bond
lengths and angles in 1 - 3 are listed in Tables 3.1 and 3.2 together with data for phenyl-
" 1,2,3,5-dithiadiazolyl'® and p-chlorophenyl-1,2,3,5-dithiadiazolyl'> for comparative
purposes. The full crystallographic data for these compounds. can be found in appendices

1-4 at the end of this thesis.

The molecular structures of 1 - 3 are, as expected, similar to those of most previously
published aryl substituted dithiadiazolyls. The chlorine-carbon bond distances are

reasonably similar to those observed for p-chlorophenyl-1,2,3,5-dithiadiazolyl,"

(Figure 3.1) which has a CI-C bond length of 1.750 A. The most significant difference

observed between the four structures is the torsion angle between the two planar rings
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Table 3.1  Bond lengths of 1-3 (A).
Bond Distance (A)

Atom No. 1 2 B-3" -3 Ph | P-CICH,
CI)-C) || 1.7274) | 1.735(3) - - - -
CI(1)-C(2) - - 1.743(5) | 1.727(4) - -
CI(1)-C(4) - - - - - 1.750(4)
CIQ2)-C(3) || 1.727(5) - - - - -
CI(2)-C(4) - 1.738(3) | 1.732(5) | 1.743(4) - -
S()-N() || 1.620(5) | 1.631(3) | 1.633(5) | 1.626(4) 1.63 1.643(10)
S1)-S@) |[ 2.0902) |2.0973(18) | 2.0865(19) | 2.0920(16) | 2.096 2.103(5)
SR@NQ) || 1.625(4) | 1.6233) | 1.627(5) | 1.634(4) 1.63 1.651(10)
N(1)-C(7) || 1.332(5) | 1.335(5) | 1.347(6) | 1.336(5) 132 1.320(1)
N@)-C(7) || 1.332(6) | 1.338(5) | 1.339(6) | 1.343(5) 1.31 1.340(1)
C)-C) || 1.377(6) | 1.387(5) | 1.376(7) | 1.391(5) 137 1.365(7)
C(1)-C(6) || 1.406(6) | 1.398(5) | 1.390(7) | 1.398(5) 1.37 1.410(7)
CR)-C3) || 1.388(6) | 1.378(5) | 1.386(7) | 1.390(5) 1.39 1.385(8)
CB)-C@ || 1.3736) | 1.380(5) | 1.382(7) | 1.377(6) 1.42 1.371(7)
C@-C5) || 1.384(6) | 1.384(5) | 1.385(7) | 1.376(6) 1.36 1.376(8)
C(5)-C6) || 1.396(5) | 1.404(4) | 1.397(6) | 1.400(5) 1.38 1.401(6)
C6)-C(7) || 1.471(6) | 1.484(5) | 1.476(7) | 1.476(6) 1.50 1.472(7)

" Denotes the bond lengths of a representative molecule within an asymmetric unit

containing more than one molecule.
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Table 3.2 Bond angles of 1-3 (%)
Angle (degrees)

Atom Numbers|| (1) @) a-3" B-3" Ph | pcicH,
N(1)-S(1)-S2) || 94.61(16) | 94.57(13) | 94.92(17) | 94.16(13) |  93.0 95.3(4)
N(2)-S2)-S(1) |[94.16(16) | 94.28(14) | 94.38(17) | 94.74(13) | 94.1 93.4(4)
C(7)-N(D-S(1) || 1142(4) | 113.8(3) | 113.8(4) | 115.03) 116 113.2(9)
C(7)-N(2)-S(2) || 1143(3) | 114.4(3) | 114.8(4) | 113.93) 115 114.0(8)
C(2)-C(1)-C(6) || 121.9(4) | 121.2(3) | 118.9(4) | 118.4(3) 121 121.5(5)
C(2)-C(1)-CI(1) || 116.3(3) | 116.4(3) - - - -
C6)-C()-CI(D) || 121.93) | 122.3(3) - - . -
C(3)-C(2)-CI(1) - - 122.4(4) | 118.9(3) - -
C(1)-C(2)-CI(1) - - 118.3(4) | 118.9(3) - -
C(4)-C(3)-CI(1) - - - - - 120.6(4)
C(5)-C(4)-CI(1) - - - - - 119.1(4)
C(1)-C(2)-C3) || 118.8(4) | 120.3(3) | 119.4(4) | 122.2(3) 120 119.4(5)
C@4)-C(3)-CQ) |[ 121.7(4) | 119.3(3) | 117.1(5) | 117.6(4) 119 120.3(3)
C(4)-C(3)-CI2) || 119.5(3) - - - - -
C(2)-C(3)-Cl(2) | 118.93) - - - - -
C(3)-C(4)-CI(2) - 1204(3) | 123.1(4) | 119.5(3) - -
C(5)-C(4)-Cl(2) - 118.53) | 118.2(4) | 117.8(3) - -
C(3)-C@)-C(5) || 118.4(4) | 121.1(3) | 118.6(4) | 122.7(4) 120 119.7(5)
C(4)-C(5)-C(6) || 122.6(4) | 120.4(3) | 117.6(4) | 118.9(3) 119 120.9(4)
C(5)-C(6)-C(1) || 116.7(4) | 117.6(3) | 120.9(4) | 120.2(4) 121 119.1(5)
C(5)-C6)-C(7) || 117.5(4) | 116.53) | 119.5(4) | 119.7(3) 119 121.3(5)
C(1)-C(6)-C(7) || 125.8(4) | 125.9(3) | 119.6(4) | 120.1(3) 120 121.6(5)
N()-C(DH-N@2) || 122.7(4) | 123.03) | 122.1(5) | 122.1(4) 122 123(1)
NQ)-C(7)-C(6) || 120.4(4) | 116.8(3) | 118.9(4) | 118.7(4) 121 116(1)
N(1)-C(7)-C(6) || 116.7(4) | 120.1(3) | 119.04) | 119.1(3) 117 119(1)

