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Electrochemical, Plasma and Synthetic Studies of Dithiadiazolium 

and Related Compounds 

M.I. Hansford 

ABSTRACT 
The c r y s t a l s t r u c t u r e of [PhCNSsi]AsF 6 and (MeCNSSN)2 have 

been determined and a v a r i e t y of new 1,2 and 1,3 d i t h i a d i a z o l i u m 
d e r i v a t i v e s s y n t h e s i s e d i n c l u d i n g [CH 3CH 2CH 2^NSSIV]CI and 
[(CH 3) 3C(5SSN]C1. [PhCN 2S 2]AsF 6 has a longer S-S bond compared to 
[PhCN2S2]Cl and has provided an i n s i g h t into the molecular bonding i n 
the th r e e centre i n t e r a c t i o n s i n the l a t t e r . The c r y s t a l l i n e 
m e t h y l d i t h i a d i a z o l e contains planar CNSSN r i n g s . Within the dimer unit 
p a r a l l e l monomer r i n g s are l i n k e d v i a one weak S...S bond. 

E n t h a l p i e s of f u s i o n f o r a number of d i t h i a d i a z o l e 
be 

d e r i v a t i v e s were measured and found t o / s i m i l a r but s i g n i f i c a n t l y g r e a t e r 
than f o r organic molecules of s i m i l a r molecular weight. T h i s together 
with the reduction of [CH3CH2CH2CN2S2]CI and [ ( C H 3 ) 3 C C N 2 S 2 ] C 1 which gave 
new paramagnetic l i q u i d s has l e d to a more d e t a i l e d understanding of the 
bonding and s t r u c t u r e i n these r i n g systems. 

Dimeric a r y l d i t h i a d i a z o l e s (RCNSSN) 2 (R = Ph or /9-ClPh) were 
t r e a t e d with atomic nitrogen, generated i n a cool DC plasma, to form the 
corresponding d i t h i a t r i a z i n e dimers by nitrogen i n s e r t i o n into the S-S 
bond; A l k y l d e r i v a t i v e s (R = Me, propyl,bu 1) gave polymeric products. 
D i t h i a d i a z o l i u m s a l t s [RCNSsi] +X- (R = Ph, /9-ClPh, X = Br,I,CN or S 3 N 3 ) 
a l s o reacted with nitrogen plasma to give high y i e l d s of the r e s p e c t i v e 
d i t h i a t r i a z i n e . S t r u c t u r a l c r i t e r i a f o r these r e a c t i o n s are d i s c u s s e d . 
The e l e c t r o c h e m i s t r y of (RCNSSN) 2, (RCNSNS) 2, [RCNSSNJX (X=C1" or 

AsFe") and [RCNSNS]AsF 6 (R= Ph,/?-ClPh,/9-CH3Ph,/9-CNPh,anthracene,Me, 
propyl,but,C1 3C, C F 3 ) were studied by c y c l i c voltammetry. 

A new S2N+ s a l t , S2NCF3SO3, was syn t h e s i s e d from the r e a c t i o n 
of AgCF 3S0 3 with (NSC1) 3 and sulphur i n l i q u i d S0 2 and i t s u s e f u l n e s s as 
a reagent compared to S 2NAsFg and S2NSbCl6. The c r y s t a l s t r u c t u r e of 
S 3 N 2 C F 3 S 0 3 was determined, c r y s t a l s of which were i s o l a t e d from the same 
r e a c t i o n mixture and an equi l i b r i u m between S 2N +,SN + and S 3 N 2

+ ' 
postulated. 
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CHAPTER ONE. 

INTRODUCTION 



1.1. Historical Development. 

A science recognisable as chemistry rather than alchemy became f i r m l y 

established during the 18th century based on the work of Lavoisier , 

Proust, Berzelius etc. Daltons 1 atomic theory became widely accepted in 

the early 19th century, although Newtonian p h y s i c " ^ i s t s , who l i k e 

Lavoisier , believed the elements not to be fundamental, were s t i l l 

numerous and i n f l u e n t i a l at t h i s t ime. As a whole, however, the early 

nineteenth century witnessed a new renaissance of the physical sciences 

which arose out of the impetus of the i n d u s t r i a l r evo lu t ion . A Victor ian 

technological boom, unparalled i n previous h is tory quickly fo l lowed, 

whi l s t organic chemistry in pa r t i cu l a r , fueled by the demands of a new dye 

industry, f lour i shed with a whole range of synthetic colours. The 

synthesis of dyestuffs started i n 1856, i n i t i a l l y based on the a lka lo id 

quinone. Within a few years the attempted oxidat ion of an i l i ne to get to 

quinone had led instead to an i l i ne purple, called mauvene, the imperial 

purple popular at the c rys ta l palace exh ib i t ion of 1860 1 , 2 . This was the 

age of Kekule's monkeys although i t was not u n t i l 1860 that Butlerov 

recognised the importance of molecular structures i n chemistry and 1869 

that Mendeleev introduced his periodic tab le . Nevertheless modern 

inorganic chemistry began here too. In 1834 the f i r s t inorganic 

heterocycle (NPCl2) .3 was discovered by Liebig and Vohler, whi l s t Gregory 

synthesised S4N4 f o r the f i r s t time in 1835 3. However, f u r t h e r advances 

in inorganic heterocyclic chemistry were slow. 

Impure S 3 N 2 C I 2 was f i r s t prepared in 1851 4 , but was not properly 

characterised u n t i l the 1880's by Demarcay, who also described (NSC1)3, 

S4N3CI and S 6 N 4 C I 0 5 . The p o s s i b i l i t y that inorganic compounds could have 

cyc l i c structures was only slowly accepted but became an increasingly 

important concept in the 1890's as a resul t of Stoke's work on 

phosphazenes. 
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However, there was l i t t l e progress in S/N chemistry u n t i l a f t e r the 2nd 

world war when more modern techniques were developed. The advent of X-ray 

and electron d i f f r a c t i o n techniques resulted f i n a l l y i n the e lucidat ion in 

1944 of the cyc l ic pseudo cluster s tructure of S4N4., more than 100 years 

a f t e r i t s f i r s t prepara t ion 6 . The pace of discovery then rapidly 

accelerated a f t e r the development of much more sophisticated techniques 

such as in f ra red spectroscopy, iner t atmosphere manipulation, vacuum l i ne 

handling and with the use of aprotic reaction media. I n recent years 

sulphur/nitrogen chemistry has progressed from r e l a t i v e obscurity to 

occupy a s i g n i f i c a n t pos i t ion in main group chemical research, interest 

stimulated largely by the discovery of the unusual properties of the 

conducting polymer (SN) X

7 . 

Currently the unusual var ie ty of chemical transformations and 

structures coupled wi th continued uncertainty over the nature of the 

bonding modes in these heterocycles s t i l l a t t r ac t s both experimental and 

increasing theore t i ca l in te res t . However, the sulphur/nitrogen branch of 

inorganic heterocyclic chemistry requires many specialised s k i l l s and 

experience and i s therefore s t i l l confined to only a few laboratories 

about the world. 

Sulphur/nitrogen l i t e r a t u r e has grown s teadi ly since the f i r s t book 

to appear dealing largely with inorganic heterocycles, namely 

Becke-Goehrings classic monograph "Ergebnisse und Probleme der Chemie der 

Schwefel Stickstoffverbindungen" in 1957 s. A d e f i n i t i v e review of cyc l ic 

sulphur/nitrogen compounds has been recently published by the (imelin 

I n s t i t u t e 9 , whi ls t several authors have published review a r t i c l e s over the 

years, f o r example Becke-Goehring and Fluck (1966 ) 1 0 , II.Heal (1972) 1 1 , 

A.J.Banister (1975) 1 2 , H.W.Roesky (1979) 1 3 and T.Chivers 

(1982,1983,1985) 1 4 - 1 6 . Most recent texts are those by J.D.V. Haiduc and 

D.B. Sowerby, "Chemistry of Inorganic Homo- and Heterocycles" (1987) 1 7 , 
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H. Heal, "The Inorganic Heterocyclic Chemistry of Sulphur, Nitrogen and 

Phosphorus" (1980) 5 and J.D. Woollins, "Non-metal Rings, Cages and 

Clusters" (1988) 4 5 . 

I . 2. Current Trends in Sulphur/Nitrogen Chemistry. 

No sulphur/nitrogen heterocyclic thesis today seems to be complete 

without a reference to the leading role (SN)X research has played in 

providing major stimulus to S/N research in general. Indeed recent 

interest i n S/N chemistry began in 1975 with the discovery of the 

quasi-one-dimensional meta l l ic behaviour of (SN)X polymer, which becomes 

superconducting below 0 . 3 K 7 , 1 8 . (SN)X crystals are f ib rous l i k e asbestos 

and whose sides have a golden meta l l ic ref lectance. In view of the 

considerable excitment generated by the development of high temperature 

superconductors r e c e n t l y 1 9 , i t may be ant ic ipated that f u r t h e r enthusiasm 

w i l l f u e l s t i l l more e f f o r t in devising new improved methods of synthesis 

o f , and uses f o r , t h i s polymer and in f i n d i n g related materials which may 

have more desirable properties than (SN)X i t s e l f ( f o r example, a degree of 

s o l u b i l i t y or a higher t r a n s i t i o n temperature to a superconducting s ta te ) . 

(SN)X exhibi ts some unusual behaviour and has been used i n the f ab r i ca t i on 

of blue l i g h t emit t ing d iodes 2 0 , thought to be of po ten t ia l commercial 

s igni f icance , and in the use of (SN)X b a t t e r i e s 2 1 . Despite a l l the recent 

a c t i v i t y , new synthetic routes to (SN) X

1 8 are rare; the best way to make 

good qua l i ty (SN)X is e i ther by the hazardous c lass ica l method (pyrolysis 

of S4N4 to S2N2 fol lowed by the polymerisation of S2N2 to ( S N ) X

2 2 , or 

electrosynthesis from S 5 N 5 + s a l t s 4 6 . There have also been numerous 

attempts to f i n d sui table precursors to (SN)X analogues 2 3 which has 

resulted in a f l o o d of related S/N papers. 



In te res t ing examples include the determination of the c rys t a l s tructure of 

S5N5+ as an azulene shaped r i n g 2 4 and the reactions of the small bui ld ing 

block species S 2 N + with various unsaturated species to give di thiazol ium 

c a t i o n s 2 5 which themselves may be reduced to f r ee radicals of remarkable 

s t a b i ] / t y 2 6 , 2 7 . 

The advent of modern, more sophisticated experimental and theore t ica l 

techniques has resulted in the re-examination of o ld problems, f o r example 

the react ion of S 4N 4 with acetylenes 2 8 and the bonding 2 9 and p y r o l y s i s 3 0 

products of S4N4 and t h i s trend i s l i k e l y to continue. However i t is 

important to emphazise that i t is only by advances i n techniques and 

technology that advances in s y n t h e t i c methods can take place. Indeed, 

the development of S/N chemistry has been seriously hindered, f o r example 

by the absence of sui table nuclei by which NMR can be readi ly obtained. 

Fortunately t h i s s i tua t ion is now changing with the increasing use of such 

spectroscopic methods as and nmr 3 1 and es r 2 7 together with the 

wider a v a i l a b i l i t y and use of electrochemical methods and X ray analysis. 

The use of MNDO32, CNDO, PM3 and ab i n i t i o type calculat ions to 

obtain f u l l molecular o r b i t a l descriptions i s gaining increasing 

acceptance and i s p a r t i c u l a r l y usefu l in the in t e rp re t a t ion of the various 

bonding modes i n S/N compounds, although i t is thought necessary to 

include d o r b i t a l funct ions to obtain geometries which closely f i t 

experimental d a t a 3 3 , 3 4 . This is a very recent development aided by the 

wide a v a i l a b i l i t y and considerably increased power of a l l computers from 

PC's and Vax systems to mainframes. The recognit ion of S4N3+ and S2N0 as 

Ifuckel aromatic species 3 5 and the discovery of the 14t electron SgNs* were 

key developments in explaining electron d i s t r i b u t i o n and bonding types. 

This lends a degree of p r ed i c t ab i l t y to the synthesis of S/N compounds, 

although the l a b i l i t y of S/N rings a,nd cages and t h e i r unusual chemistry 

may a l t e r synthesis of t heo re t i ca l l y possible s tructures. 
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On the whole, S/N compounds tend to be electron r i c h ; despite t h i s and 

usually because of low l y i n g SOMO's or LUMO's, S/N compounds s t i l l have 

extensive electron accepting properties which have been widely 

investigated by Chivers and c o - w o r k e r s 3 6 , 3 7 , who have also prepared a 

number of new binary sulphur n i t r i d e s , notable S3N3" and 

sulphur/nitrogen/phosphorus compounds. 

With a trend towards ever more sophisticated equipment and 

techniques, i t is l ikey that f u r t h e r advances i n the synthetic and 

theore t i ca l aspects of a l l active areas of research from M/S/N 

compounds 3 8 , 3 9 to S/N/0 and S/N/B 4 0 w i l l be rap id . 

1.3. Summary of this Thesis. 

This section reviews the various chapters of t h i s thesis and 

discusses the relevance of these to sulphur/nitrogen research as a whole. 

Chapter 3 concentrates on some synthetic studies of both 1,2 and 1,3 

di th iadiazol ium sa l t s . Many of the cations may be readi ly reduced to the 

7 j electron species which are unusually persistent and stable f r ee 

rad ica ls , and some of these have the unusual property of being 

paramagnetic l i qu ids at room temperature, examples of which are both novel 

and rather rare . The physical properties of the d i th iadiazole systems 

were studied, using selected members, largely by d i f f e r e n t i a l scanning 

calorimetry. An X-ray c rys ta l s tructure was obtained of [PI1CN0S2]AsF6 f o r 

a comparative study with [PhCNoS->]01, the c rys ta l s tructure of which has 

only jus t been reported. Chapter 4 is concerned with the e f f e c t that a 

cool DC nitrogen plasma has on a var ie ty of 1,2,3,5 di thiadiazol ium sal ts 

and related di thiadiazoles and a var ie ty of s imi la r S/N compounds. Very 

l i t t l e work has been carr ied out using nitrogen plasmas f o r molecular 

syntheses because yields are generally l o w 4 1 , but t h i s study was i n i t i a t e d 

by the observation that some 5 membered r ing di thiadiazoles readi ly 
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polymerised under a Tesla discharge. I t was therefore thought possible to 

convert these rings in to S/N/C analogues of (SN)X by plasma methods, the 

theory being that the introduct ion of a carbon group into an (SN)X chain 

would enable side chain modifications whi l s t maintaining reasonable 

conduct iv i ty . However, a novel inser t ion reaction was observed instead in 

which a nitrogen atom inserts across the disulphide bond. This led to 

speculation about the wider use of t h i s reaction in nitrogen f i x a t i o n . 

Concurrent wi th the physical studies (chapter 3 ) , the redox and 

electrochemical behaviour of a wide range of 1,2,3,5, and 1,3,2,5 

di th iadiazol ium and other S/N species are reported (Chapter 5 ) . Kinet ic 

de ta i l s f o r the S2NAsFe/MeCN reaction and Hammett plots f o r substi tuted 

a r y l derivat ives were obtained using cyc l i c voltammetry, which proved to 

be a powerful t o o l . 

Over the las t couple of years much interes t has been shown in the 

S 2 N + species as a proven and useful synthetic bu i ld ing b l o c k 4 2 f o r 

di thiadiazol ium and di thiazol ium sa l t s . I t reacts i n a f a c i l e 

cycloaddit ion to many alkynes and n i t r i l e d e r i v a t i v e s 4 3 . A comparative 

study of the po ten t i a l use of several S 2N + sa l ts was undertaken. In t h i s 

S 2 N S b C l e , w h i c h i t was hoped would be a more accessible S/N precursor 4 4 was 

compared wi th both S2NAsF6 and S2NCF3S03. S3N2CF3SO3 and S2NCF3S03 were 

synthesised i n a simple preparative method, both S3N2

 + and S 2 N + were 

obtained from the same reaction, suggesting that these were i n 

equi l ib r ium, a view consistent with previous r e p o r t s 4 4 . The esr spectrum 

was measured and the X ray crys ta l s tructure is reported f o r S3N2CF3SO.3. 

Several attempts were made to react SsNAsFe with i s o n i t r i l e compounds, 

metal unsaturated complexes and other S/N compounds with the aim of 

producing novel species; although no new compounds were obtained 

in te res t ing reactions were observed and the f i e l d of unsaturated metal 

complexes has the po ten t ia l f o r some in te res t ing chemistry. 



1.4 Some Practical Aspects. 

The two most important factors which dominate S/N experimental chemistry 

are the moisture s e n s i t i v i t y and the l a b i l i t y of the S/N rings and cages. 

Indeed, i t i s t h i s l a t t e r f ac to r which makes S/N chemistry so varied and 

some react ion pathways so unexpected. Molecular frameworks of carbon, 

phosphorus and nitrogen tend to persis t r e l a t i v e l y unchanged through 

reactions. This, l i o w e z # z . : I 4 : n o t ^ : t | p :cas (? . :wi t .h#S/N{ | | r aMures which of ten 

cleave and rearrange. This places considerable constraints on the 

experimental conditions and is the reason why so many synthetic reactions 

are carr ied out at room temperature. However, i t should be noted that the 

use of heat i n some preparations f o r example to cleave (NSC1)3 in the 

synthesis of 1,2,3,5 di thiadiazol ium salts is an advantage. 

I n general, moisture s e n s i t i v i t y is a major problem and also places 

severe l i m i t a t i o n s on handling techniques, see chapter 2. For example 

Asl?5 i s an extremely moisture sensi t ive gas and thorough drying of 

equipment wi th S F 4 was of ten necessary to avoid massive hydrolys is . 

S2NASF6 i s also extremely sensit ive and even small amounts of hydrolysis 

products s i g n i f i c a n t l y a f f e c t yie lds a.nd reactions. For successful 

resul ts extreme care must be taken in the p u r i f i c a t i o n of s t a r t i n g 

materials and solvents, in the cleaning and drying of react ion vessels 

and in the manipulation of reaction mixtures. A solvent p a r t i c u l a r l y 

useful in S/N chemistry i s l i q u i d SO2, being r e l a t i v e l y iner t and very 

easi ly p u r i f i e d . However, pressures encountered severely hinder the use 

of techniques routine in other areas of chemistry eg. NMR and of ten 

involve designing new equipment. These d i f f i c u l t i e s , however, are a 

challenge from which a chemist can learn much in overcoming. 
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1.6 Nomenclature. 

At the time of w r i t i n g there is s t i l l no in t e rna t iona l ly agreed 

nomenclature f o r sulphur/nitrogen heterocycles and there i s , i t appears, 

no so lu t ion l i k e l y i n the near f u t u r e . This i s despite the f a c t that t h i s 

problem has been under urgent consideration by IUPAC's Inorganic 

nomenclature Commission f o r at least the las t nine years 5 . I t is not 

surpr is ing therefore that there is considerable confusion in t h i s area, 

wi th groups tending to adopt many d i f f e r e n t conventions. Probably the 

most widely known system is that used by Chemical Abstracts. This, 

however, has the not inconsiderable disadvantage of being extremely 

cumbersome and sometimes incomprehensible to use. This i s because the CA 

system i s based on organic nomenclature systems and was b u i l t up by a 

succession of expedients. This means that very o f ten compounds are named 

su b s t i t u t i ve ly as they would be i n organic chemistry, eg. ligands on 

inorganic heterocycles replace hydrogen atoms in hypothetical parent 

compounds which would probably never even ex i s t . The easiest method and 

most widely understood both f o r wr i t t en and verbal communication i s the 

use of empirical formulae, eg. S3N2CI or s t ruc tu ra l formulae and t r i v i a l 

names, eg. (NSClh or (NSC1) t r imer instead of t r i c h l o r o t r i t h i a t r i a z i n e , 

even though t h i s is considerably better than the CA system under which 

t h i s compound has the name 2 , 4 , 6 , t r i c h l o r o , 1 ,3 ,5 ,2 ,4 ,6 t r i t h i a t r i a z i n e . 

I t i s t h i s convention of using t r i v i a l names and empirical formulae that 

is used throughout t h i s thesis . The 1,2 ,3,5 and 1 ,3 ,2 ,5 di thiadiazol ium 

derivat ives w i l l be referred to as the 1,2 and 1,3 isomers respectively 

throughout t h i s thesis . 
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CHAPTER TWO 

GENERAL EXPERIMENTAL PROCEDURES 



2.1 General Techniques: 

2.1.1 Manipulation of Moisture-Sensitive Materials. 

A l l manipulations of moisture sensi t ive or hygroscopic materials and a l l 

p u r i f i c a t i o n s and d i s t i l l a t i o n s of solvents were performed under an 

atmosphere of dry nitrogen or in vacuo. Bench nitrogen was taken from 

the departmental supply l i ne and p u r i f i e d by passage through a heated 

copper column (300°C, to remove oxygen) and through several P4O10 towers 

(to remove moisture) before use. Other manipulations were conveniently 

performed under an atmosphere of dry nitrogen in a Vacuum-Atmospheres 

Corporation (Ca l i fo rn ia ) glove box (type 1IE43-2), equipped with a 

r e c i r c u l a t i n g pump and a mixed bed column containing Linde 13X molecular 

sieve and a de-oxo catalyst (HE493 DRI-TRAIN). The pressure inside the 

glove box was maintained above atmospheric pressure wi th a Pedatrol 

HE-63-P regulat ing uni t and the nitrogen was supplied from a high 

pressure cyl inder (B.O.C."white spot" grade). The water content was 

t y p i c a l l y 2 ppm. 

2.1.2. Infrared Spectra. 

In f r a r ed spectra were recorded on Perkin Elmer Grating 

Spectrophotometers, type 477 or 577. Spectra of sol ids were recorded as 

n u j o l mulls on KBr plates unless otherwise stated, and generally 

prepared under ni t rogen. Gas phase spectra, especially of f l uo r ina t ed 

or highly moisture sensit ive materials were recorded using a passivated 

stainless s teel c e l l f i t t e d with AgCl windows. 

2.1.3 Raman Spectra. 

Raman spectra were recorded on a Gary 82 Spectrophotometer (Spectra 

Physics 125 laser, 6328A exc i t ing l i ne or Spectra Physics 164 laser, 

5154A exc i t ing l i n e ) , or a Ramanlab spectrophotometer (Spectra Physics 
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125 laser, 5154A exc i t ing l i n e ) . Samples were sealed i n c a p i l l a r i e s . 

2.1.4 Nuclear Magnetic Resonance Spectra. 

Both 1 3 C and l \ \ nuclear magnetic resonance spectra were obtained on a 

Briiker AC 250 spectrometer at 62.896 and 250.134 MHz respect ively. In 

both cases chemical s h i f t s were measured in ppm r e l a t i v e to (CH3)4Si 

(TMS) in te rna l reference at 0 ppm. The up f i e ld d i r ec t ion was taken as 

negative. The Ml spectra samples were sealed in 5mm OD tubes, the 

remainder i n 10mm OD tubes. 

2.1.5 Mass Spectra. 

Mass spectra were recorded on a VG 7070E Mass Spectrometer at 120-180° C 

at 70eV wi th an accelerating voltage of 8 kV. Samples were introduced 

by d i rec t inser t ion in to the ion source and run in both the chemical 

ion isa t ion (CI) and electron impact (EI) modes. 

2.1.6 X-Ray diffraction data. 

X-ray powder diagrams were obtained using a Debye-Scherrer camera and 

Cu-K rad ia t ion (n ickel f i l t e r ) . The image was recorded on Agfa-Gevaert 

Osray M3 X-ray f i l m . The samples were ground to a powder and sealed in 

t h i n walled cap i l l a r i e s (0.3mm O.D. Lindemann glass or quar tz) . 

Osc i l l a t i on and Weissenberg photographs were recorded on the same f i l m 

wi th l -2h and 15-24 h exposures respectively using a Nonius in tegra t ing 

Weissenborg goniometer with a Phi l ips X-ray generator Type PW 1009 130. 

This was f i t t e d with a Cu anode and a Ni f i l t e r and run at 42kV and 

16mA. F u l l X-ray c rys ta l s tructure determinations were carr ied out at 

Newcastle Universi ty by Dr. V. Clegg on a Siemens AED2 di f f rac tometer 

wi th a graphite monochromator using MoKa rad ia t ion (A = 0.71073A). 



Programs (SITELTXL and local software) were run on a Data General Model 

30 computer. 

2.1.7 Elemental Analysis. 

Except where stated otherwise, elemental analysis were performed in t h i s 

department by Mr. R.Coult (S,N,As,Cl) and by Mrs. M.Cocks (C,H,N,S,F). 
e 

Carbon, hydrogen, nitrogen and some sulphur analyses were 

determined by micro combustion in a Carlo Erba 1106 Elemental Analyser. 

Sulphur and chlorine were also obtained by oxygen f l a s k combustion 

fol lowed by BaCKU t i t r a t i o n f o r sulphate ions and potentiometric 

t i t r a t i o n f o r chloride ions. Arsenic was determined by atomic 

absorption spectroscopy using a Perkin Elmer 403 Atomic Absorption 

Spectrometer. 

2.1.8 Glassware. 

Pyrex f l asks and sinters f i t t e d with ei ther conical ground glass j o i n t s 

or J.Youngs' Teflon stemmed greaseless valves ( fu r the r re fe r red to as 

Youngs taps) were ei ther placed in an oven (cff.l20°C) f o r 3-4 hours or 

were gently flamed with a hand torch (c«.500°C) i n a f low of nitrogen 

before use. The procedures f o r using more specialized glassware are 

described where appropriate. 

2.1.9 Vacuum lines. 

For general purpose manipulation of solvents and reagents, a double 

pyrex vacuum/nitrogen manifold f i t t e d with both high vacuum ground glass 

taps and Youngs taps leading to Viton fluoroelastomer rubber "0"-ringed 

S19 b a l l j o i n t s was used - a vacuum as good as to 10" 3 Torr could be 

achieved with the use of a mercury d i f f u s i o n pump backed by an Edwards 

(No.2) two stage rotary o i l pump. 
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C o n n e c t i o n t o r e a c t i o n v e s s e l s was v i a e i t h e r r u b b e r t u b i n g and t a p 
a d a p t o r s , o r 1/4" ground g l a s s w i t h 1/4" / 1/4" Swagelok u n i o n s t o 
Youngs S19 cup c o n n e c t o r s . For h i g h va.cuum s u b l i m a t i o n s a good vacuum 
was e s s e n t i a l t o l o w e r t h e t e m p e r a t u r e o f t h e s u b l i m a t i o n and hence 
l e s s e n t h e r m a l d e c o m p o s i t i o n o f t h e compounds under i n v e s t i g a t i o n . A 
h i g h vacuum m a n i f o l d , ( d e s i g n e d and c o n s t r u c t e d by Z.V.llauptman), was 
made f r o m p y r e x . Using a s i l i c o n e o i l d i f f u s i o n pump and an Edwards 
(M8) r o t a r y b a c k i n g pump, w i t h Youngs t a p s and r u b b e r "0" r i n g e d j o i n t s , 
p r e s s u r e s o f 6 x 10" 7 T o r r c o u l d be a c h i e v e d ; s l i g h t g r e a s i n g o f t h e 
v a l v e s and " 0 " - r i n g s gave t h e b e s t r e s u l t s . 

F o r t h e m a n i p u l a t i o n o f condensable and t o x i c gases, eg C1CN, and 
p a r t i c u l a r l y f o r SO2 and AsFs i t was f o u n d c o n v e n i e n t t o use a vacuum 
m a n i f o l d made o f s t a i n l e s s s t e e l and equipped w i t h s t a i n l e s s s t e e l 
W h i t e y Valves (1KS4) and a Bourdon p r e s s u r e gauge. Attachment o f 
v e s s e l s t o t h e m a n i f o l d was v i a Swagelok 1/4" O.D. compression f i t t i n g s 
f u r n i s h e d w i t h t e f l o n f e r r u l e s . Vacuum as good as 10" 3 T o r r was 
r e g u l a r l y a c h i e v e d . The s t e e l l i n e had t h e advantage t h a t i t c o u l d be 
d r i e d by f l a m e o r by h e a t i n g t a p e w h i l s t under dynamic vacuum o r 
p a s s i v a t e d and d r i e d w i t h SF 4, which was f o u n d t o be p a r t i c u l a r l y 
e f f e c t i v e . 

2.1.10 Temperature control. 

V a r i o u s h e a t i n g d e v i c e s were used, such as a s i l i c o n e o i l b a t h and 
s t i r r e r h o t p l a t e , o r e l e c t r i c h e a t i n g t a p e s connected t o a v a r i a b l e 
t r a n s f o r m e r . Both on t h e h i g h vacuum l i n e and t h e plasma a p p a r a t u s i t 
was p o s s i b l e t o c o n t r o l t h e t e m p e r a t u r e t o w i t h i n 1/2°C by t h e use o f a 
Eurotherm 821 C o n t r o l l e r u n i t and e i t h e r a r e s i s t i v e wire-wound e l e c t r i c 
f u r n a c e ( b u i l t by Z.V.Hauptman) o r a s i l i c o n e o i l b a t h and s t i r r e r 
h o t p l a t e . 
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C o o l i n g below room t e m p e r a t u r e t o as low as -40°C was a c h i e v e d by t h e 
use o f a Haake F3 Ba t h C i r c u l a t o r w i t h m e t h y l a t e d s p i r i t as c o o l a n t , t h e 
t e m p e r a t u r e b e i n g c o n t r o l l e d t o w i t h i n 1°C. 

2.1.11 Differential Scanning Calorimetry. {D.S.C.). 

A M e t t l e r FP80 C o n t r o l U n i t c o u p l e d t o a M e t t l e r FP85 TA Thermal 
A n a l y s i s C e l l and a V i t a t r o n 2001 s e r i e s Y-t c h a r t r e c o r d e r were used t o 
o b t a i n m e l t i n g p o i n t v a l u e s , d e c o m p o s i t i o n t e m p e r a t u r e s and e n t h a l p i e s 
o f f u s i o n and s u b l i m a t i o n where a p p r o p r i a t e . Samples were h e r m e t i c a l l y 
s e a l e d under d r y n i t r o g e n i n a l u m i n i u m c a p s u l e s by c o l d w e l d i n g . 

2.2. Specialized Techniques. 

2.2.1 Two Bulbed Reaction Vessels. 

A t y p i c a l v e s s e l ( c a l l e d a dog) i s i l l u s t r a t e d i n F i g . 2.1 and has been 
d e s c r i b e d p r e v i o u s l y 1 . The b u l b s ( g e n e r a l l y 25ml) a r e s e p a r a t e d by a 
No.3 p o r o s i t y s i n t e r e d g l a s s f r i t and each may be i s o l a t e d w i t h a Youngs 
t a p . For l a r g e r s c a l e r e a c t i o n s a v e s s e l w i t h 200ml b u l b s was used. 
The dog c o u l d be a t t a c h e d t o t h e m e t a l vacuum l i n e v i a 1/4" O.D. ground 
g l a s s f i t t i n g s . These v e s s e l s a r e p a r t i c u l a r l y u s e f u l f o r w o r k i n g w i t h 
m o i s t u r e s e n s i t i v e m a t e r i a l s . They may be r i g o r o u s l y f l a m e d r i e d w h i l s t 
under dynamic vacuum. The s i z e 1ended i t s e l f t o g r a v i m e t r i c s t u d i e s and 
t h u s l o s s e s o r a d d i t i o n s t o t h e system under i n v e s t i g a t i o n c o u l d be 
d e t e c t e d . F i n a l l y as a c l o s e d system t h e y were v e r y u s e f u l f o r w o r k i n g 
w i t h s o l v e n t s w i t h vapour p r e s s u r e s g r e a t e r t h a n a t m o s p h e r i c , ( t y p i c a l l y 
S O 2 , ca. 3atni. C1CN, ca.6 a t m . ) . S i m i l a r l y , a c c u r a t e l y weighed a l i q u o t s 
o f gaseous r e a g e n t s c o u l d be i n t r o d u c e d i n t o t h e r e a c t i o n m i x t u r e s . 
S e p a r a t i o n o f s o l u b l e f r o m i n s o l u b l e p r o d u c t s was a c h i e v e d by a 
c o m b i n a t i o n o f f i l t r a t i o n and washing w i t h back d i s t i l l e d s o l v e n t . 



P r o d u c t s were c o n v e n i e n t l y r e c o v e r e d a f t e r r e m o v a l o f s o l v e n t by c u t t i n g 
t h e b u l b s w i t h a g l a s s k n i f e and hot s p o t t i n g t h e c u t t o remove t h e 
b u l b s , u s u a l l y under a d r y n i t r o g e n atmosphere. The v e s s e l s c o u l d t h e n 
be re-used a f t e r r e - a t t a c h m e n t o f t h e b u l b s and a n n e a l i n g i n an oven up 
t o 580°C. 

2.2.2. NffR Tubes. 

I t was f o u n d t h a t some r e a c t i o n s c o u l d be c o n v e n i e n t l y m o n i t o r e d by 
n u c l e a r magnectic resonance s p e c t r o s c o p y . Ten m i l l i m e t r e p y r e x t u b e s 
were f i t t e d w i t h Youngs t a p s . The tu b e s c o u l d t h e n be connected t o t h e 
m e t a l vacuum m a n i f o l d and v o l a t i l e s o l v e n t s o r r e a g e n t s were condensed 
i n t o t h e t u b e s f r o m t h e vacuum l i n e . The t u b e s c o u l d be a c c u r a t e l y 
weighed, so a p r e c i s e r e c o r d o f rea.gei.its and p r o d u c t s c o u l d be k e p t . 

2.2.3. Closed Extractors. 

T h i s t y p e o f a p p a r a t u s has a l r e a d y been d e s c r i b e d i n t h e l i t e r a t u r e 2 . 
The c l o s e d e x t r a c t o r ( d e s i g n e d by Dr. Z.V.Hauptman) can be used f o r t h e 
e x h a u s t i v e o r p a r t i a l e x t r a c t i o n o f m o i s t u r e s e n s i t i v e m a t e r i a l s w i t h 
r e l a t i v e l y v o l a t i l e s o l v e n t s , eg. S O 2 , C C I 4 , o r C I I 3 C N . I t may a l s o be 
used i n c o n j u n c t i o n w i t h a dog f o r t h e slow a d d i t i o n o f r e l a t i v e l y 
i n s o l u b l e r e a g e n t s by means o f c o n t i n o u s washing. 

2.3. Electrochemical Techniques. 
2.3.1. Cyclic Voltammetry. 

C y c l i c voltammograms were r e c o r d e d u s i n g a B i o A n a l y t i c a l Systems 
P o t e n t i a l Ramp Gen e r a t o r ( t y p e CV-1B) and a L i n s e i s LY17100 XY c h a r t 
r e c o r d e r . Unless o t h e r w i s e s t a t e d t h e s o l v e n t was a c e t o n i t r i l e d o u b l y 
d i s t i l l e d f r o m Callo and f i n a l l y passed t h r o u g h an a l u m i n a (Woelm B 
super 1) column. 

http://rea.gei.it


Figure 2.1. A "Dog". 

o 
1. Reaction Bulb 25ml or 200ml. 
2. No. 3 glass sinter f r i t . 
3. Youngs tap. 
4. 1/4" Ground glass. 
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A l l d i s t i l l a t i o n s and ex p e r i m e n t s were p e r f o r m e d w i t h s t r i c t e x c l u s i o n 
o f m o i s t u r e and oxygen under an atmosphere o f d r y n i t r o g e n i n a 
s p e c i a l l y a i r t i g h t t h r e e e l e c t r o d e c e l l (See F i g u r e 2 . 3 . ) . 
The w o r k i n g e l e c t r o d e was a p l a t i n u m d i s c (0.002cm 2) p r e s s u r e molded i n 
FEP (= t e t r a f l u o r o e t h y l e n e h e x a f l u o r o p r o p y l e n e c o - p o l y m e r ) . The 
s u p p o r t i n g e l e c t r o l y t e , B114NBF4, was p r e p a r e d by m e t a t h e s i s f r o m 
BU4NHSO4 (Labkemi AB, Sweden) and KBF 4 (BDfl l t d . ) , p u r i f i e d by dou b l e 
c r y s t a l l i s a t i o n f r o m e t h y l a c e t a t e / d i e t h y l e t h e r m i x t u r e and f i n a l l y 
vacuum d r i e d ( 1 0 " 5 T o r r ) a t 125°C. A l l s o l u t i o n s and c e l l s were 
p r e p a r e d and s e a l e d under n i t r o g e n i n a g l o v e box. 

2.3.2. Reference Electrodes. 

I n g e n e r a l i t was fo u n d c o n v e n i e n t t o use e i t h e r 0.1M Ag +/Ag o r 0.01M 
Ag +/Ag r e f e r e n c e e l e c t r o d e s , made up i n anhydrous a c e t o n i t r i l e f o r 
e x p e r i m e n t s c a r r i e d o u t i n b o t h a c e t o n i t r i l e and SO2. The p o t e n t i a l o f 
t h e s e was always checked b e f o r e and a f t e r use a g a i n s t a s t a n d a r d 
s a t u r a t e d c a l o m e l e l e c t r o d e ( s . c . e . ) t o whic h a l l r e s u l t s were 
c o n v e r t e d . The p o t e n t i a l s o f t h e e l e c t r o d e s used were r e m a r k a b l y s t a b l e 
o v e r a p e r i o d o f many months. 

( i ) . I n a c e t o n i t r i l e ; The r e f e r e n c e s o l u t i o n comprised o f a 0.01M 
s o l u t i o n o f AgBF 4 (0.2 mol dnr 1 B114NBF4) i n MeCN s e a l e d i n a FEP t u b e 
( d e s i g n e d and b u i l t by Z.V.I1.) w i t h s i l v e r w i r e connected t o 1/4" 
s t a i n l e s s s t e e l f o r use i n t h e l / 2 " / l / 4 " Swagelok system whi c h 
f a c i l i t a t e d a vacuum t i g h t s e a l . I t c o u l d a l s o be used i n a Q u i c k f i t 
thermometer screw compression f i t t i n g . A q u a r t z t h r e a d w i c k s e a l e d a t 
t h e o p p o s i t e end i n t e f l o n d i p ped i n t o t h e s o l u t i o n under i n v e s t i g a t i o n . 
T h i s m a i n t a i n e d a p o t e n t i a l o f 0.252V 1 0.005V. 

( i i ) I n SO-2; For p r e s s u r i s e d systems, an a d a p t i o n o f a r e f e r e n c e 
e l e c t r o d e p r e v i o u s l y d e s c r i b e d was u s e d 1 . 
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T h i s was de s i g n e d and b u i l t by Dr. Z.V. Hauptman and i t s advantage over 
t h e p r e v i o u s d e s i g n was t h a t i t was e a s i l y r e f i l l a b l e w i t h f r e s h AgBF4 
s o l u t i o n (0.1M i n MeCN). The e l e c t r o d e i t s e l f c o mprised o f a g l a s s 
s i n t e r e d f r i t i n a t h i n g l a s s t u b e which l e a d up t o a 1/4" smooth g l a s s 
s e c t i o n . ( s e e F i g u r e 2 . 2 ) . The t u b e was s e a l e d w i t h a Youngs t a p , which 
had p r e v i o u s l y been d r i l l e d t h r o u g h t o accommodate t h e s i l v e r m e t a l t i p . 
The t u b e c o u l d t h e n s i m p l y be f i l l e d w i t h t h e AgBF4 s o l u t i o n r e q u i r e d 
t h r o u g h t h e s i d e arm. Any bu b b l e s t h a t formed t h r o u g h d e - g a s s i n g e t c . 
c o u l d be t h e n be r e l e a s e d and t h e l i q u i d l e v e l t o p p e d up f r o m t h e 
r e s e r v o i r . T h i s m a i n t a i n e d a p o t e n t i a l o f 0.33 V t 0.005V. 