Twist Angle” 26 27.6 16.15 154 7 7

" Denotes the bond angles of a representative molecule within an asymmetric unit

containing more than one molecule.

** Denotes the torsion angle between C(6) and C(7) based on the planes of both the

dithiadiazolyl ring and the phenyl ring.
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As with most dithiadiazolyl studies, the interest in the crystal structure does not lie in the
molecules themselves, but in the interaction of the molecules with each other in the solid
state. Gaining an understanding of these interactions will lead to the controlled design of

crystals, which pack with a particular, pre-determined motif.

3.1.1 X-ray Crystal Structure of 2,4-dichlorophenyl-1,2,3,5-dithiadiazoly!

A suitable crystal for x-ray analysis was produced by sublimation. First, the crude oil
containing the dithiadiazolyl radical produced from the reduction of the respective
dithiadiazolylium chloride, was purified by cold finger sublimation. The resulting needle-
like crystals were carefully sublimed for approximately 48 hours under a temperature

gradient range of 105 °C - 25 °C (107 torr), which yielded 1 as small dark red blocks.

The asymmetric unit of 1 contains one molecule and is monoclinic with a space group of
P2)/n. As indicated at the start of the chapter, the molecules associate in segregated stacks,

containing uniformly spaced radical units. This stack is parallel to the b-axis and the

intrastack S---S distance is 3.629 A. This value is equal to the length of the shortest

crystallographic axis and is in close agreement with the chlorinated aromatic structures,
which also crystallise in the so-called B-mode. The association within one stack is shown
below (Figure 3.6) The distances between the atoms Sla---S1b, S1b---Slc, S2a---S2b

and S2b---S2c are all equal (3.629 A). These intrastack S-:--S distances are considerably

longer than those observed for dimerised dithiadiazolyls, although the distance is still less

than twice the van der Waals radius of sulfur (4.06 A when perpendicular to the bond)."

66



%

8)))"$

-

%

EG

$% #

, %

8)))"$

-8%$)))"$&% ' &F(

8%)))"$&

$% #

-2

-8&)))"$&%

"G/



Significant interactions are also observed between adjacent chains (Figure 3.8), the most
important being S---N and S---Cl interactions that affect the packing of the chains within

the ac plane.

Electrostatic interactions are present between the ortho chlorine and a sulfur of the

dithiadiazolyl ring (S1b---Clla, 3.831A and Sla---Cllb, 3.547A). This interaction

between the sulfur and the chlorine atom in the ortho position in turn weakens the S---Cl
contact with the chlorine in the para position. This is responsible for the asymmetry in the

bond lengths between the chlorine in the para position and the two sulfurs of the

dithiadiazolyl ring (S2a---CI2d, 3.285 A and S2---C12, 3.648 A). Moreover, these

S---Cl interactions also affect the head-to-head S---N contacts between adjacent

heterocycles in the ac plane. For example, the S---N distances between molecules which

are also linked by S:--Cl contacts (S1b---Nla, 3.657 A and Sla---N1b, 3.9074) are

much shorter than those between molecules which are not linked by S---Cl contacts

(S2c---N2a and S2a---N2c, 3.995A). Within the ac plane, there is also evidence of

Cl---Cl interactions (Cl1b---CI2d and Cl1d---CI2b, 3.643 A)
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directional effects.!’ Studies of the literature would suggest that this type of structure is
typical of chlorinated aryl groups, many of which exhibit stacked and layered motifs."® The

structure does show some similarities to that of p-C1.C¢Hs. CNSSN ' (Figure 3.1) because

of the close proximity of the S---Cl interactions within a chain of molecules. Despite this,

the molecular packing of 1 and p—Cl.CGH;.m are considerably different. This can
only be attributed to the interactions of the second chlorine both within the plane and
through the stack. Unfortunately, although all the other isomers of the difluorophenyl-
1,2,3,5-dithiadiazolyl have been reported,4 the 2,4-isomer was not studied so no

comparison can be drawn.