As t h e g l a s s e l e c t r o d e was used i n l i q u i d SO2, i t was f o u n d t h a t 
slow d i f f u s i o n o f SO2 a c r o s s t h e f r i t o c c u r r e d i n t o t h e e l e c t r o d e 
c a u s i n g a f i n e w h i t e p r e c i p i t a t e t o f o r m v e r y s l o w l y ( p o s s i b l y A g 2 S(U). 

However, t h i s d i d n o t appear t o a f f e c t t h e p o t e n t i a l o f t h e e l e c t r o d e 
o v e r a p e r i o d o f a month o r so. Both e l e c t r o d e s were s t o r e d under 
n i t r o g e n w i t h t h e t i p immersed i n a s o l u t i o n o f a r e l e v a n t c o n c e n t r a t i o n 
o f AgBF4 i n a c t o n i t r i l e . 

2.3.3. Other electrodes. 

For b u l k e l e c t r o l y s i s , p l a t i n u m s h e e t s o r p l a t i n u m c o i l e d w i r e was 
used, a l t h o u g h sometimes s a c r i f i c i a l z i n c sheet c o u l d be used. I n CV 
e x p e r i m e n t s t h e anode was always a c o i l e d p l a t i n u m w i r e . P l a t i n u m 
c athodes were p o l i s h e d i n a s l u r r y o f a l u m i n a and c o n c e n t r a t e d n i t r i c 
a c i d b e f o r e use. 



Figure 2.2. Ag/Ag + Glass r e f e r e n c e e l e c t r o d e f o r p r e s s u r i s e d 

systems. 

Pyrex s i n t e r p o r o s i t y no.4. 
1/4" O.D. smooth g l a s s f o r a i r 
t i g h t Swagelok c o n n e c t i o n . 
0.1M AgBF 4 s o l u t i o n i n MeCN. 
Ag m e t a l a t t c h e d t o c e n t r a l 
t h r o u g h r o d . 
K n i f e edge t o 4. f o r a t i g h t 
s e a l a g a i n s t t e f l o n t a p . 
PTFE stem o f Youngs' 
g r e a s e l e s s t a p . 
Side arm o f Youngs' t a p down 
t o 1/4" ground g l a s s . 
Brass r i n g around PTFE stem t o 
p r e v e n t y i e l d i n g t h r o u g h a x i a l 
compression. 

9. Washer. 
10. S t a i n l e s s s t e e l ( o r Monel r o d ) . 

1/8" d i a m e t e r , w i t h 5BA t h r e a d 
b o t h ends c e n t r a l l v bored t h r o u g h 
PTFE stem. 

6 
7. 
8. 

E E o o 

tea—• 
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F i g u r e 2.3. Three l i m b e d e l e c t r o c h e m i c a l c e l l used f o r C y c l i c 
Voltammetry. 

3 
4 

nun 
2 

1. 1/4" Ground Glass c o n n e c t i o n . 
2. Svagelock 1/2" t o 1/4" r e d u c i n g u n i o n . 
3. Reference e l e c t r o d e . 
4. P l a t i n u m m i c r o e l e c t r o d e . 
5. p l a t i n u m A u x i l i a r y e l e c t r o d e . 
6. 1/2" p r e c i s i o n O.D. smooth g l a s s . 
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2.3.4. Elecrochemical Cells. 

For a l l CV work a 3 limb e d one compartment c e l l was used, see 
F i g u r e 2.3. For b u l k e l e c t r o l y s i s a 2 compartment c e l l p r o v e d u s e f u l . 
The e l e c t r o d e s were i n t r o d u c e d via reamed o u t Swagelok 1/2" t o 1/4" 
compression f i t t i n g s . A l t h o u g h i n i t i a l l y 1/2" ground g l a s s t u b i n g was 
used f o r t h e l i m b s o f t h e v e s s e l s , i t was f o u n d t h a t a more e f f e c t i v e 
s e a l c o u l d be o b t a i n e d by t h e use o f smooth 1/2" p r e c i s i o n g l a s s t u b i n g . 

2.4. Sulphur - Nitrogen Starting Materials. 

2.4.1. S 3 N 2 C I 2 . - Chlorothiodithiazyl Chloride. 

T h i s i s p r e p a r e d f o l l o w i n g t h e method d e s c r i b e d by J o l l y and M a g u i r e 3 , 
b u t w i t h m o d i f i c a t i o n s developed by Dr. Z.V.llauptman. Ammonium c h l o r i d e 
(100 g, oven d r i e d , 1.87 m o l s ) , SoClo, 100 ml (1.24 mols) and powdered 
s u l p h u r (20 g, 0.078 mols) were p l a c e d i n a s p e c i a l l y d e s i g n e d 500ml 
ro u n d b o t t o m f l a s k f i t t e d w i t h two a i r condensers ( 50 cm x 3 cm) p l a c e d 
one on t o p o f t h e o t h e r and t e r m i n a t i n g i n a c a l c i u m c h l o r i d e d r y i n g 
t u b e open t o t h e a i r . A l l j o i n t s were f i t t e d w i t h t e f l o n s l e e v e s and 
t h e f l a n g e was l u b r i c a t e d w i t h Kel-F g r e a s e . The m i x t u r e was b r o u g h t t o 
r e f l u x , and t h e r e f l u x p o i n t i n s i d e t h e condensers was c o n t r o l l e d by 
means o f a j e t o f compressed a i r which l o c a l l y c o o l e d t h e condenser. 
The r e f l u x p o i n t was i n i t i a l l y s e t c l o s e t o t h e t o p o f t h e condenser, 
where a f t e r a s h o r t w h i l e r e d brown c r y s t a l s o f S3N2CI2 formed. A f t e r 
t h e i n i t i a l f o r m a t i o n o f a r i n g o f c r y s t a l s i n s i d e t h e condensor, t h e 
j e t o f compressed a i r was g r a d u a l l y Lowered, t h u s l e a v i n g b e h i n d a 
c o n t i n o u s and s u b s t a n t i a l c r u s t of c r y s t a l l i n e S3N0CI2. The r e a c t i o n 
was complete a f t e r a p p r o x i m a t e l y 6 li when a l l t h e S0CI2 had been 
consumed. The l o w e r a i r condenser was removed t o a t w i n necked r o u n d 
b o t t o m f l a s k , f i t t e d w i t h a t a p a d a p t o r and s t o p p e r . 
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The c r u d e S 3 N 2 C I 2 was t h e n pumped on t o remove v o l a t i l e i m p u r i t i e s , i n 
p a r t i c u l a r SCI2 and S 2 C I 2 , and t h e c r y s t a l s were t h e n s c r a p e d i n t o t h e 
f l a s k a g a i n s t a c o u n t e r c u r r e n t o f d r y n i t r o g e n . These were f u r t h e r 
pumped on b e f o r e s t o r i n g i n a s e a l e d c o n t a i n e r i n t h e g l o v e box. Y i e l d s 
o f up t o 20 g S3N2CI2 were o b t a i n e d by t h i s method and t h e r e a c t i o n p o t 
c o u l d be re - u s e d up t o 5 t i m e s s i m p l y by r e - c h a r g i n g w i t h f u r t h e r 
a l i q u o t s o f S 2C1 2. I n f r a r e d spectrum, ^,ax 1010s, 933vs, 826w, 710s, 
579s, 459s, 403vs, 381ms cur 1 . 

2.4.2. (NSC1)3.- Trithiazyltrichloride. 

T h i s was p r e p a r e d by t h e c h l o r i n a t i o n o f S3N2CI2 a c c o r d i n g t o t h e method 
d e s c r i b e d by J o l l y and M a g u i r e 3 . S3N2CI2, p l a c e d i n a ro u n d b o t t o m 
f l a s k r e a c t e d w i t h c h l o r i n e gas ( d r i e d by passage t h r o u g h a P4O10 

column) w i t h r e l e a s e o f SClo. Complete c o n v e r s i o n and removal o f SCI2 

f r o m t h e m i x t u r e was he l p e d c o n s i d e r a b l y i f t h e c r y s t a l l i n e mass was 
bro k e n up s e v e r a l t i m e s d u r i n g c h l o r i n a t i o n . The s o l i d e x t r a c t was 
e v e n t u a l l y e x h a u s t i v e l y e x t r a c t e d w i t h c o l d CCI4 i n a s c a l e d up v e r s i o n 
o f t h e c l o s e d e x t r a c t o r d e s c r i b e d e a r l i e r . The (NSC1)3 d i s s o l v e d t o 
g i v e a b r i g h t y e l l o w s o l u t i o n and b r i g h t y e l l o w c r y s t a l s l e a v i n g o n l y a 
s m a l l amount o f w h i t e r e s i d u e s o l i d on t h e f r i t ( p r o b a b l y some 
N H 4 C I / N H 4 S O 4 ). V i r t u a l l y q u a n t i t a t i v e c o n v e r s i o n was o b t a i n e d by t h i s 
method. I n f r a r e d spectrum ( C s l p l a t e s ) f n , a x 1020vs, 835sh, 701s, 622w, 
498vs, 441w, 390vs, 360vw, 347sh, 320sh cm"1 

2.4.3. S 3 N 2 C I - Thiodiaihiazyl chloride. 

There a r e two methods o f b u l k p r e p a r a t i o n o f t h i s compound. The f i r s t 
a c c o r d i n g t o - l o l l y and M a g u i r e 3 r e q u i r e s t h e h e a t i n g o f S 3 N 2 C I 2 in vacuo 

f o r 8 - 10 h. The c o n v e r s i o n by t h i s method i s i n c o m p l e t e and t h e 
p r o d u c t i s g e n e r a l l y c o n t a m i n a t e d w i t h S 4 N 3 C I . The second method 
produces much p u r e r S 3 N 2 C I and i s an a l t o g e t h e r s i m p l e r p r o c e d u r e . 
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I t i n v o l v e s t h e d e c h l o r i n a t i o n o f S 3 N 2 C I 2 by SOo by s t i r r i n g a 
susp e n s i o n i n SO2 f o r s e v e r a l days i n t h e presence o f s u n l i g h t 2 . 
S3N2CI2 (0.5 g, 2.56 mmol) was p l a c e d i n t o a 'dog 1, and S0 2 (25ml) 
condensed on t o t h i s . An orange/brown susp e n s i o n i s t h u s o b t a i n e d . 
Over about 2 h t h i s s l o w l y darkens and g r a d u a l l y goes g r e e n . At t h e 
same t i m e , t h e s o l i d i n c o n t a c t w i t h t h e SO2 a l s o goes g r e e n . A f t e r 3 
days t h e r e i s an orange s o l u t i o n o v e r good d a r k g r e e n c r y s t a l s . These 
a r e f i l t e r e d o f f and t h e green s o l i d washed s e v e r a l t i m e s by back 
d i s t i l l a t i o n . ( Y i e l d = 0.36 g, 887. based on S 3 N 2 C 1 2 ) . S 3N 2C1 r e q u i r e s ; 
N 17.547., S 60.257, CI 22.27. Found; N 17.657, S 59.017, CI 23.87. 

2.4.4. [ P h C N 2 S 2 ] C l - 4-Phenyl 1,2,3,5, Dithiadiazolium Chloride. 

T h i s was p r e p a r e d by t h e method d e s c r i b e d by B a n i s t e r e t a l 4 f r o m t h e 
r e a c t i o n o f b e n z o n i t r i l e , w i t h ammonium c h l o r i d e and s u l p h u r d i c h l o r i d e . 
Ammonium c h l o r i d e (20.0 g, 0.37 mol, f i n e l y powdered and oven d r i e d ) was 
suspended i n s u l p h u r d i c h l o r i d e (100 ml, 1.58 mol) and b e n z o n i t r i l e 
(38 m l , 0.37 mol) i n a 500 ml t w i n necked round b o t t o m f l a s k . The 
r e a c t i o n was m a i n t a i n e d a t r e f l u x a t 100°-120° C f o r 15 h o u r s . I n i t i a l 
p r e p a r a t i o n s had a c o n t i n o u s stream o f d r y c h l o r i n e gas p a s s i n g t h r o u g h 
t h e s o l u t i o n a t a p p r o x i m a t e l y 60 mm2s"1 . However, i t was f o u n d f o r 
l a t e r p r e p a r a t i o n s t h a t a b l a n k e t o f c h l o r i n e gas o v e r t h e m i x t u r e w h i c h 
was renewed p e r i o d i c a l l y was adequate t o p r e v e n t f o r m a t i o n o f S3N2CI2. 

The m i x t u r e was t h e n c o o l e d t o -10° C and f i l t e r e d . The crude orange 
p r o d u c t was washed w i t h 4 x 50 ml a l i q u o t s o f d i e t h y l e t h e r and t h e n 
pumped on f o r a f u r t h e r 4 hours t o remove any r e m a i n i n g S C 1 2. The 
p r o d u c t was t h e n p l a c e d i n a l a r g e c l o s e d e x t r a c t o r and washed w i t h 
l i q u i d S0 2 (25 m l ) . T h i s gave an orange s o l u t i o n and u n r e a c t e d ammonium 
c h l o r i d e on t h e f r i t . E v a p o r a t i o n o f t h e S(l 2 gave deep orange c r y s t a l s 
o f [ P h C N 2 S 2 ] C l . Y i e l d = 24.6 g, 31 7 based on b e n z o n i t r i l e . 
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C7H5N2S2CI r e q u i r e s C 38.87., II 2.37., N 12.97., S 29.67., CI 16.47.. Found 
C 38.47., H 2.67., N 12.47., S 30.07., CI 17.17.. I n f r a r e d s p e c trum, 
f m a x = 1600w, 1390m, 1350w, 1150m, 1070m, 1028m, lOOOw, 922m, 893s, 
840s, 785s, 701s, 690msh, 549s, 510w, 472w c n r 1 . 

2.4.5. (PhCN2S2)2.- 4-Phenyl 1,2,3,5 diihiadiazole. 

[PI1CN2S2] CI (7.3 g, 33.7 mmol) and an excess o f z i n c / c o p p e r c o u p l e 4 

were s t i r r e d t o g e t h e r i n 50 ml o f TIIF f o r 4 hours a t room t e m p e r a t u r e . 
I m m e d i a t e l y on a d d i n g t h e c o u p l e t o t h e orange s o l u t i o n t h e r e was 
immediate c o l o u r change and t h e s o l u t i o n went p u r p l e / b l a c k . The 
s o l u t i o n was t h e n e v a p o r a t e d t o dry n e s s and t h e crude b l a c k s o l i d p l a c e d 
d i r e c t l y i n t o a s u b l i m e r . (PhCNoS 2 )2 ( y i e l d = 3.2 g, 53 7.) s u b l i m e d 
( I O - 3 T o r r , 120° C, c o l d f i n g e r = 10° C) t o g i v e d a r k g r e e n n e e d l e 
c r y s t a l s . I t was n o t foun d necessary t o p u r i f y t h e s e any f u r t h e r . 
C14H10N4S4 r e q u i r e s C 46.387, II 2.767., N 15.467., S 35.407.. 
Found C 47.17., II 2.437., N 15.87., S 34.957.. I n f r a r e d s p e c trum, 
* W - 1595mw, 1320m, 1240m, 1235m, 1185w, 1175w, 1160w, 1145msh, 1140s, 
1075m, 1023m, 1003w, 970br, 922w, 896w, 836m, 805s, 780vs, 772s, 720m, 
690s, 686s, 655s, 510s c n r 1 . 

2.4.6. [p - CIPI1CN2S2]CI - 4-(4-chlorophcnyl) 1,2,3,5 dithiadiazolium 

Chloride. 

T h i s was p r e p a r e d by t h e method d e s c r i b e d as above by B a n i s t e r e t a l 4 . 
NH4CI (20.0 g, 0.37 mol) was suspended i n SC1 2 (150ml, 2.34 m o l ) , t o 
which 4- c h l o r o b e n z o n i t i l e (10.0 g, 0.07 nioT) was added. T h i s was 
r e f l u x e d f o r 5h (85°C) under a b l a n k e t o f C l 2 . The m i x t u r e was t h e n 
c o o l e d t o -20°C, f i l t e r e d and t h e cr u d e p r o d u c t washed w i t h 2x 10ml 
a l i q u o t s o f d r y d i e t h y l e t h e r f o l l o w e d by c o n t i n o u s e x t r a c t i o n w i t h S O 2 . 

The p r o d u c t was t h e n r e c r y s t a l l i s e d f r o m S0 2, ( y i e l d = 6.15g, 357. ) . 
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C7H5GI2N2S2 r e q u i r e s G 33.57., II 1.67., N 11.2%, CI 28.3%, S 25.57.. 
Found; C 33.377., H 1.567., N 11.387., CI 27.807., S 25.617.. 
I n f r a r e d s p e c trum, vm&x = 1595br, 14'12wsh, 1400w, 1283mw, 1174m, 
1152ms, 1091s, 1010s, 960w, 919mw, 890s, 842vs, 733vs, 725s, 682ms, 
540ms, 495m, 489w c n r 1 . 

2.4.7. S2NASF6 - Dithiazyl hexafluoroarsenate. 

T h i s was p r e p a r e d by t h e method d e s c r i b e d by Passmore e t a l 5 f r o m S 4 N 4 , 

Ss and AsFs. Y i e l d s o f 70 7. were o b t a i n e d when t h e c r u d e p r o d u c t was 
r e c r y s t a l l i s e d f r o m SOo. I t was noted t h a t b e t t e r and p u r e r y i e l d s were 
a l s o o b t a i n e d when l a r g e c r y s t a l s o f SoNAsFg were a l l o w e d t o grow f i r s t . 

2.4.8. S4N4 - Tetrasulphur Ictranilride. 

T h i s was p r e p a r e d a c c o r d i n g t o t h e method d e s c r i b e d J o l l y and 
V i l l e n a - B l a n c o 6 . S 2 C I 2 (50 m l , 0.62 mols) was c h l o r i n a t e d i n CC1 4 

(1400ml) t o g i v e S C I 2 . When t h i s was c o m p l e t e , ammonia gas was passed 
i n t o t h e s o l u t i o n . The f l o w r a t e was a d j u s t e d such t h a t t h e t e m p e r a t u r e 
o f t h e r e a c t i o n was k e p t below 50°C. 

6 S C I 2 + I6NII3 ^ — > S4N4 + 2S + 14NH 4C1 Eq. 2.1 
The m i x t u r e goes t h r o u g h a s e r i e s o f c o l o u r changes, f r o m i n i t i a l p a l e 
y e l l o w , t h r o u g h cream and v a r i o u s shades o f g r e e n , g r a d u a l l y g e t t i n g 
d a r k e r , u n t i l a brown/red and f i n a l l y a g o l d c o l o u r i s r e a c h e d , a f t e r 
about 2 h. The f i l t r a t e was t h e n washed w i t h i c e c o l d w a t e r t o remove 
most o f t h e NH4CI t o l e a v e green c o l o u r e d S4N4 w h i c h was t h e n a i r d r i e d 
f o r s e v e r a l days. T h i s s o l i d was t h e n s o x h l e t e x t r a c t e d w i t h d i o x a n e 
(400ml) f o r 6h t o l e a v e b e h i n d any f u r t h e r NI1 4C1, Y i e l d = 30 g. F u r t h e r 
p u r i f i c a t i o n was t h e n a c h i e v e d by s e v e r a l r e c r y s t a l l i s a t i o n s f r o m 
benzene. Even p u r e r S4N4. may t h e n be o b t a i n e d by a s u b l i m a t i o n . 
A n a l y s i s ; S4N4 r e q u i r e s N 30.407,, f o u n d N 30.357.. I n f r a r e d s p e c trum, 
fmax = 930s, 770w, 720m, 700s, 548s, 530w, 520w, 350s. 



2.5. Other Starting Materials. 

2.5.1. Arsenic Penlafluoride. 

Commercial s u p p l i e s o f AsFs a r e n o t a v a i l a b l e i n t h i s c o u n t r y . I t was 
t h e r e f o r e n e c e s s a r y t o p r e p a r e t h i s r e a g e n t f r o m t h e b u r n i n g o f a r s e n i c 
i n f l u o r i n e gas i n a m o d i f i e d p r e p a r a t i o n p r e v i o u s l y used i n t h i s l a b . 
F o r t u n a t e l y f l u o r i n e was r e a d i l y a v a i l a b l e i n t h i s Department i n a 50/50 
N 2 / F 2 m i x t u r e f r o m c y l i n d e r s s u p p l i e d by Mattheson. T h i s r e p l a c e d t h e 
much l e s s r e l i a b l e and hence more dangerous use o f an e l e c t r o c h e m i c a l 
c e l l t o g e n e r a t e F o . 

The a p p a r a t u s , shown i n F i g u r e 2.4. c o n s i s t e d o f a f l o w system i n 
whi c h t h e N 2 / F 2 m i x t u r e was passed o v e r lumps o f a r s e n i c (lumps were 
used t o p r e v e n t t h e r e a c t i o n becoming t o o v i g o r o u s ) . The ASF5 produced 
was t h e n swept i n t o t h e f i r s t o f two c o l d t r a p s a t l i q u i d a i r 
t e m p e r a t u r e ( t o p r e v e n t t h e c o n d e n s a t i o n o f l i q u i d F o ) . These c o u l d be 
i n d e p e n d e n t l y i s o l a t e d by means o f Youngs t a p s . The l a s t c o l d t r a p 
t e r m i n a t e d i n a d u a l s t e e l m a n i f o l d T p i e c e . To t h i s was a t t a c h e d t h e 
Monel s t o r a g e c y l i n d e r , a l o n g w i t h a vacuum l i n e and a s u p p l y o f d r y 
n i t r o g e n . The T p i e c e was a r r a n g e d such t h a t e i t h e r a stream o f d r y 
n i t r o g e n c o u l d be blown a c r o s s t h e end v e n t ( t o d i s p e r s e u n r e a c t e d F2 

and N2 c a r r i e r gas) o r a vacuum a p p l i e d t o t h e l i n e t o m a n i p u l a t e t h e 
v o l a t i l e AsFs. 

The t u b i n g c o n s i s t e d o f 1/4" (ID copper t u b i n g t h r o u g h o u t , a l l 
c o n n e c t i o n s between m e t a l and g l a s s p a r t s o f t h e a p p a r a t u s were via 1/4" 
Swagelok t e f l o n compression f i t t i n g s . The f l o w o f gas was c o n t r o l l e d 
w i t h Monel Whitey V a l v e s ( 1 K S 4 ) . The r e a c t i o n v e s s e l i t s e l f c o n s i s t e d o f 
1" Monel t u b e , one end o f which t e r m i n a t e d w i t h 1/4" Monel t u b i n g t o a 
Whitey v a l v e (1KS4) w h i l s t t h e o t h e r end was f i t t e d w i t h a f l a n g e and a 
Whitey (1KS4) v a l v e , such t h a t t h e t u b e c o u l d be e a s i l y opened and 
charged w i t h a ceramic a l u m i n a boat loaded w i t h t h e r e q u i r e d a r s e n i c . 



The r e a c t i o n v e s s e l was wound w i t h copper t u b i n g f o r w a t e r c o o l i n g , 
s i n c e t h e e x t r e m e l y v i g o r o u s n a t u r e o f t h e r e a c t i o n g e n e r a t e s a l a r g e 
amount o f h e a t . The whole a p p a r a t u s was connected t o g e t h e r , Tap II 
c l o s e d and t h e system evacuated up t o Tap A. The system was t h e n l e t 
down t o n i t r o g e n , and t h i s whole p r o c e d u r e was r e p e a t e d s e v e r a l t i m e s t o 
p u r g e any a i r f r o m t h e system. 
Tap B was t h e n c l o s e d and Tap A opened f u l l y , t h u s t h e f l o w r a t e o f 
F 2 / N 2 f r o m a secondary c a l i b r a t e d s u p p l y system, was c o n t r o l l e d by t h e 
use o f Tap B. The r e m a i n i n g t a p s were a l l opened except f o r G aaid F. 
The f l o w was m o n i t o r e d by use o f t h e b u b b l e r , w h i l s t d r y N 2 was b l e d 
a c r o s s t h e T p i e c e and t h r o u g h t h e b u b b l e r . 

T y p i c a l l y 20 g a r s e n i c were loaded i n t o t h e r e a c t i o n t u b e . Once 
t h e F 2 / N 2 gas reached t h e a r s e n i c , t h e r e a c t i o n proceeded r a p i d l y , 
a l t h o u g h t h e r e a c t i o n r a t e c o u l d e f f e c t i v e l y be c o n t r o l l e d by t h e f l o w 
r a t e o f t h e gas. A w h i t e s o l i d (AsFs) v e r y q u i c k l y c o l l e c t e d i n t h e 
f i r s t t r a p w i t h a s m a l l amount b e i n g c a r r i e d o v e r t o t h e second t r a p . 
I t was i m p o r t a n t t o a v o i d b l o c k i n g t h e i n l e t and o u t l e t s on t h e t r a p s 
and a l s o t h a t no l i q u i d F 2 condensed. 

Any ASF5 e s c a p i n g f r o m t h e two t r a p s o r b e i n g c a r r i e d t h r o u g h t h e 
system c o u l d e a s i l y be seen by t h e f o r m a t i o n o f dense w h i t e fumes o f 
a r s e n i c o x i d e s . E v e n t u a l l y a f t e r 4 h t h e r e a c t i o n was complete. The 
AsFs was p u r i f i e d by f r a c t i o n a l d i s t i l l a t i o n i n t o t h e second c o l d t r a p . 
Taps D and H were t h e n c l o s e d a.nd t h e AsFf, condensed a c r o s s i n t o t h e 
s t o r a g e v e s s e l . 

A s m a l l c y l i n d e r o f known volume (10ml) was a t t a c h e d t o t h e t o p o f 
t h e s t o r a g e c y l i n d e r a l o n g w i t h a c a l i b r a t e d Bourdon gauge, t h u s 
e n a b l i n g s m a l l known q u a n t i t i e s o f AsFs t o be di s p e n s e d (See F i g u r e 
2 . 5 ) . 



F i g u r e 2.4. Flow diagram f o r AsF 3 P r e p a r a t i o n . 
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F i g u r e 2.5. Storage v e s s e l and Budenburg gauge 

Budenberg 

A 

B 

1 0 0 = * 
D 

C 

D 

D O T 

E 

- 33 -
l i 



2.5.2. Silver hexafluoroarsenata. AgAsF 6 - T h i s was p r e p a r e d by t h e 
d i r e c t r e c a t i o n o f AsFs w i t h Ag as d e s c r i b e d i n t h e l i t e r a t u r e 1 

a c c o r d i n g t o e q u a t i o n 2.2. 

2Ag + 3AsF 5 l i q . S 0 2 > 2AgAsF 6 + AsF 3 Equ. 2.2 

Powdered s i l v e r ( 8.0 g, 0.074 mol, 99% p u r e . ) was p l a c e d i n a 
pre-we i g h e d g l a s s b u l b (cn. 200ml) f i t t e d w i t h a Youngs t a p . S02(15ml) 
was condensed on t o p o f t h i s and a f t e r r e - w e i g h i n g t h e b u l b , ASF5 
( t o t a l = 19 g) was a l s o condensed i n t o t h e b u l b i n t h r e e a l i q o u t s . Each 
t i m e t h e b u l b was a l l o w e d t o warm t o room t e m p e r a t u r e . An e x o t h e r m i c 
r e a c t i o n o c c u r r e d t o g i v e a v e r y s l i g h t l y brown s o l u t i o n a.bove t h e 
u n r e a c t e d s i l v e r . The s o l u t i o n was shaken each t i m e and t h e n a l l o w e d t o 
s t a n d f o r 1/2 h. E v e n t u a l l y a l l t h e s i l v e r had d i s s o l v e d g i v i n g a l i g h t 
brown s o l u t i o n . Removal o f a l l t h e v o l a t i l e s (excess AsFs, ASF3, SO2) 

y i e l d e d a w h i t e c r y s t a l l i n e s o l i d (AgAsFe). Y i e l d = 21 g, 98%. I n f r a r e d 
s p e c trum, v m & x 690s, 385s. 

2.6. Miscellaneous reagents. 

2.6.1. Sulphur Tetrafluoride, S F 4 - T h i s was used d i r e c t f r o m t h e 
c y l i n d e r , s u p p l i e d by Matheson. I t was used t o p a c i f y t h e vacuum l i n e 
and s c r u p u o u s l y d r y t h e m a n i f o l d and r e a c t i o n cans p r i o r t o S2NASF6 
p r e p a r a t i o n s . 

2.6.2. Chlorine,C I 2 - For l a r g e s c a l e r e a c t i o n s t h i s was used d i r e c t 
f r o m t h e c y l i n d e r , s u p p l i e d by Matheson, and was d r i e d by passage 
t h r o u g h a P4OL0 column. 



2.6.3. Fluorine,F 2 - E l e m e n t a l f l u o r i n e was s u p p l i e d by Matheson as a 
50/50 m i x t u r e and used v i a a secondary c y l i n d e r o f known volume, f i t t e d 
w i t h an a c c u r a t e c o r r o s i o n r e s i s t a n t Bourdon gauge m a n u f a c t u r e d by t h e 
Budenburg Company. 

2.6.4. Silv e r , Ag - S i l v e r powder, 99.9% p u r e , was s u p p l i e d by B.D.H. 
L t d . and used d i r e c t f r o m t h e b o t t l e . 

2.6.5. Silver tetrafluoroborate, AgBF4 - T h i s was s u p p l i e d by B.D.H. 
L t d . and was s t o r e d i n i t s b l a c k p o l y t h e n e c o n t a i n e r i n t h e g l o v e box. 

2.6.6. Silver t r i f l a t e , AgCFaSUa - T h i s was s u p p l i e d by A l d r i c h and 

s t o r e d i n i t s brown b o t t l e i n t h e g l o v e box. 

2.6.7. Cyanogen, (CN)2 - S u p p l i e d by Matheson, t h i s was used d i r e c t f r o m 
the c y l i n d e r . 

2.6.8. Sulphur, Sg - S u p p l i e d by B.D.H. l t d . , t h i s was d r i e d in vacuo 

b e f o r e use. For t h e p r e p a r a t i o n o f h i g h p u r i t y S 2 N + A S F 6 , 99.9999% pure 
s u l p h u r was used. 

2.6.9. Sulphur dichloride, SC.I.2 - S u p p l i e d by B.D.H. L t d . and used 
direct f r o m t h e b o t t l e . 

2.6.10 Disulphur dichloride, S 2C1 2 - S u p p l i e d by B.D.H. L t d . and used 

d i r e c t f r o m t h e b o t t l e . 

2.6.11. Ammonium Chloride, NIU.C1 - S u p p l i e d by Hopkin and W i l l i a m s , t h i s 
was d r i e d a t 100° C i n an oven b e f o r e use. 



2.6.12. Antimony pentachloride, SbClr, - T h i s was s u p p l i e d by B.D.H. L t d . 
and d i s t i l l e d b e f o r e use ( 68°C, 14 t o r r ) . 

2.6.13. Lithium b i s ( t r i m c t l i y l s i l y l ) a m i d e , ( ( C l ^ a S i ^ N L i - This was 

s u p p l i e d by A l d r i c h as a 1.0M s o l u t i o n i n THF and used d i r e c t f r o m the 
b o t t l e . 

2.6.14. Benzonitrile, Pli.CN - T h i s was s u p p l i e d by A l d r i c h and d r i e d o v e r 
m o l e c u l a r s i e v e ( g r a d e 4A, B . D . I l . L t d . ) . I t was t h e n used d i r e c t f r o m t h e 
b o t t l e . 

2.6.15. 4 - Chlorobenzonitrile, p - ClCelUCN - T h i s was s u p p l i e d by 

A l d r i c h , and t h e powder used d i r e c t f r o m t h e b o t t l e . 

2.6.16. Tetrabutylammonium tetrafluoroborate (TBATFB), nBu4NBF4 - T h i s 

was s u p p l i e d by S.T.Wait f o r use i n t h e CV work. I t was s y n t h e s i s e d by 
s i m p l e m e t a t h e s i s f r o m D114NHSO4 (Lab Kemi, Sweden) and KBF4 (BDH L t d . ) . 
I t was p u r i f i e d by dou b l e r e c r y s k a l l i s a t i o n f r o m an e t h y l a c e t a t e / d i e t h y l 
ether m i x t u r e and f i n a l l y vacuum d r i e d ("10"5 T o r r ) a t 125°C. 

2.6.17. Arsenic, As - G r a n u l a r a r s e n i c , 99.9% p u r e , was s u p p l i e d by 
Alpha P r o d u c t s and was used d i r e c t f r o m t h e b o t t l e . 

2.6.18. Tetramet.taylammo.ilium chloride, Me4NCl - T h i s was s u p p l i e d by 

A l d r i c h and vacuum d r i e d a t 110°C ( 1 0 ' 3 T o r r ) b e f o r e use. 

2.7. P u r i f i c a t i o n of Solvents. 

2.7.1. Sulphur dioxide, S(h - Su l p h u r d i o x i d e , s u p p l i e d by B.D.H. l t d . 
was s t o r e d f o r an i n i t i a l p e r i o d o f 1 week over P4O10, and t h e n 

http://Pli.CN
http://Tetramet.taylammo.il


d i s t i l l e d f r o m t h e P4O10 o n t o Callo o v e r which i t was s t o r e d . The 
s t o r a g e and d i s t i l l a t i o n were c o n v e n i e n t l y p e r f o r m e d i n s t a i n l e s s s t e e l 
v e s s e l s which c o u l d accommodate 500 ml batches o f SO2 ( d e s i g n e d by Dr 
Z. V.IIauptman). 

2.7.2. A c e t o n i t r i l e , CD3CN - For g e n e r a l purpose use as a s o l v e n t , 
H.P.L.C. grade a c e t o n i t r i l e was d i s t i l l e d f r o m P4O10 and s t o r e d i n a 
py r e x v e s s e l f i t t e d w i t h a Youngs t a p . 
For e l e c t r o c h e m i c a l use, a much p u r e r s o l v e n t was r e q u i r e d . I t was 
f o u n d , however, t h a t s u f f i c i e n t p u r i f i c a t i o n was a c h i e v e d i f F i s o n s DNA 
grade a c e t o n i t r i l e was r e f l u x e d and d i s t i l l e d f r o m Calb j u s t p r i o r t o 
use and s t o r e d i n a p y r e x v e s s e l f i t t e d w i t h a Youngs t a p . 

2.7.3. Solvents dried over sodium. 

The f o l l o w i n g s o l v e n t s were used a f t e r s t o r i n g f o r a s u f f i c i e n t p e r i o d 
o v e r sodium w i r e ; d i e t h y l e t h e r , pentane, hexane. D i e t h y l e t h e r was 
o n l y used a f t e r a n e g a t i v e peroxide, t e s t had been o b t a i n e d . 

2.7.4. Solvents dried by d i s t i l l a t i o n . 

The f o l l o w i n g s o l v e n t s were d r i e d by r e f l u x and d i s t i l l a t i o n f r o m P4O10 

f o l l o w e d t h e same proc e s s o v e r Calh; methylene c h l o r i d e , carbon 
t e t r a c h l o r i d e and t o l u e n e . Toluene was t h e n s t o r e d o v e r sodium w i r e , 
w h i l s t C I I 2 C I 0 was s t o r e d o v e r m o l e c u l a r s i e v e ( g r a c l e 4A, BDH L t d . ) . 

2.7.5. Thionyl Chloride - SflCl 2. 

T h i s was p u r i f i e d by f r a c t i o n a l d i s t i l l a t i o n 7 f r o m 10% by w e i g h t 
t r i p h e n y l p h o s p h i t e i n a p p a r a t u s f i t t e d w i t h t e f l o n s l e e v e s . I t was 
s t o r e d i n t h e dark i n a py r e x g l a s s b u l b f i t t e d w i t h a Youngs t a p . 
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CHAPTER THREE. 

BITHADIAZOLIIM SALTS AND RELATED DETEROCYCLES. 



3.1. INTRODUCTION. 

There has been c o n s i d e r a b l e a t t e n t i o n p a i d t o t h e p r e p a r a t i v e methods o f 
S/N h e t e r o c y c l e s . P a r t i c u l a r l y i n t h e p a s t few y e a r s t h e s e have 
c o n c e n t r a t e d on v a r i o u s C/S/N systems w i t h a view t o t h e i r use as 
p o s s i b l e p r e - c u r s o r s t o o r g a n i c analogues o f ( S N ) x 1 . 

For t h e f i v e membered C/S/N h e t e r o c y c l e s o f f o r m u l a CN2S2 t h e r e a r e , 
however, j u s t t h r e e known isomers:-

R R O X X X N N N © / \ N N 

I . I I . I I I . 

These a r e t h e 5-oxo, 1,3A,2,4, d i t h i a d i a z o l e ( I ) , and t h e 1,2,3,5 
d i t h i a d i a z o l i u m ( I I ) and t h e 1,3,2,5 d i t h i a d i a z o l i u m ( I I I ) isomers 
r e s p e c t i v e l y . G e n e r a l l y , s y n t h e t i c r o u t e s a r e numerous and v a r i e d and 
v e r y o f t e n o n l y w i t h r a t h e r s p e c u l a t i v e m e c h a n i s t i c r o u t e s . There a r e 
two main p r e p a r a t i v e r o u t e s t o ( I I ) . The e a r l i e s t was t h e r e a c t i o n o f 
(NSC1)3 w i t h an o r g a n i c n i t r i l e f i r s t r e p o r t e d i n 1977 2>, 3 a l o n g w i t h t h e 
f i r s t c r y s t a l s t r u c t u r e o f a t y p e ( I I ) compound, t h a t o f 

c 
( C l 3 [ C N 2 S 2 ) C r V . 

RCN + 1/3(NSC1) 3 + 1/8S 8 > [RCN 2S 2]C1. Eq. 3.1 
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The b e s t r o u t e , however, i n v o l v e s t h e r e a c t i o n o f an o r g a n i c 
n i t r i l e w i t h SC1 2 and NH4CI under a b l a n k e t o f d r y c h l o r i n e 5 . The 
proposed mechanism f o r t h i s r e a c t i o n i s t h e in situ f o r m a t i o n o f 'NSC11. 
T h i s i s a more c o n v e n i e n t s y n t h e t i c method s i n c e SClo i s much more 
r e a d i l y a c c e s s i b l e t h a n (NSC1)3 and y i e l d s a r e g e n e r a l l y g r e a t e r . 

RCN + 2SC1 2 + NH4CI o 4HC1 + [RCN 2S 2]C1 Eq. 3.2 

There a r e s e v e r a l o t h e r l e s s i m p o r t a n t methods, eg. t h e r e a c t i o n o f NaN3 
w i t h RCN(NSC1) 2 t o o b t a i n ( I I ) 6 . The 1,3 isomer has been p r e p a r e d from 
t h e r e a c t i o n o f S4N4 w i t h B r 2 and CS2 a r room t e m p e r a t u r e 7 b u t u n t i l t h e 
s y n t h e s i s o f S2NSbCl6 appeared i n 1 9 7 8 8 , v e r y few examples were known. 
The S 2N + c a t i o n , as t h e more u s e f u l AsF6 s a l t 9 , r e a c t s v i a a s i m p l e 

( 4 + 2 ) symmetry a l l o w e d c y c l o a d d i t i o n 1 0 w i t h 1,3, d i p o l e s 
o r diels-<£lder u n s a t u r a t e d o r g a n i c g r o u p s , such as RC = N and RC—CR. 