Figure 3.9 shows the overall crystal packing of 1 looking down the crystallographic b-axis.
In the light of new literature® describing the ability of this type of compound to form a
superlattice, great effort was taken to search for this possibility. No superlattice structure

could be refined from the data produced.
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3.1.2 X-ray Crystal Structure of 2,5-dichlorophenyl-1,2,3,5-dithiadiazolyl

Crystals of 2,5-dichlorophenyl-1,2,3,5-dithiadiazolyl suitable for x-ray analysis where
produced using a similar method to that described for 1 (Section 3.1.1). The gradient
sublimation was completed with a temperature range 95 - 25 °C under a dynamic vacuum
(10 torr). In most cases, only thin fibrous crystals were produced that were both twinned
and extremely brittle. Successive sublimations in small bore tubes over several days

eventually yielded small, dark red, needle like crystals.

The asymmetric unit of 2 contains one molecule and is monoclinic with space group P2,/c.

The packing is also in the form of stacks, in this case parallel to the a-axis. The intrastack

S---S (Sla---S1b and S1b---Slc) distance (Figure 3.10) is 3.6685 A. The length of the

a-axis is equal to the intrastack S---S distance. This short axis is known in the literature as
the B-structure,'' and is common in many chloro aromatic derivatives. Each molecule lies
in a coplanar manner above and below each other (Figure 3.10), which means that the

interstack Cl---Cl distances (Cl2a---CI2b and CI2b---Cl2c) are also 3.6685 A. As with

4 the intrastack S---S distances are considerably longer than typical values quoted for

dimerised dithiadiazolyls (typically 3.0 — 3.2 A)" and are slightly larger than that of 1.
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The structure of 2 within the bc¢ plane consists of a complex array of S---N, S---Cl and
Cl---Cl interactions. Chlorines in the meta position of the phenyl ring are associated to

both of the sulfur atoms within an adjacent dithiadiazolyl ring. The interactions form a

triangle of short (Slc---Cl2a, 3.432 A) and long (S2c---CI2a, 3.653 A) electrostatic

S---Cl contacts. This compares to the sum of the van der Waals radii for sulfur and

chlorine of 3.65 A. Furthermore, the same chlorine is also involved in a strong tail-to-tail

type interaction with a meta substituted chlorine on an adjacent molecule (CR2a---CI2b,

3.321 A). The chlorine atoms in the ortho position of the phenyl ring are weakly associated

to one sulfur atom of an adjacent molecule (Slc---Clld, 3.656 A). Finally, the

dithiadiazolyls are linked together in a head-to-head fashion through weak S---N

interactions (S2¢---N2b, 3.336 A and S2b---N2¢, 3.337 A). This compares to the sum of

the van der Waals radii for sulfur and nitrogen of 3.4 A. The pin wheel arrangement

observed for 2,5-difluorophenyl-1,2,3,5-dithiadiazolyl is not present in the packing of 2

because of the absence of any S---S interactions.
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3.1.3 X-ray Crystal Structure of 3,5-dichlorophenyl-1,2,3,5-dithiadiazolyl

The temperature controlled sublimation of 3,5-dichlorophenyl-1,2,3,5-dithiadiazolyl 3,
yielded one of two polymorphs, not distinctive in appearance but possessing very different
molecular packing. Gradient sublimation of the cold finger sublimed product at relatively
high temperature (145 °C) compared with the melting point of the compound yielded the
B-structure. If the isomer was sublimed at low temperature (95 °C) and therefore very
slowly over several days the o-structure was formed. The only chemical difference
observed between the two polymorphs was in the DSC thermogram (Figure 3.14).
Although both forms have very similar melting points, their sublimation points are very
different. A third curve has been included showing the thermogram of the product
retrieved after sublimation at 120 °C. The sublimation points of the two polymorphs can bé

observed on the same curve.

The possibility that the polymorphs were actually a product of a superlattice was
investigated by determining the structure of several different crystals, from different
batches of material, and by the re-analysis of collected data. It was discovered that the two
structures would not converge or refine to create any other structures. It was therefore
concluded that the structures are correct and true polymorphs. It should also be noted that

B-3 cannot be a superlattice of a-3 because of its higher order of symmetry in relation to

the other polymorph (C2/c and P-1 for B-3 and a-3 respectively)
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