R 

R - C = N + S 2NAsF 6 > S
v ( + ) f Eq. 3.3 

AsF6' 

T h i s r e a c t i o n i s an example o f more g e n e r a l r o u t e s t o c a t i o n s 
c o n t a i n i n g t h e 1,3,2,5 d i t h i a d i a z o l i u m and t h e 1,3,2 d i t h i a z o l i u m 
r i n g s 1 1 . Both o f t h e d i t h i a d i a z o l i u m isomers may be r e a d i l y reduced t o 
t h e c o r r e s p o n d i n g d i t h i a d i a z o l e systems - r e m a r k a b l y s t a b l e 7J e l e c t r o n 
f r e e r a d i c a l s . P h e n y l d i t h i a d i a z o l e , ( P h C N 2 S 2 ) 2 , was t h e f i r s t r e p o r t e d 
example o f such a r a d i c a l ; i t s dimer b e i n g formed by t h e sodium 
t h i o c y a n a t e r e d u c t i o n o f [ P h C N 2 S 2 ] C I 1 2 . 
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Esr s t u d i e s showed t h a t a s o l u t i o n o f (PhCN^Sih c o n t a i n s p e r s i s t e n t 
f r e e r a d i c a l s , i n d i c a t e d by a s i m p l e 1,2,3,2,1, q u i n t e t due t o 
i n t e r a c t i o n o f an u n p a i r e d e l e c t r o n w i t h two e q u i v a l e n t n i t r o g e n 
n u c l e i 1 3 . No dimer u n i t s were d e t e c t e d above 250K i n s o l u t i o n . As 
i n d i c a t e d by Mews 1 4, r i n g o r b i t a l s o f t h e d i t h i a d i a z o l i u m system a r e 
o n l y m a r g i n a l l y d i s t u r b e d by r a d i c a l f o r m a t i o n and by changes i n l i g a n d , 
and t h e energy changes w i t h c o n f o r m a t i o n a r e o n l y s m a l l . F i g . 3.1. 

Indeed a c t u a l c o n f o r m a t i o n depends more on s u b t l e e f f e c t s such as 
secondary i n t e r a c t i o n s and p a c k i n g f o r c e s . F u r t h e r MNDO c a l c u l a t i o n s 1 5 

have shown HCN0S2 t o have an '2Ao ground s t a t e w h i c h e x p l a i n s w e l l t h e 
above o b s e r v a t i o n s and t h e f a c t t h a t t h e h y p e r f i n e c o u p l i n g c o n s t a n t s 
f o r t h e d i t h i a d i a z o l e r a d i c a l s a r e p r a c t i c a l l y i n v a r i a n t t o t h e n a t u r e 
o f R. T h i s i s because t h e A? SOMO o f IICN2So has a v e r t i c a l node 
b i s e c t i n g t h e r i n g and which t h e r e f o r e p r e v e n t s d i r e c t c o n j u g a t i v e 
i n t e r a c t i o n between t h e u n p a i r e d e l e c t r o n and t h e l i g a n d . A 
p h o t o e l e c t r o n s p e c t r a l s t u d y o f RCN2S2 has shown t h r e e d i s t i n c t 
i o n i s a t i o n s o f e l e c t r o n s which c o r r e s p o n d r e s p e c t i v e l y t o t h e low l y i n g 
SOMO ( 7 - 9 e v ) , t h e h e t e r o c y c l i c 1 and a o r b i t a l s and f i n a l l y t h e o r b i t a l s 

CO 

CO 

J , 2 6b. CO 
J f 00 8t> 

60. 

6£> 

Y 

Figure 3.1. RCNSSN O r b i t a l Energy L e v e l s . 
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a s s o c i a t e d w i t h t h e l i g a n d s , a l l o f which i n d i c a t e s t h a t d i t h i a d i a z o l e s 
a r e r e s o n a b l y i n s e n s i t i v e t o t h e l i g a n d e n v i r o n m e n t . N e v e r t h e l e s s , 
s i n c e some o f t h e a l k y l d e r i v a t i v e s a r e s t a b l e p a r a m a g n e t i c l i q u i d s a t 
room t e m p e r a t u r e and t h e a r y l d e r i v a t i v e s a r e d i m e r s o r p o l y m e r s , t h e 
p h y s i c a l p r o p e r t i e s do seem t o depend somewhat on t h e R s u b s t i t u e n t . 

Known 1,2 d i t h i a d i a z o l i u m s a l t s a r e e i t h e r b r i g h t l y c o l o u r e d , t y p e A 
o r p u r p l e / b l a c k , t y p e B , depending on t h e a n i o n . The h a r d e r 2 9 t h e a n i o n 
t h e more b r i g h t l y c o l o u r e d t h e s a l t , f o r i n s t a n c e , PHCN2S2ASF6 - b r i g h t 
o range, PhCN 2S 2Br - da r k r e d and PhCN 2S 2I - b l a c k 5 . 
The f i r s t c r y s t a l s t r u c t u r e o f a d i t h i a d i a z o l i u m system, t h a t o f 
[ C l 3 C N 2 S 2 ] C l appeared i n 1977 4 b u t d i d n o t p r e s e n t v e r y s a t i s f a c t o r y 
r e s u l t s because o f s o l v e n t i n c o r p o r a t i o n i n t o t h e s t r u c t u r e and s t r o n g 
c a t i o n / a n i o n i n t e r a c t i o n s . I n t h e c h l o r i d e s , f o r example, t h e r e a r e 
c o n s i d e r a b l e c h l o r i n e / s u l p h u r i n t e r a c t i o n ! a s i n d i c a t e d by t h e c l o s e 
approach o f t h e c h l o r i d e atom t o t h e d i s u l p h i d e atoms. There i s 
i n c r e a s i n g c a t i o n / a n i o n 3 c e n t r e i n t e r a c t i o n s i n t h e s e r i e s CI" - FeCU" 
- Br" - I " - CN" - NCS". To m i n i m i s e t h e s e e f f e c t s and t h e r e f o r e t o 
a l l o w comparison w i t h s i m i l a r s t r u c t u r e s , eg. [ P h C N 2 S 2 ] 2 [ S 3 N 3 ] 2 5 e t c . , 
t h e compound [PhCN 2S 2]A s F 6 was s y n t h e s i s e d by s i m p l e m e t a t h e s i s and i t s 
c r y s t a l s t r u c t u r e d e t e r m i n e d . The ASFQ" a n i o n i s r e l a t i v e l y h a r d and 
[PI1CN2S2]AsF6 gave a c r y s t a l a n a l y s i s w i t h an R v a l u e o f 2.6. I n t h i s 
c h a p t e r s t u d i e s r e l a t e d t o some p h y s i c a l measurements a r e r e p o r t e d , a l o n g 
w i t h t h e s y n t h e s i s o f new d i t h i a d i a z o l i u m s a l t s and d i t h i a d i a z o l e s . 

3.2. EXPERIMENTAL. 

3.2.1. Preparation of (p - ClPhCN2S2)2- - B r i g h t orange [ p - C l P h C N 2 S 2 ] C I 
was p r e p a r e d a c c o r d i n g t o l i t e r a t u r e methods f r o m p - CIPhCN, NH 4C1 and 
S C I 2 / C I 2 5 . 
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A s u s p e n s i o n o f [p - ClPhCN 2S] 2 CI (0.964g, 3.86 mmol) was s t i r r e d w i t h 
Zn/Cu c o u p l e ( 2 . 0 g , 15.5mniol) i n 20ml o f d r i e d THF a t room t e m p e r a t u r e . 
On a d d i t i o n o f t h e Zn/Cu c o u p l e t h e s o l u t i o n t u r n e d b l a c k / p u r p l e . A f t e r 

i 
s t o r i n g f o r 1/2 h t h e THF was removed under vacuum t o l e a v e a 
p u r p l e / b l a c k s o l i d , w h i c h was p u r i f i e d by s u b l i m a t i o n ( 1 0 " 6 T o r r , 100°C 
which y i e l d e d a b l a c k / g r e e n s o l i d ( 0 . 5 1 g , 61%) s i m i l a r i n appearance t o 
( P h C N 2 S 2 ) 2 . Found; C 38.51, H 1.79, N 13.46, S 28.78, C I 15.96; 
C 7H VN 2S 2 CI r e q u i r e s C 38.97, II 1.86, N 12.99, S 29.74, CI 16.4; m.s CI 

m/e 215 117. ( P h C N 2 S 2 ) + , m/e 137 100% ( C l P h C N 2 ) + ; i r i / m a x = 1590m, 1490m, 
1405s, 1245mbr, 1175m, 1165w, 1155m, 1135s, 1105m, 1095vs, 1025s, 905w, 
845m, 840s, 810s, 780vs, 720s, 650s, 510s, 485m. 

3.2.2. Preparation of 4~ Propyl - 1,2,3,5 Dithiadiazole. 

[CH3CH2CH2CNSSN] CI was p r e p a r e d i n an analogous manner t o t h a t o f 
[P h C N 2 S 2 ] C l . n - B u t y l o n i t r i l e , C1I 3CH 2CII 2CN, (32 m l , 0.37mol, p=0.7936) 
was r e f l u x e d i n a sus p e n s i o n o f NH 4C1 (20.Og, 0.37mol) i n SC1 2 (120ml, 
1.89mol) f o r 5h under a b l a n k e t o f d r y c h l o r i n e . A f t e r r e f l u x i n g , t h e 
r e a c t i o n m i x t u r e was c o o l e d t o 0°C and f i l t e r e d . Orange 
[CH 3CH 2CH 2CN 2S 2]C1 (7.1g, 10.5%) was o b t a i n e d a f t e r S0 2 e x t r a c t i o n o f 
t h e c r u d e s o l i d . [CII 3CH 2CH 2CN 2S 2]CI (1.5g, 8.22mmol) was s t i r r e d w i t h a 
sus p e n s i o n o f excess Zn/Cu c o u p l e (2.0g, 15.5mmol) i n l i q u i d S0 2 f o r 6h 
a t room t e m p e r a t u r e . The S0 2 was t h e n c a r e f u l l y v e n t e d o f f , b e f o r e t h e 
v o l a t i l e p r o d u c t was f r a c t i o n a t e d t h r o u g h a s e r i e s o f U t r a p s h e l d a t 
-15°C and -196°C r e s p e c t i v e l y under a s l i g h t dynamic vacuum. G e n t l e 
h e a t i n g was a p p l i e d t o t h e s o l i d r e s i d u e t o h e l p v o l a t i l i s e t h e p r o d u c t . 
A d a r k r e d v o l a t i l e l i q u i d condensed i n t h e c o n n e c t i n g t u b e s and f i n a l l y 
i n t h e f i r s t U t r a p . The p r o d u c t was a p u r p l e / r e d s o l i d w h i c h on 
warming t o room t e m p e r a t u r e m e l t e d t o a r e d l i q u i d (0.76g, 6 3 % ) . 
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Found C 32.4, H 4.6, N 19.3, S 44 . 1 ; C4H7N2S2 r e q u i r e s C 32.6, H 4.76, N 
19.0, S 43.6; DSC. (4°C/min) mpt. 10.0°C; 111.s(CI) m/e 147 ( G ^ h ^ ) ' , 

57%, m/e 69 (C 3H 7CN) + 1007.. 

3.2.3. Preparation of J^-t-Mtyl-l ,2,3,5 Dithiadiazole. 

[(CH3) 3CCN 2 S 2]C1, p r e p a r e d a c c o r d i n g t o l i t e r a t u r e 3 , (0.75g, 3.8mmol) 
was reduced f o l l o w i n g t h e same p r o c e d u r e as i n 3.2.2. ( y i e l d = 0.53g, 
8 6 % ) . Found C 37.12, FI 5.5, N 17.97, S 40.06; C 5H 9N 2S 2 r e q u i r e s C 37.24, 
II 5.60, N 17.38, S 39.80. DSC.(4°C/min) mpt. 22.0°C ( c f . l i t . 2 0 -21°C); 
e s r . g=1.905, ( c f . l i t . g=2.0121); m.s. ( C I ) , m/e 161 ( C 5 H 9 N 2 S 2 ) + 37%, 
m/e 64 ( S 2 ) + 79%, m/e 57 ( ( C H 3 ) 3 C ) + 65%. 

3.2.4. Preparation of J^-t-Dutyl-1,3,2,5 Dithiadiazole. 

[(CH 3) 3CNSNS] AsFe was p r e p a r e d f r o m S2NASF6 and t-BuCN i n S0 2 a c c o r d i n g 
t o l i t e r a t u r e 1 6 , (measured mpt=150.0°C, c f l i t . r e p o r t e d decomposed 
above 300°C). 
[(CH 3) 3CN 2 S 2 ]AsF6 ( l - 0 g , 2.861111110I) was reduced i n a s i m i l a r p r o c e d u r e t o 
t h a t f o l l o w e d i n 3.2.2. except u s i n g SbPh 3 (0.77g, 2.18mmol) and Me 4NCl 
(0.56g, 5.1mmol), a g a i n a c c o r d i n g t o l i t e r a t u r e 1 6 . The whole 
p r e p a r a t i o n t o o k p l a c e i n t h e d a r k . A da r k brown l i q u i d (0.41g, 89%) 
was o b t a i n e d , a c y c l i c voltammogram o f t h i s was r e c o r d e d i m m e d i a t e l y , 
and which showed t h e p r e s e n c e — o i - some 1,2 isomer a l r e a d y p r e s e n t . 
Mpt 0 -1°C 

3.2.5. Preparation and crystal structure of ^-Phenyl-1,2,3,5 

Dithiadiazolium Dexafluoroarsenate. 

R e c r y s t a l l i s e d [ P h C N 2 S 2 ] C l (0.56g, 2.611111101) was p l a c e d i n one 
b u l b o f a dog w i t h AgAsF6 (0.77g, 2.6mmol) i n t h e o t h e r . SO2 was 
condensed o n t o b o t h (2 X 15ml) and warmed t o room t e m p e r a t u r e . 



The AgAsF6 d i s s o l v e d r e a d i l y , w h i l s t t h e [ P h C N 2 S 2]Cl r e q u i r e d some 
s t i r r i n g b e f o r e i t d i s s o l v e d . On a d d i t i o n o f t h e AgAsF6 s o l u t i o n t o t h e 
P h C N 2 S 2 C l , a dense w h i t e f l o c c u l e n t p r e c i p i t a t e f o r m e d i m m e d i a t e l y 
( a n a l y s e d as A g C l ) . The b r i g h t orange s o l u t i o n f o r m e d was s t i r r e d f o r a 
f u r t h e r 4h b e f o r e b e i n g c a r e f u l l y decanted o f f and f i l t e r e d . B r i g h t 
orange c r y s t a l s o f [PI1CN2S2]AsFe (0.93g, 97%) were grown as t h i n rhomb 
l i k e p l a t e l e t s by r e d u c i n g t h e volume o f S O 2, and a s u i t a b l e one f o r an 
X r a y s t r u c t u r e d e t e r m i n a t i o n i s o l a t e d . Found C 22.36%, II 1.39%, N 
7.73%, S 17.51%, F 31.2%, As 19.98%; G7II5N2S2AsF 6 r e q u i r e s C 22.69%, 
II 1.35%, N 7.57%, S 17.32%, F 30.80%, As 20.26%. 

( i i ) .Crystal Data - G7II5 N 2S 2AsF 6, Mr = 370.2, 
M o n o c l i n i c , Space group P2i/c. 
a = 1 3 . 5 1 5 ( 2 ) , b = 5.7 5 7 3 ( 7 ) , c = 15.175(2)A, /? =94.83(1)°. 
U = 1176.6A 3, Z = 4, D c = 2.089 g c n r 3 . 
F(000) = 720, A(MoKft) = 0.71073A ( g r a p h i t e monochromator), T =295°C, 
H =3.28mm"1. 

I n t e n s i t y d a t a f r o m a c r y s t a l o f dim e n s i o n s 0.06 x 0.54 x 0.8 mm 
mounted under N2 i n a s e a l e d Lindeman c a p i l l a r y were c o l l e c t e d on a 
Siemens AED2 d i f f r a c t o m e t e r (w/® scans w i t h o n - l i n e p r o f i l e f i t t i n g , 
2cmax= 50°, no s i g n i f i c a n t v a r i a t i o n f o r 3 s t a n d a r d r e f l e c t i o n s . Semi 
e m p i r i c a l a b s o r p t i o n c o r r e c t i o n s were a p p l i e d ( t r a n s m i s s i o n 
0.35 - 0.87), 1965 unique r e f l e c t i o n s were measured. For d e t e r m i n a t i o n 
o f t h e s t r u c t u r e 1593 r e f l e c t i o n s were used w i t h F>4<7C (F) (<r c based on 
c o u n t i n g s t a t i s t i c s o n l y ) . 

( i i i ) .Structure Determination - A l l non II atoms were l o c a t e d by d i r e c t 
methods and r e f i n e d w i t h a n i s o t r o p i c t h e r m a l p a r a m e t e r s and w i t h H atoms 
c o n s t r a i n e d t o g i v e C-II = 0.96A on r i n g a n g l e s e x t e r n a l b i s e c t o r s . 
U(H) = 1.2eq(C). 
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Weights were a s s i g n e d as w 1 = <r 2(F) - ̂  +9-55G+216G 2 - 12S+4S 2 +9GS. 

(G=Fo / F m a x5 S=sin®/sin® m a x ) • 

An i s o t r o p i c e x t i n c t i o n parameter X was r e f i n e d t o X = 7 ( 3 ) x 1 0 " 7 , 
where F c

1 = F c / ( l + X F c
2 / s i n 2 ® ) 1 / 4 . F i n a l r e s i d u e s a r e R = 0.0462, 

R = 0.0434, goodness o f f i t = 1.07, mean and max. s h i f t / e s d were 0.004 
and 0.026 and a l l f e a t u r e s i n t h e f i n a l d i f f e r e n c e s y n t h e s i s were 
between +0.68 and -0.51 eA"3. R e f i n e d c o o r d i n a t e s a r e g i v e n i n t h e 
t a b l e s 3.1. t o 3.4. 

3.2.6. Preparation of 4~i-Butyl-l,2,3,5 Dithiadiazolium 

Hexafluoroarsenate. 

[tButylCNSSN]AsFc was p r e p a r e d by a m e t a t h e s i s p r o c e d u r e s i m i l a r t o t h a t 
i n 3.2.5. [(CH 3) 3CCN 2 S 2 ] A s F 6 (0.5g, 2.54mmol) was p l a c e d i n one h a l f o f 
a dog w i t h AgAsF6 (0.76g, 2.54mmol) i n t h e o t h e r . S0 2 was condensed 
i n t o b o t h s i d e s and t h e two s o l u t i o n s b r o u g h t t o g e t h e r , s t i r r e d f o r 5h 
a t room t e m p e r a t u r e and f i l t e r e d . The S0 2 s o l u t i o n y i e l d e d an 
o r a n g e / y e l l o w s o l i d (0.85g, 9 6 % ) . [ ( C H 3 ) 3 C C N 2 S 2 ] A s F 6 was i d e n t i f i e d by 
i n f r a - r e d . Found C 17.26, H 2.54, N 7.61, S 18.41; C 5H 9N 2S 2 AsF6 

r e q u i r e s C 17.14, II 2.6, N 7.80, S 18.30. 

3.2.7. Preparation of 4~Denzyl-l,2,3,5 Dithiadiazolium Chloride. 

[ P h C H 2 C N 2 S 2 ] C l was p r e p a r e d i n an analogous manner t o t h a t d e s c r i b e d i n 
t h e l i t e r a t u r e 5 . C 6II 5CH 2CN (22.3ml, 0.185mmol, £=0.972) was s y r i n g e d 
a g a i n s t d r y n i t r o g e n i n t o a suspension o f oven d r i e d NH4CI 

(10.Og, 0.185mmol) i n SC1 2 ( 1 2 0 m l ) . A b l a n k e t o f d r y c h l o r i n e was 
m a i n t a i n e d i n t h e r e a c t i o n v e s s e l and t h e m i x t u r e h e a t e d a t r e f l u x 
(110°C) f o r 7h. The volume was reduced by about 40ml by e v a c u a t i o n and 
t h e s l u r r y c o o l e d t o RT and t h e n t o -20°C. A b r i g h t o r a n g e / r e d 
c r y s t a l l i n e s o l i d ( 7 . 6 g , 17.5%) was o b t a i n e d on e x t r a c t i n g t h e s o l i d 
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Table 3.1. Bond Lengths (A) and angles (°) f o r [PhCN2S2]AsF6. 

S ( l ) - S 
S(2' 
N(2 
C(2 
C(3 
C(5 
As-F 
As-F(3 
As-F(5 

21 
2 

c(r 
C(3 

-C(4 C(6] 
1] 

S( 
Si 
Nl 
Nl 
Cl 
C( 
Cl 
Cl 
Fl 

i - S ( l 
1 

- C ( l 
-C 
-c 

i-C 
-c 
-c 
-A 

2 017 
1 575 
1 337 8) 
1 384 8) 
1 387 8) 
1 372 9) 
1 690 5) 
1 661 7) 1 664 

-N(r 
-ci 

F 1 
F ( 3 j 
F(2 
F ( 4 
F ( 2 
F ( 4 

C 6) 
3 ) 

94.9 
116.0 
118.0 
120.8 
119.9 
119.3 
120.6 
119.6 

-As-F 4) 
-As-F(4 
-As-F 
-As-F 
-As-F 

92.6(4 

5 
5 
6 

-As-F(6) 

92, 
92, 
92.81 
86.51 
91.21 
87.5i 

S(1V 
n r 
C f l ' 
C 2 
C(4 C ( 6 ) - C ( 7 l 
As-F(2) 
As-F(4 
As-F 6 

1) 
2 
1 
1 
3 

C(5 

•S(2)-N(2) 
•N(2' 
•C( l 

2 
4 
6 

-C 
-C 
-C 
-C 
-As-F 
-As-F 
-As-F 

- C ( l 
C(2 
C 
C 
C 
C(7] 
2) 
3 
4 

F ( l ) - A s - F ( 5 
F ( 3 ) - A s - F ( 5 < 

As-F( 
As-F(6) 

F ( 5 ) - A s - F ( 6 ] 

1.581(5) 
1.335(7 
1.466(7) 
1.388(8) 
1.375(10) 
1.394(8) 
1.671(6) 
1.698(6) 
1.719(5) 
95.1 

116.1 
121.2 
119.7 
120.3 
120.4(6 
119.8(6 
89.2(3 
88.5 

178.5 
89.9 

177.2 
179.5 
87.8 
89.7 

4 
3 
4 
4 
3 
4 
4) 

Table 3.2. The atomic coordinates (x 10 4) and isotropic thermal 
parameters (A 2 x 10 3) f o r the hydrogen atoms. 

Atom x V z U 
II ( 3 ) 9469 1450 6881 56 
H(4) 11137 2504 6793 69 
H(5) 11535 6059 6184 68 
H(6) 10287 8604 5647 64 
H 7) 8607 7562 5705 59 

- 48 -



Table 3.3. Atomic Coordinates ( x l O 4 ) f o r [PhCN 2S 2]AsF 6. 
Atom x y z 
S ( l ) 6020(1) 4249(4) 6134(1) 
S(2) 6457 1) 1105(3) 6605(1 
M l ) 7110(3) 5206(9) 6080(3 
N 2) 7601(3) 1618(9) 6601(3 
C ( l ) 7844(4) 3733(10) 6327(3 
C(2) 8887(4) 4404(11) 6295(3 
C(3) 9631(4) 2908(11) 6622(3 
C(4) 10616(4) 3537(12) 6573(4; 
C(5) 10851(4) 5640(13) 6216( 
C(6) 10117(4) 7135(11) 5893( 
C(7) 9124(4) 6524(11) 5931(4) 
As 6495(1) 5666 1) 8881(1 
F ( l ) 7197(3) 4649(12) 8096(3 
F(2) 7341(5) 4667(16) 9656(3 
F(3) 7082(5) 8205(12) 8934(6 
F(4) 5613(4) 6674(16) 8113(3 
F(5) 5860(7) 3189(13) 8845(7 
F(6) 5772(3) 6691(10) 9675(3 

Table 3.4. A n i s o t r o p i c t h e r m a l parameters (A x 1 0 3 ) f o r 
[PhCN 2S 2]AsF 6. 

The a n i s o t r o p i c temperature f a c t o r exponent takes t h e form 
- 2x 2 ( h 2 a* 2 Ih. i +... +2hka*b*Ui 2 ) . 
Atom Un U22 U33 U23 U13 Ui: 
S ( l ) 43(1) 71(1) 78(1) 3(1) -4(1) -2(1) 
S(2 48(1) 57 1) 84(1) -5(1) 10(1 - l l ( r 
N ( l ) 46(2) 55(3) 62(3) 5(2) 0(2) 3(2 
N(2) 49(2) 46(3) 62(3) -2(2) 10(2) -1(2 
C I ) 43(2) 45(3) 35(2 -3(2) 2(2) 0(2 
C 2) 45(2) 41 3 37(2 -6(3) 8(2) -4(3 
C(3) 49(3) 47(3) 45(3) 2(2) 9(2) 7(3 
C(4) 47(3) 67(4) 57(3) 0(3) 8(2) 4(3 
C(5) 51(3) 62(4) 57 3) -8(3) 13(2) -5(3 
C(6) 58 3) 48(4) 56(3) -3(3 13(2 -11 3 
C(7) 51(3) 47(3) 49(3) -2(2) 3(2) 2(2; 
As 38(1) 59(1) 51(1) -5(1) 5 1) 3(1) 
F ( l ) 74(2) 174(6) 62(2) -37(3) 15(2) 24(3 
F(2) 133 4) 226(8) 75(3) -16(4 -19(3) 102(5 
F(3) 125(5 97(4) 255(9) -35(5 90(5) -47(4 
F(4) 89(3) 221(8) 91(3) 5(4) -11(3) 66(4 
F(5) 176(7) 88(5) 280(10) -60(6) 90(7) -64(5 
F(6) 73(2) 120(4) 90(3) -27(3) 33(2) 6(3) 
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w i t h l i q u i d SO2. The product was i d e n t i f i e d by i n f r a - r e d spectroscopy 
and a n a l y s i s . A f u r t h e r r e c r y s t a l l i s a t i o n y i e l d e d r e d p l a t e l e t s but 
none s u i t a b l e f o r a X ray c r y s t a l s t r u c t u r e d e t e r m i n a t i o n were found. 

3.2.8. Preparation of 4 ~ Phenyl - 1,3,2,5 Dithiadiazolium 

Bexafluoroarsenate. 

S 2NAsF 6 (0.217g, 0.811mmol) was placed i n t o one h a l f of a dog and PhCN 
(0.1g,0.811mmol, 0.09ml) sy r i n g e d i n t o the o t h e r . S0 2 (10ml) was 
condensed onto t h e S2NASF6 which d i s s o l v e d on warming t o room 
temperature and was t r a n s f e r r e d onto t h e PhCN. An immediate r e a c t i o n 
occurred t o g i v e a blue/green s o l u t i o n which was s t i r r e d f o r a f u r t h e r 
8h, a f t e r which t h e SO2 was removed and the s o l i d r e s i d u e washed w i t h 
d i e t h y l e t h e r (3x15ml). On e x t r a c t i o n w i t h SO2 a. blue/green s o l i d 
(0.18g, 607.) was obt a i n e d . Found C 23.0, H 1.41, N 7.50, S 17.56; 
C7H5N2S2ASF6 r e q u i r e s C 22.70, H 1.35, N 7.57, S 17.32. i . r . v m 3 b X = 

1598s, 1495w, 1410vs. 1349m, 1329m, 1299m, 1273w, 1220m, 1210m, 1192m, 
1170w, 1105m, 1072m, 1003s, 990vs, 918s, 890s, 841m, 800vs, 779vs, 
720vs,br, 680vs,sh, 650s, 613m, 590s, 580sh, 570m, 440s, 400vs, ( 720 k 
400cm"1 belong t o AsF6") 

3.2.9. Preparation of {Gn^CN2S2)2 from [GH3CNSSN\Cli:i 

(CH3CN2S2)2 (0.5 g, 3.2 mmol) was reduced i n a s i m i l a r manner as 3.2.2. 
The product (0.34 g, 577.), which sublimed out under dynamic vacuum i n t o 
a "U" tube, was a very a i r and moisture s e n s i t i v e red/green v o l a t i l e 
s o l i d . Found: C 20.3, II 2.6, N 23.3, S 53.6; C2H3N2S2 r e q u i r e s C 20.1, 
H 2.5, N 23.5, S 53.8. 
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3.2.10. Crystal structure of (67?36'# 2 ^2)2 1 7 • 

(i) . Crystal Growth. - A s u i t a b l e c r y s t a l was i s o l a t e d from a sealed 
pyrex t u b e c o n t a i n i n g ca. 60 nig of (CH3CN2S2)2 w i t h i n which a random 
mass t r a n s p o r t was d r i v e n by n a t u r a l f l u c t u a t i o n s of ambient temperature 
over a p e r i o d of n e a r l y a year. Numerous e a r l i e r attempts a t growing 
c r y s t a l s by c o n t r o l l e d s u b l i m a t i o n i n experiments of s h o r t e r d u r a t i o n 
(hours or days r a t h e r than months) f a i l e d . These i n c l u d e d in situ 

growth i n evacuated sealed q u a r t z c a p i l l a r i e s f o r X-ray d i f f r a c t i o n 
s t u d i e s . I n many instances t h e c r y s t a l s grown were well-shaped but 
t h e i r d i f f r a c t i o n p a t t e r n i n v a r i a b l y betrayed a h i g h l y i m p e r f e c t 
l a t t i c e , mainly due t o t w i n n i n g and a heavy mosaic t e x t u r e . Another 
purpose o f t h e long term experiment w i t h the sealed (CH3CN2S2)2 was t o 
t e s t a suspected p h o t o s e n s i t i v i t y of 1,2,3,5 d i t h i a d i a z o l e s w i t h s m a l l 
a l k y l s u b s t i t u e n t s a t t h e 4 p o s i t i o n . No photodecomposition was 
det e c t e d d e s p i t e f r e q u e n t exposure of (CH3CN2S2)2 t o d i r e c t s u n l i g h t . A 
sm a l l number of very t h i n p l a t e l e t s up t o 1mm formed but these were most 
l i k e l y c r y s t a l s of acetamide, CH3CO.NH2 - a product of h y d r o l y s i s by 
t r a c e s of chemisorbed moisture i n t h e pyrex tube ( d e s p i t e thorough p r i o r 
d r y i n g ) . 

(ii) Crystal Data.-C4H6N4S4, M = 238.4, 
T r i c l i n i c , space group P T, 
a = 11.296(1), b - 12.498(1), c = 14.647(2 )A, a = 72.06(1), 
/? = 77.85(1), 7 = 77.30(1)°, 
U = 1896.3A 3, Z = 8, Dc = 1.670, 
F(000) - 976, A(Cu K a )= 1.54184A(graphite iiionochroinator), 
/i = 8.74 mnr 1, T=295 k. 

I n t e n s i t y data from a c r y s t a l of dimensions 0.5 x 0.2 x 0.2 mm 
mounted under N2 i n a sealed q u a r t z c a p i l l a r y were c o l l e c t e d on a 
Siemens AED2 d i f f r a c t o m e t e r (w/e scans w i t h o n - l i n e p r o f i l e f i t t i n g , 
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2©max 130°, one unique hemisphere of data w i t h 1 > 0; no s i g n i f i c a n t 
v a r i a t i o n f o r 3 standard r e f l e c t i o n s ) . S e m i e m p i r i c a l a b s o r p t i o n 
c o r r e c t i o n s were a p p l i e d ( t r a n s m i s s i o n 0.11 - 0.27), 6241 unique 
r e f l e c t i o n s were measured. For d e t e r m i n a t i o n of the s t r u c t u r e 5103 
r e f l e c t i o n s were used, w i t h F > 4<7 C(F) (ac based on co u n t i n g s t a t i s t i c s 
o n l y ) . 

( i n ) . Structure determination. - A l l non H atoms were l o c a t e d by d i r e c t 
methods and r e f i n e d w i t h a n i s t r o p i c thermal parameters and w i t h II atoms 
c o n s t r a i n e d t o g i v e C-H = 0.96A, 1I-C-I1 = 109.5°, U(H) = 1.2U e q(C). 
Weights were assigned as V"1 = a 2 (F) = <r c

2 ( F ) + 1 + 356 + 10G2 -6S +6S 2 

-29GS (G = Fo/Fmax, S = sin©/sin0 m ax)• An i s o t r o p i c e x t i n c t i o n 
parameter X was r e f i n e d t o X = 5.3(4) x 10" 6, where F C'=F C/(1+ x 
F 2

c / s i n 2 e ) 1 / 4 . F i n a l residues are; R = 0.040, 

R1 = (S w A 2/£ w F Q 2 ) 1 / 2 = 0.060, goodness of f i t = 1.17; mean and max. 
s h i f t / e s d were 0.06 and 0.62, and a l l f e a t u r e s i n t h e f i n a l d i f f e r e n c e 
s y n t h e s i s were between +0.16 and -0.33eA" 3. Refined c o - o r d i n a t e s are 
gi v e n i n t a b l e 3.7. 

3.2.11. Reaction of Anthracene 9 - carbonitrile with S^Ms^s-
An immediate r e a c t i o n , g i v i n g a very dark green c o l o u r , occurred when an 
SO2 s o l u t i o n (10ml) c o n t a i n i n g S2N AsF 6 (0.46g, 1.72mmol) was added t o a 
suspension of C14H9CN (0.35g, 1.72mmol) i n S02(15ml). A f t e r s t i r r i n g 
f o r 2h the SO2 was removed t o leave an o l i v e green m i c r o c r y s t a l l i n e 
s o l i d (O.SOg, 987.). Found C 37.64, II 1.92, N 5.75, S 14.0, As 16.18; 
C15H9N2S2ASF6 r e q u i r e s C 38.29, II 1.91, N 5.96, S 13.64, As 15.95, 
F 24.25. m.s.(CI) m/e 78 ( S 2 N ) + , 317,, m/e 203 (C i 4 H 9 C N ) + 1007..i.r. 
i / m a x = 1618m, 1550m, 1520m, 1415s, 1310m, 1285m, 1260s, 1190w, 1160w, 
1155w, 1090m, 1025m, 965m, 955s, 920s, 900s, 845m, 810s, 780s, 755m, 
740s, 720vs, 700vs, 670s, 660s, 640w, 610m, 590m, 520s, 470m, 400vs. 
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3.2.12. Preparation of 4 ~ Methyl - 1,2,3,5 Diihiadiazolium 

ffexafluoroarsenaie. 

This was prepared by metathesis as i n 3.2.5 from AgAsF 6 

(0.384g, 1.29mmol) and [CH 3CN 2So]Cl (0.2g, 1.29mmol) i n l i q u i d S02.A 
brown s o l u t i o n r e s u l t e d , which on f i l t e r i n g and removal of S0 2 gave a 
brown s o l i d (0.24g, 61%) i d e n t i f i e d as [CH 3CN 2S 2]AsF 6 by i . r . and 
elemental a n a l y s i s . C2II3N2S9ASF6 r e q u i r e s C 7.79, H 0.97, N 9.09, 
S 20.81, As 24.34, F 37.00. Found C 7.85, H 1.10, N 9.11, S 20.69, 
As 25.1. 

Table 3.5. F i n a l p o s i t i o n a l parameters w i t h i n (MeCN 2S2)2-Bond l e n g t h s (A) and angles (°). 

S ( l l ) - S ( 1 2 ) 2.077(1) S ( l l ) - N ( l l ) 1.628(3) 
S(12)-N(12) 1.639(3) N ( l l ) - C ( l l ) 1.333(5 
N ( 1 2 ) - C ( l l ) 1.329 4) C ( l l ) - C ( 1 2 ) 1.488 6 
S(21)-S(22) 2.071(2) S(21)-N(21 1.632 3 
S(22)-N(22) 1.636(4 N(21)-C(21) 1.347(6 
N(22)-C(21 1.326(5 C(21 -C(22) 1.502 6 
S(31 -S(32) 2.078(2) S(31 -N(31) 1.628 3 
S(32 -N(32 1.639(3) N(31)-C(31) 1.331(6 
N(32)-C(31) 1.323(5) C(31)-C(32) 1.494(5 
S 41 -S(42 2.074(1) S(41 -N(41) 1.629(3 
S 42 -N(42) 1.636(3) N(41)-C(41) 1.343(5 
N(42)-C(41) 1.313(4) C(41)-C(42) 1.500(6 
S(51)-S(52) 2.074(1 S(51)-N(51) 1.629(3 
S 52 -N 52 1.639 3 N(51 -C 51) 1.3414 
N(52)-C(51) 1.326(5) C(51)-C(52) 1.478 5̂  
S 61)-S(62) 2.084(2) S(61)-N(61) 1.639(3 
S 62 -N(62) 1.641(4) N(61)-C(61) 1.337(4 
N(62)-C(61) 1.322(6) C(61)-C(62) 1.500(6 
S(71 -S(72) 2.078(2) S ( 7 1 ) - N ( 7 l ) 1.626 3 
S(72)-N(72) 1.629(4) N ( 7 l ) - C ( 7 l ) 1.335 6 
N(72)-C(71) 1.328(5) C(7l)-C(72) 1.5076 
S(81)-S(82) 2.074(2) S(81)-N(81) 1.633 4 
S(82)-N 82) 1.635(4) N(81)-C(81) 1.341(6 
N(82)-C(81) 1.327(5) C(81)-C(82) 1.493(6) 
S ( 1 2 ) - S ( l l ) - N ( l l ) 95.0(1) S ( l l ) - S ( 1 2 ) - N ( 1 2 ) 93.8(1) 
S ( l l ) - N ( l l ) - C ( l l ) 114.2 2) S ( 1 2 ) - N ( 1 2 ) - C ( l l ) 114.8(3 
N 11 - C ( l l ) - N ( 1 2 ) 122.1(3) N ( l l ) - C ( l l ) - C ( 1 2 119.1(3) 
N 12)-C(11)-C(12) 118.8 4) S(2 2 ) - S ( 2 1 ) - N ( 2 l ) 9 4 . 7 ( f 
S 21)-S 22)-N(22) 94.7(1) S(21)-N(2l)-C(21) 114.2(21 
S(22 -N(22)-C(21) 114.5(3 N(2l)-C(21)-N(22) 122.0(3 
N(21 -C(21)-C(22) 118.2(3) N(22)-C(21)-C(22) 119.7(4 
S(32 -S(31)-N(31 94.8(1) S(31)-S(32)-N 32) 94.1(1 
S{31 -N(31)-C(31) 113.9(2 S(32)-N(32)-C(31) 114.1(3 
N(31)-C(31)-N(32) 123.1(3) N(31)-C(31)-C(32 117.9(3 
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Table3.6. Distances (A) and angles (°) of MeCNSSN. The t a b u l a t e d data 
are averages of values p e r t a i n i n g t o 8 d i t h i a d i a z o l i u m r i n g s of 
the assymetric u n i t . 

S - S 
S - N 
N - C 
C - C 

2.076(2) 
1.636(3) 
1.324(5' 
1.495(6 

SSN 
CNS 
N0N 
NCC 

94.5(1 
114.5(3) 
122.2(4 
118.9(4] 

Average S/S dist a n c e s between two monomers. 
S ( l ) - S(2) 3.097(3). 

Table 3.7. F i n a l Atomic Coordinates (x 1 0 4 ) ; 
Atom 
s( ir 
S(12 
N f i r 
N(12 
c(ir 
C(12< 
S( 
S( 

21 
'22 

N(21 
N(22 
0(21 
0(22 
S(31 
S(32 
N(31 
N(32 
0(31 
0(32) 
s ou
st 42 
N(41 
N(42 

3900(1) 
5532(1' 
3462(2' 
5303(2' 
4251(3 
3935(4) 
2686 ( r 
2182(1' 
3992 
3435 
4221 
5431 
1106 
-549(1 
1567(3 
-277 
780 

1132 
2389 
2767 
1075 

6118(1' 
6758 
6414 
7108 
6895(3 
7232(4 
8491 
8949 
8960 

1498(2 

9462(2 
94051 
9804(31 
3549 r 
3564(1 ( 

2184(2' 
2194(2' 
1657(3) 
405(3 

3916(1 
2171(1' 
4093(2' 
2137(2] 
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-309i 
815 

1292(4 
19361 
25131 
5761 

1222 
3731 

3128(3) 
3205(4 
63021 
57631 
60311 
54131 
56121 
53631 
87631 
84001 
8389(2 
80021 
8049( 
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3.2.13. Preparation of 4-Methyl-l,3,2,5 Dithiadiazolium 

hexafluoroarsenate. 

This was prepared i n a m o d i f i c a t i o n o f the l i t e r a t u r e method 1 8. S 2NAsF 6 

(0.41g,1.53mmol) was re a c t e d w i t h excess MeCN (2ml) i n l i q u i d S0 2. The 
s o l u t i o n was s t i r r e d f o r l h , and a f t e r removal o f t h e S0 2 and t h e excess 
MeCN under vacuum l e f t a l i g h t brown re s i d u e (0.463g, 98%) which was 

i d e n t i f i e d as [CH 36NSN5]AsF 6 by i . r . 

3.2.14. Preparation of 4-Trichloromethyl-l,3,2,5 Dithiadiazolium 

Hexafluoroarsenate. 

C13CCN (0.175g,1.2mmol, p=l.U) and S 2NAsF 6 (0.324g, 1.2mmol) were 
rea c t e d t o g e t h e r i n l i q u i d S0 2. Although no immediate c o l o u r change was 
observed, t h e s o l u t i o n t u r n e d cherry red a f t e r s t i r r i n g f o r 48h. On 
removal of t h e S0 2, t h e r e s i d u a l s o l i d was washed w i t h a l i t t l e (5ml) 
d i e t h y l e t h e r . Pale red/brown c r y s t a l s were ob t a i n e d a f t e r t h e s o l i d 
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was pumped on f o r 6h. Under a m i c r o s c o p e t h i s p r o v e d t o c o n t a i n a s m a l l 
q u a n t i t y o f u n r e a c t e d S2NASF6 a s y e l l o w m i c r o - c r y s t a l s ( i d e n t i f i e d by 
i n f r a r e d s p e c t r o s c o p y ) , w h i c h were e a s i l y removed by P a s t e u r s e p a r a t i o n 
f r o m t h e m a j o r p r o d u c t . [ C 1 3 C C N 2 S 2 ] A s F 6 r e q u i r e s C 6.01, N 6.96, 
S 15.70, C I 17.34, Found C 5.83, N 6.80, S 15.58, C I 1 7.23. 

3.3. General DSC Procedures. 
A l l d i f f e r e n t i a l s c a n n i n g c a l o r i m e t r y (DSC) m e a surments were made on 

a m e t t l e r F P80 c o n t r o l u n i t c o n n e c t e d t o a M e t t l e r F P 8 5 TA T h e r m a l 
A n a l y s i s c e l l . F o r m e l t i n g p o i n t s and e v a l u a t i o n o f e n t h a l p i e s o f 
f u s i o n o f b o t h l i q u i d s and s o l i d s t h e s a m p l e was h e r m e t i c a l l y c o l d 
s e a l e d i n a p r e - w e i g h e d a l u m i n i u m c a p s u l e i n a g l o v e box where a 5 
f i g u r e b a l a n c e was a v a i l a b l e f o r a c c u r a t e d e t e r m i n a t i o n of w e i g h t . A 
t r a c e o v e r a r a n g e o f t e m p e r a t u r e f r o m -20°C t o 400°C was p o s s i b l e by 
s u r r o u n d i n g t h e a n a l y s i s c e l l w i t h a c o o l i n g c o i l c o n n e c t e d t o a Haake 
F 3 b a t h c i r c u l a t o r and i n s u l a t i n g i t w i t h p o l y s t r e n e . T r a c e s w e r e 
u s u a l l y r u n a t 4°/min and a c h a r t s p e e d o f lOmm/min. F o r a c c u r a t e 
d e t e r m i n a t i o n o f AHf, i t was n e c e s s a r y t o s t a n d a r d i s e t h e c h a r t b e f o r e 
u s e w i t h an i n d i u m s a m p l e o f known w e i g h t and t h e r m a l c a p a c i t y , 
( E n t h a l p y o f f u s i o n = 28.5 J / g ) 3 1 . 

I t was a l s o f o u n d p o s s i b l e t o o b t a i n some e n t h a l p i e s o f e v a p o r a t i o n 
f o r t h o s e s a m p l e s whose v a p o u r p r e s s u r e was s u f f i c i e n t l y g r e a t . T h i s 
t e c h n i q u e i n v o l v e d q u i c k l y p i e r c i n g a c a p s u l e a t t h e r m a l e q u i l i b r i u m a t 
a g i v e n t e m p e r a t u r e . The i n s t r u m e n t q u i c k l y r e t u r n e d t o a new 
e q u i l i b r i u m s e t by t h e r a t e o f e v a p o r a t i o n o f t h e s a m p l e t h r o u g h t h e p i n 
h o l e , s e e F i g u r e 3.2. The t r a c e w o uld r e t u r n t o t h e o r i g i n a l 
e q u i l i b r i u m when a l l t h e s a m p l e had e v a p o r a t e d g i v i n g a m e a s u r e o f t h e 
t o t a l h e a t i n p u t . A f l o w o f a r g o n t h r o u g h t h e c e l l p r e v e n t e d h y d r o l y s i s 
o f t h e s a m p l e . 
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This method i s th e basis of t h e Knudsen method of d e t e r m i n a t i o n of 
r e l a t i v e molar masses, where the r a t e of l o s s of mass from a c o n t a i n e r 
through a s m a l l h o l e i s p r o p o r t i o n a l t o t h e vapour pressure and i s 
dependent on Grahams' law of d i f f u s i o n : -

Z wAo = ^ N U n i k T ) 1 / 2 

Z w = c o l l i s i o n frequency, 
A 0 = Area of small h o l e , 
m = r e l a t i v e molar mass, 

p = Vapour pressure, 
T = Temperature 
k = Boltzman constant. 

3.3.1. Thermal study o f 1,2,3,5 (RCN 2S 2)2,(R = t-Butyl,Propyl,Ph,Me,CF 3) 

*re 12. 

The thermodynamic data y& summarised i n Table 3 . ] A . and F i g u r e 3.3 
shows a t y p i c a l DSC t r a c e f o r a d i t h i a d i a z o l e . A very c l e a r endothermic 
peak was g e n e r a l l y observed which corresponded t o a sharp m e l t i n g p o i n t . 
There was no i n d i c a t i o n of decomposition, which would be an exothermic 
process and thus s h i f t t h e t r a c e i n t h e o p p o s i t e d i r e c t i o n . For many of 
these d i t h i a d i a z o l e s t h e exact onset and peak temperature v a r i e d 
s l i g h t l y ( i 1.0°C) and appeared t o depend on ther m a l h i s t o r y . T h is was 
p a r t i c u l a r l y n o t i c e a b l e f o r t h e t - b u t y l and p r o p y l d e r i v a t i v e s s i n ce t h e 
r a t e of c o o l i n g of the sample t o the s t a r t temperature seemed t o 
i n f l u e n c e t h e amount of d i m e r i s a t i o n which occurred on f r e e z i n g . The 
d i t h i a d i a z o l e r i n g i s remarkable f o r i t s t h e r m a l s t a b i l i t y , eg. thermal 
decomposition temperatures f o r t b u t y l C N 2 S 2 > 170°C, PhCN2S2 > 190°C. 
Below these temperatures each sample gave very r e p r o d u c i b l e r e s u l t s 
i n d i c a t i n g t h a t no r e a c t i o n occurred w i t h t h e aluminium of the capsule, 
which has been found t o occur w i t h o t h e r S/N compounds, eg. S5N5CI 1 9. 

The products of p y r o l y s i s appeared t o c o n s i s t of mix t u r e s o f polymer and 
parent n i t r i l e detected by s m e l l . 
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Figure 3.2. DSC t r a c e f o r AH v ap measurements. 
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To ev a l u a t e A H v a p the evaporation of (RCN2S2)n (n < 2, R = t - b u t y l , 
p r o p y l ) i n the l i q u i d s t a t e at 423.2K through an o r i f i c e area 
ca. 0.0125cm2 i n t o an atmosphere of f l o w i n g argon ( l i n e a r f l o w 
r a t e = 1cm" 1S~ 1) obeyed an expected zero order k i n e t i c s , dn/dt = k. 

3 . 4 . RESULTS AND DISCUSSION. 

3.4.1 Preparation of novel dithiadiazolium}'dithiadiazole rings. 

The two new d e r i v a t i v e s , p r o p y l and benzyl-1,2,3,5-
d i t h i a d i a z o l i u m c h l o r i d e , were prepared. These were synthesised by t h e 
usual r e a c t i o n of the n i t r i l e w i t h t h e NH4CI/SCI2 /CI0 m i x t u r e 5 . The 
prev i o u s f a i l u r e of attempts t o o b t a i n phenyl d e r i v a t i v e s w i t h t h e 
e l e c t r o n w ithdrawing groups. CN- or NO2-, i n t h e para p o s i t i o n by t h i s 
r o u t e h i n t e d a t the mechanism 2 0. The r a t e d e t e r m i n i n g step i s b e l i e v e d 
t o be n u c l e o p h i l i c a t t a c k by the n i t r i l e on SCI2 t o g i v e an i o n i c 
i n t e r m e d i a t e - [RCNSC1] Cl which then c y c l i s e s w i t h NSCl w i t h l o s s of 
c h l o r i n e . ^ 

NII4CI + 2SClo ' 4 H C 1 > (NSCl) + S R C N v N \ 0 / N Eq.3.4 
s s 
cr 

Previous attempts t o o b t a i n d i t h i a d i a z o l i u m s a l t s from n i t r i l e s w i t h a II 
atoms f a i l e d because these a c t i v a t e d II atoms a l s o r e a c t e d w i t h t h e 
( N S C l ) 2 0 . The products from these r e a c t i o n s were i n t r a c t a b l e black 
p o l y m e r i c s o l i d s . Indeed i f the above r e a c t i o n m ixtures were l e f t t o 
r e f l u x f o r the normal time t h i s was al s o found t o be the case i n t h e 
present study. By h a l v i n g the r e a c t i o n t i m e , however, i t proved 
p o s s i b l e t o i s o l a t e both 4 - p r o p y l 1,2,3.5 and 4 - benzyl 1,2,3,5, 
d i t h i a d i a z o l i u m c h l o r i d e s , though i n reduced y i e l d s . The p r o p y l 
d e r i v a t i v e was prepared i n order t o compare the p h y s i c a l p r o p e r t i e s of 
i t s r a d i c a l w i t h those of other d e r v a t i v e s eg. t b u t y l . Ph, Me, CF3. 
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I t was hoped t h a t a c r y s t a l study of t h e benzyl compound might prove 
u s e f u l i n comparison w i t h t h e 1,2,3,5 [PILCN2S2]AsF 6/Cl c r y s t a l 
s t r u c t u r e s . U n f o r t u n a t e l y i t proved impossible t o o b t a i n c r y s t a l s l a r g e 
enough i n t h e time a v a i l a b l e . [4 -PhCH2CNoS 2 ]CI was deep red i n c o l o u r 
i n d i c a t i n g t h a t i t was a type A s a l t 5 a n d t h a t t h e r e f o r e t h e r e was l i t t l e 
c a t i o n / a n i o n charge t r a n s f e r . These compounds were used t o c o l l e c t 
c y c l i c voltammetry data on t h e d i t h i a d i a z o l i u m system, which was a l s o a 
u s e f u l i n d i c a t o r of t h e i r p u r i t y . 

[p - C l P h C N 2 S 2]Cl had been p r e v i o u s l y r e p o r t e d i n t h e l i t e r a t u r e 5 . I n 
an attempt t o extend t h e plasma r e a c t i o n (Chapter 4) and by analogy w i t h 
(PhCN2S 2 )2 t h i s s a l t was reduced w i t h Zn/Cu couple. The chosen s o l v e n t 
was l i q u i d S0 2. As expected a green/purple s o l i d was obtained very 
s i m i l a r i n appearance t o (PhCN 2S 2 )2 , and which sublimed t o y i e l d small 
rhomb-like c r y s t a l s i n c o n t r a s t t o the long needles o b t a i n e d f o r 
(PhCN 2S2)2- I n f r a r e d spectroscopy of (/)-ClPhCNoS 2) 2 r e v e a l e d t h e same 
S/N r i n g absorbances a t 1139, 805, 655 and 511 cm"1. 

The s y n t h e s i s of v a r i o u s novel 1,2,3,5 d i t h i a d i a z o l i u m 
h e x a f l u o r o a r s e n a t e s a l t s by metathesis enabled a more d e t a i l e d study of 
t h e i r redox behaviour t o be c a r r i e d o u t , w h i l s t new 1,3,2,5, 
d i t h i a d i a z o l i u m d e r i v a t i v e s were obtaine d by t h e d i r e c t and f a c i l e 
r e a c t i o n of S2NASF6 w i t h n i t r i l e s . The r e a c t i o n occurs i n t h e expected 
4+2 c y c l o a d d i t i o n described i n t h e l i t e r a t u r e 1 0 . These are a l l s t r o n g l y 
i o n i c compounds which g i v e reasonably s t r o n g R.CN2S2* peaks i n otherwise 
complicated mass sp e c t r a . These c o m p l i c a t i o n s are a t t r i b u t e d t o ions 
a p p a r e n t l y d e r i v e d from the n e u t r a l species produced on d i s s o c i a t i o n : -

Y +AsF e > YF + AsF 5 > e t c . 
The n e u t r a l f l u o r i d e s were not detecte d i n t h e mass s p e c t r a , but 
fragments d e r i v e d from them were (eg. AsF4 +, Y + ) . The mass s p e c t r a f o r 
1,3 MeCN2S2+ showed a s t r o n g peak a t t r i b u t e d t o CH3CS+, m/e 59, which 
d i d not a.ppear i n t h e 1,2 isomer; t h i s does not c o n t a i n a C-S bond. 
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A l l t h e 1,2 compounds, however, g i v e v e r y s t r o n g p e a k s c o r r e s p o n d i n g t o 
t h e n i t r i l e RGN +. As might be e x p e c t e d n i t r i l e s w i t h i n c r e a s i n g l y 
e l e c t r o n e g a t i v e g r o u p s became i n c r e a s i n g l y u n r e a c t i v e t o w a r d s S2N+. F o r 
exa m p l e , most n i t r i l e s r e a c t e d a l m o s t i m m e d i a t e l y w i t h S2N + b u t CI3CCN 

t o o k s e v e r a l d a y s f o r i n c o m p l e t e r e a c t i o n ( a p p r o x . 4 0 % ) - T he f a c t t h a t 
i t d o e s r e a c t a t a l l i s an i n d i c a t i o n o f t h e h i g h l y f a v o u r a b l e r e a c t i o n 
e n e r g e t i c s a s s o c i a t e d w i t h t h e c y c l o a d d i t i o n (MNDO c a l c u l a t i o n s showed 
AHreac- w i t h RCN t o be o f t h e o r d e r o f 200 K J i n o l " 1 ) . G e n e r a l l y 1,3,2,5 
[R.CN2S2] compounds a r e h i g h l y c o l o u r e d , R - C I 3 C - , c h e r r y r e d , 
t - B u t y l - , c h o c o l a t e brown, Ph - , g r e e n . T h e y a r e v e r y s e n s i t i v e t o 
m o i s t u r e , more s o t h a n t h e a n a l o g o u s 1,2 i s o m e r AsFe s a l t s . 
C o n s e q u e n t l y p r o b l e m s were e x p e r i e n c e d , a f t e r a few d a y s , i n h a n d l i n g 
b o t h [ t - B u t y l C N S N S ] A s F 6 , w h i c h went w h i t e , and [ P h C N S N S ] A s F 6 , w h i c h went 
brown, p r o b a b l y due t o a po o r g l o v e box a t m o s p h e r e . A l t h o u g h t h e s e 
compounds s t i l l g a ve i d e n t i c a l i n f r a r e d s p e c t r a t o t h e c o r r e s p o n d i n g 
p a r e n t compound; CV p l o t s c o n t a i n e d o n l y v e r y b r o a d p e a k s . H y d r o l y s i s 
u s u a l l y l e d t o t h e p a r e n t n i t r i l e o r an a m i d i n i u m d e r i v a t i v e , a s was 
f o u n d t o be t h e c a s e w i t h h y d r o l y s i s o f t h e 1,2 i s o m e r s . 

An a t t e m p t t o o b t a i n some c o n d u c t i n g s t r u c t u r e s c o n t a i n i n g s t a c k e d 
p l a n a r g r o u p s l e d t o t h e s y n t h e s i s o f 4- a n t h r a c e n e 1,3 d i t h i a d i a z o l i u m 
h e x a f l u o r o a r s e n a t e . A r e d u c t i o n and p h o t o - i s o m e r i s a t i o n 2 1 t o t h e 1,2 
i s o m e r was e n v i s a g e d . P r e v i o u s a t t e m p t s t o o b t a i n t h e 1,2 i s o m e r d i r e c t 
f r o m t h e r e a c t i o n o f C14H9CN w i t h NH4CI/SCI2 g a v e a s i m p l e c h l o r i n a t i o n 
p r o d u c t w i t h c o n s e q u e n t i a l d e a c t i v a t i o n t o f u r t h e r r e a c t i o n . 

I t a p p e a r e d t h a t a co m p l e x r e a c t i o n o c c u r r e d b e t w e e n S2N+ and 
a n t h r a c e n e c a r b o n i t r i l e . When SONAsFQ was u s e d , t h e r e a c t i o n was r a p i d 
and p r o c e e d e d t o t h e e x p e c t e d p r o d u c t ( I ) . However, when t h e SbCl6~ 

s a l t was u s e d , t h e n n o t o n l y was t h e r e a c t i o n much s l o w e r b u t a m i x t u r e 
o f d a r k g r e e n p r o d u c t s was o b t a i n e d . 
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I n f r a - r e d spectroscopy r e v e a l e d , i n a d d i t i o n t o the S/N r i n g modes, the 
p e r s i s t e n c e of the n i t r i l e group throughout t h e r e a c t i o n . I t i s known 
t h a t anthracene i t s e l f r e a d i l y undergoes d i e n o p h i l e c y c l o a d d i t i o n 
r e a c t i o n s across the 9 and 10 p o s i t i o n carbon atoms, eg w i t h c i s 
b u t e n e d i o i c anhydride:-
Scheme 3.1. 

+ S,N 

CN i \ N 
S - N 

H 

v CM 

i i 
H 

.H JO 0 
\ H H 

I t i s p o s s i b l e t h e r e f o r e t h a t the d i e n o p h i l e SoN + a l s o added across the 
carbons. Attempts t o reduce the product ( I ) w i t h both SbPha/Me-tNCl and 
Zn/Cu/Me4NCl i n SOo f a i l e d t o provide recognisable p r o d u c t s . The major 
product from s u b l i m a t i o n and s o l v e n t e x t r a c t i o n of t h e residue led only 
t o i s o l a t i o n of pure anthracene or anthracene c a r b o n i t r i l e and t h i s was 
taken as an i n d i c a t i o n of the i n s t a b i l i t y of the S/N r i n g . 

<r P, the para s u b s t i t u e n t constant values (Table 3.8) are a 
measure of s i d e group c o n j u g a t i o n w i t h benzene and hence of n i t r i l e 
n u c l e o p h i l i c i t y 2 2 , 2 3 . Hence a b r i e f survey of the r e a c t i v i t y of v a r i o u s 
para s u b t i t u t e d n i t r i l e s t o S2N + was c a r r i e d out w i t h a subsequent 
examination of how these e f f e c t e l e c t r o n t r a n s f e r processes. 
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I t proved p o s s i b l e t o sy n t h e s i s e by t h e RCN/S2N+ r e a c t i o n a number of 
1,3 0-XPhCN 2S 2] + s a l t s ( X = CH3,C1, II, CN), which were subsequently 
examined by CV. This re v e a l e d a l i n e a r f r e e energy r e l a t i o n s h i p between 
them, i n d i c a t i n g t h a t a common e l e c t r o n t r a n s f e r mechanism operated 
across t h e s e r i e s . Previous attempts t o o b t a i n t h e 1,2, cyano 
d e r i v a t i v e f a i l e d presumably because of t h e n e g a t i v e i n d u c t i v e e f f e c t . 

Table 3.8. Some Values of <rP. 2 2, 2 3 

S u b s t i t u e n t <rP 

-OMe -0.27 
-CH3 -0.14 
-H 0.00 
-CHoCN +0.01 
-Cl +0.23 
-CN +0.66 

3.4.2. Crystal structure of 1,2 [PhCN2S2]AsF6. 

Although [PhCN 2S 2]Cl was f i r s t r e p o r t e d i n l 9 7 7 2 , a f u l l 
c r y s t a l s t r u c t u r e d e t e r m i n a t i o n has on l y j u s t been p u b l i s h e d 2 4 . The 
main problem encountered was d i s o r d e r e d i n c o r p o r a t i o n of s o l v e n t 
molecules which prevented good R values being o b t a i n e d . The only 
s t r u c t u r e determined b e f o r e c u r r e n t i n v e s t i g a t i o n s was t h a t o f 
[CI3CCN2S2]Cl 4. Strong c a t i o n / a n i o n i n t e r a c t i o n s have been shown t o 
occur i n these compounds and t o i n v o l v e a t r i a n g u l a r arrangement between 
t h e d i s u l p h i d e l i n k and t h e h a l i d e i o n . They have been found not only 
i n o r g a n i c d i t h i o l i u m and 1,2,4 d i t h i a z o l i u m s a l t s 3 0 , but a l s o i n s a l t s 
of S/N c a t i o n s such as S3N 2C1 +C1" and S4N 3

+C1- . The i n t e r a c t i o n s take 
t h e form of sh o r t d i s u l p h i d e t o anion d i s t a n c e s . I n the case where the 
anion i s c h l o r i d e the sum of the van der Waals r a d i i should be 3.7A and 
from t a b l e 3.9. i t can be seen t h a t a l l t h e S-Cl d i s t a n c e s i n 
[PhCN 2S 2]Cl, [ P h C N 2 S 2 ] 2 C l [ S 3 N 3 ] 2 5 , [PhCN 2S 2]Cl [ S 3 N 2 ] 2 5 , S4N3CI, S 3N 2C1 
and [C1 3CCN 2S 2]C1 l i e w i t h i n t h i s d i s t a n c e and must t h e r e f o r e i n v o l v e 
some co v a l e n t i n t e r a c t i o n . 
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I n n e a r l y a l l t h e c r y s t a l s t r u c t u r e s the anion i s a l s o i n v o l v e d i n 
secondary i n t e r a c t i o n s , i n d i c a t e d by the f a c t t h a t t h e anions l i e very 
n e a r l y d i r e c t l y over t h e r i n g s of adjacent c a t i o n s and t h a t many of 
these i n t e r - m o l e c u l a r r i n g s distances are again s h o r t e r than the sum of 
th e van der Waal r a d i i . 

Although t h e AsF6 anion i s much harder than t h e c h l o r i d e , 
a n i o n / c a t i o n i n t e r a c t i o n s have also been found i n t h e 1,3 
d i t h i a d i a z o l i u m s a l t s 1 1 (anion = AsFe"). 

F i g u r e 3.4. The C r y s t a l S t r u c t u r e of [PhCN 2S 2]AsF 6. 
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Figure 3.5. [PhCN2S2]AsF6 



The geometry about the AsF6 anion i s that of a disturbed octahedron, but 

no s i g n i f i c a n t cor re la t ion can be made between the As-F bond length and 

the strength and number of f l u o r i n e / c a t i o n contacts because of large 

standard deviations i n the F posi t ions . The van der Waal's r a d i i t o t a l 

f o r S—F is 3.30A and although [ C I J 3 S S ] A s F 6 has s i g n i f i c a n t 

in terac t ions , there appears to be only one S F contact i n 

[PhCN2S2]AsF6 (See table 3.10). This is i n marked contast to 1,3, 

d i th id iazo l ium sal ts and to [PhCN2S2]Cl. This i s probably a r e f l e c t i o n 

of the hardness of the AsF6 anion. Figure 3.5. shows the un i t c e l l of 

[PI1CN2S2]AsF6 to be a simple stack arrangement, a l l the phenyl groups 

l i e above each other, although not quite p a r a l l e l . Each CN2S2 r i ng 

alternates wi th an AsF6 uni t and is surrounded by 3 of these. 

The [PhCN2S 2 ]Cl s tructure contained disordered toluene molecules. There 

are only 3 ion pairs i n the asymmetric un i t compared to 4 in 

[PI1CN2S2]AsF6 which may be a simple r e f l e c t i o n of the presence of the 

solvent. There are several other important di f ferences to be noted, the 

p r inc ipa l one being the shortness of the S-S l i n k . [PhCN2S2]Cl has a 

shorter S-S bond (1.99A) than that found i n the AsF6 s a l t . This 

strengthening of the SS bond in [PhCN2S2]Cl is due to CI in te rac t ion , or 

more s p e c i f i c a l l y to CI donation. The main SS cont r ibut ion to the LUMO 

of the PhCN2S2 + r i n g is antibonding and in thez d i r ec t i on - see Table 

3.9. The lone pair of electrons on the CI atom l i e in the xy plane of 

the r i n g and cannot therefore interact with the LUMO. However, the next 

anti-bonding o r b i t a l (MO 110.15) has a strong SS p x cont r ibut ion which is 

also bonding with respect to the SS bond and which i s of the correct 

symmetry such that CI donation in to i t can occur. This leads to a three 

centre in te rac t ion which has a strong covalent bonding character to i t 

and which strengthens the SS bond resu l t ing i n the observed decrease i n 

bond length. The AslV anion is harder and cannot in terac t i n t h i s way. 

- 66 -



I n [PhCN2S2]As.F6 the pos i t ive charge would be drawn to the more 

electronegative C<\, section of the r i n g . 

Table 3.9. Atomic c o e f f i c i e n t s of IICN2S2

 + f o r the LUMO (MO no.14) 
and MO no.15. 

LUMO (-9 . lev) MO no.15 (-8 09ev) 

s Px Py Pz s Px Py Pz 

Si 0 0 0 +0.49 +0.09 +0.66 +0.03 0 
S2 

0 0 0 -0.50 +0.09 +0.66 -0.03 0 
N 3 

0 0 0 +0.51 -0.70 -0.16 -0.10 0 
N 4 

0 0 0 -0.50 +0.70 -0.17 -0.10 0 
C 0 0 0 0 0 +0.16 0 0 

Table 3.10. Summary of bond lengths and atomic distances. 

Compound C J M M Ŝ S S...X Ref. 
(X=C1) 

S3N2CI2 / / 1.543,1.617 2.136 3.04 26. 
1.580,1.615 2.93 

S4N3CI / / 1.565,1.564 2.078 2.806 26. 
1.572,1.532 2.921 
1.523,1.574 

CI3CN2S2CI 1.308 / 1.587 2.009 2.884 4. 
1.329 1.579 2.864 

[PhCN 2S 2]Cl 1.340 / 1.590 1.990 2.906 (mean) 24 

D 2C1[S 3N 3] / 1.611 2.034 2.904,3.082 25 
1.597 2.964,2.897 

DC1 [S3N3] / 1.618 2.055 3.100,2.907 25 
1.613 3.134,2.954 

CH3CNSNS+ 1.32 1.77 1.63 / (X=F), 11 
AsF6- 1.59 2.97,3.13,3.13 

1.57 2.98,3.01,2.89 
2.87. 

[PhCN 2S 2] + 1.337 / 1.575 2.017 3.147,3.760 t h i s 
AsF6- 1.335 1.581 4.183,3.264 work. 

S 6N 4AsF 6 / / 1.610.1.545 2.147 26 
1.599.1.575 

D= 1,2 [PhCN2S2] 
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The e f f e c t of the pos i t ive charge i s , however, most dramatically 

highl ighted when (PhCN2S2)2 is compared wi th [PhCN2S2]AsF6 wi th S-S bond 

lengths of 2.08 and 2.017A respect ively. 

3.4.3. The (MeCN2S2)2 molecule. 

The d i th iad iazole ( P h S s N ) 2 pr revioasly described 5 

c rys ta l l i s e s in an eclipsed conformation wi th two S--S interact ions 

between the r ings . In contrast , isoelectronic S6N4CI2 has a trans 

arrangement of the two r ings , thereby minimising anion/anion repulsions. 

The compound [CF3CNSSN]3CI c rys t a l l i s e s as a combination of 

[CF3CNSSN] CI , wi th the chloride co-planar wi th the r i n g , and dimer 

c a l c u l a t i o n s 1 4 have, in f a c t , shown that f o r most d i th iadiazole 

derivat ives the energy d i f ference between conformations is only very 

small , at about 5 kJmol" 1 which indicated that the molecular geometries 

of (PhCN 2S 2) 2 and (MeCN2S2)2 would probably be s imi l a r . Table 3 .11. 

gives a summary of the X ray c rys ta l data f o r both ( P h C N 2 S 2 ) 2 and 

(MeCN2S2)2 and an MNDO minimum energy ca lcula t ion f o r CH3CNSSN 1 3 . 

The methyl de r iva t ive , l i k e (PhCN 2S2) 2 , contains p a r a l l e l rings 

wi th in the dimer u n i t . See Figure 3.6. However, there is only one S--S 

l i n k of 3.08A bet ween the rings and the methyl groups are o f f s e t nearly 

90° compared wi th the nearly eclipsed form ( o f f s e t by 7°) of the phenyl 

groups in (PhCN 2 S 2 ) 2

1 2 • 

There are also weak S/N and S/S secondary interact ions between 

adjacent dimer uni ts (with the S/N and S/S distances t y p i c a l l y 3.0A). 

When the l a t t i c e is viewed p a r a l l e l to the a axis , the c rys ta l appears 

composed of 'sheet polymers' p a r a l l e l to the (Oi l ) plane, completely 

interwoven by dimer to dimer close van der Waals contacts concentrated 

CNSSN] 

(CF3(5SSN)2 wi th eclipsed rings (as i n (PhCN2S2)2 ) • MNDO 
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Figure 3.6. The dimeric un i t of MeCN2S2 
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Figure 3.7. The dimeric un i t of (PhCN2S2) 
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Figure 3.8. The l a t t i c e packing of (MeCN2S2)2 



around the centra l plane of the sheet, while the methyl groups are 

point ing away from the central plane. This stacking arrangement thus 

creates a pe r iod i c i t y of high and low density regions as wel l as 

r e l a t i v e l y weak bonding between the polymer layers. This i n tu rn 

accounts f o r an easy g l ide movement in the (Oi l ) plane and the 

pronounced tendency f o r twinning. 

Table 3.11. Crystal data f o r (CH3CN2S2)2 and (PJiCN2S2)2. 

(CH 3CN 2S 2) 2 (PhCN 2S 2) 2 

( A / 0 ) Observed1 7 Calcula ted 1 3 Observed 

S-S 2.076 2.069 2.089 
S-N 1.636 1.605 1.625 
N-C 1.324 1.364 1.334 
C-C 1.495 1.516 1.473 

SSN 94.5 94.0 94.1 
SNC 114.5 113.6 115.1 
NCN 122.2 119.0 121.1 
a. 179.3 0 

The CN, SN, and SS bond distances wi th in each r i n g d i f f e r very l i t t l e 

from those found in (1) except f o r the S--S i n t e r - r i n g in te rac t ion which 

i s s l i g h t l y longer i n the methyl case( 3.108A against 3.08A), possibly 

due to s te r ic f ac to r s . MNDO ca l cu l a t i ons 1 3 predicted that the methyl 

groups would be s l i g h t l y out of the plane but t h i s does not appear to be 

the case. The d i f fe rence i s probably neg l i g ib l e . I n f a c t apart from 

the S/S in t e r r i n g distances which do vary appreciably, the R 

substituent appears to have very l i t t l e e f f e c t on the S/C/N r ing 

distances and angles which is as expected since MNDO calculat ions have 

indicated that the substituents have very l i t t l e e f f e c t on the energy of 

the o r b i t a l s i n d i t h i a d i a z o l e s 1 4 , 2 6 . Because of t h i s and s te r ic 

considerations, a trans configurat ion might have been expected s imi la r 

to that of S6N4CI2• However, here i t appears that i n S6N4CI0 

sulphur/chloride interact ions are the determining f ac to r in the 
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conformation adopted; the distance from the CI" ion to the unique 

sulphur i s 3.152A (less than the sum of the van der Waals r a d i i , 3.7A). 

I t should also be noted that these cation/anion interact ions are of 

considerable importance f o r the structures of [PhCN 2S 2]Cl and 

[PhCN 2 S 2 ] 2 Cl 2 5 etc. 

3.4.4. Thermal studies. 

I t was found that both ((CH 3) 3CCN 2S 2) and (CH3CH2CH2CN2S2) had 

uncharac te r i s t i ca l ly low melting points of 22°C and 10°C respectively 

and i t was possible therefore to measure A H f u s and AH v a p f o r these 

rad ica l s . As shown in Table 3.11.,however, the AHf us are very s imi la r 

f o r a whole var ie ty of d i th iadiazoles ; a r e f l e c t i o n not only of the 

inherent s t a b i l i t y of the 7ir f i v e membered r ing but also that the 

thermodynamics depends largely on the heterocyclic r i n g since the 

inductive and s t e r i c properties of the R group appear to have l i t t l e 

e f f e c t . The propyl der ivat ive seems to be the exception because of i t s 

unusually low A H f u s of 13.5KJmol" 1. This may be a r e f l e c t i o n of the 

small size of the molecule and some entropy e f f e c t s . 

The fo l l owing series may be observed f o r decreasing A H f u s , 

Ph > Me > l , 2 , t B u . > CF3 >propyl which exactly matches the melting 

poin ts , Ph 119.7, Me 95.5, l , 2 t f t u 22.0, CF3 21.0, propyl 10.0, but which 

does not fo l l ow t h e i r molecular masses, Ph 181, Me 119, tBu 161, 

CF3 173, propyl 147. There is also a s i g n i f i c a n t d i f fe rence between the 

f i r s t two members of the series Ph and Me, which have considerably 

higher A H f u s and melting points than the remainder, and both of which 

are so l id dimers at room temperature. Normally the lowest melting point 

would be expected f o r (MeCN2S2)2 since t h i s has the lowest molecular 

weight. So i f dimerisation i s an energet ical ly favoured process f o r a l l 

these compounds then s t e r i c fac tors and possibly s i g n i f i c a n t entropy 

gains prevent the res t , R=tBu,Propyl,CF 3, from dimerising. The strong 
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elec t ronegat iv i ty of the CF3 group in CF3CNSSN might prevent 

dimerisation through electronic e f f e c t s , but t h i s i s un l ike ly to be the 

cause since i t is wel l established that the r i n g o r b i t a l s are r e l a t i v e l y 

unaffected by the ligand environment. Experimentally i t was observed 

that at RT or above RCNSSN (R=tbutyl ,CF 3 , ) existed as d i s t i n c t l y 

purple/red l i qu ids almost dichroic i n behaviour, these compounds on 

f reez ing formed greenish semi c r y s t a l l i t e s s imi la r in appearance to hoar 

f r o s t amongst the red s o l i d . This was taken as an ind ica t ion that on 

f reez ing some dimerisation occurred. Indeed the unexpectedly low values 

of enthalpy obtained f o r the propyl de r iva t ive , f o r which no such e f f ec t 

was observed on f reez ing , supports t h i s . A small AHf u s would be 

obtained i f the disorder in the so l id propylCNSSN was not great ly 

d i f f e r e n t from that of the l i q u i d . A change i n phase behaviour i s 

therefore observed between Ph,Me ajid the remainder of the series. 

Two A v a p values have been obtained, f o r the methyl de r iva t ive , by Dr 

Z.V.Hauptman, using an a l l glass sealed spring gauge, and f o r the l Bu 

der iva t ive by d i rec t evaporation from a calorimetry c e l l . I t should 

also be noted that the methyl der ivat ive had a s i g n i f i c a n t l y greater 

A H f u s which i s presumably due to the greater degree of dimerisation in 

MeCNSSN. No d i rec t comparison, however, can be made between the two 

A H v a p values obtained f o r the lBu and Me derivat ives since in the 

determination of the methyl value the equi l ibr ium 

(MeCN2S2)2(S) (MeCN 2S 2) 2(V) 

was assumed 1 3. This was because a l inear Clausius/Clapeyron 

re la t ionship was established and dissociat ion in to monomer or thermal 

decomposition would have led to a curved graph. Nevertheless, i t is now 

thought that the vapour phase species i s monomeric f o r a l l these 

compounds and although the t r i p l e point f o r (MeCN2S2)2 i s 95.5°C, the 

same as the melting p o i n t , i t would not be v a l i d to extrapolate the A H v a p 
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f i gu re f o r the liquid/vapour equil ibrium from t h i s . I t should also be 

noted that the AHf„ s and hence the ASf U S f o r these RCNSSN compounds a: 

very much higher than values f o r many other compounds.eg.II>0. 

ASf u s = 2 2 . 0 2 7 , benzene ASf u s =38.0 JmoT'deg" 1 again an indicat ion of 

re 

considerable s t ruc tura l ordering. PropylCNSSN has a A H f u s comparable 

with many organic compounds indicat ing that PrCNoSo lacks the s t ruc tura l 

order found in other RCNoSo compunds. However, the AH v a p f o r the two 

compounds measured,(MeCNoSo)2 and B^CNoSo is high compared to other 

compounds, eg. AH v ap Ho0=40.7. benzene=30.S KJmol"1 . I t is also high 

when t h e i r molecular weight is considered, eg. Io M r=254, AH v a p =41.8 

KJmol" 1 . Presumably th i s is because of dimerisat ion, although in the 

case of the tBu t h i s ordering may well take the form of a spin pai r ing 

mechanism rather than formal S-S dimers. 

Table 3.12.Measured values of AI I f U S and AD v a p f o r some dithiadiazoles 

A H v a P 

/ 
55.2 
65.6 

38.1b 

AIIVap=KJmol"1 

Compound Mr Mpt.°C AHf IIS ASf u s 

(PhCNoSo)o 181 119.7 59. 0 35 .3 
(MeCNoSo)o 119 95.5 43. 0 27 .9 
tBuCNoSo 161 22.0 35. 3 28 .6 
CF3CN0S0 173 21.0 21. 61 17 . 5 
ProCNoS2 147 10.0 13. 6 11 .48 
CF3CSNSCF3 240 1.8 23. 1 20 . 1 

Pro=CH3CH2CI [ 9 . 

AHf„s=K.Jmol~ I ASf u s = ( :almol" 1 deg- 1 

Tc3i0 OS C E ^ t S K ^ r t S GSlKdJftrtJV Erf 

( 7 ) O tgsI (ssi$srcure 
To=z.° T.-/3/3 

© S o r £ o (SfRssaeiifo 
T.—, •= T, - /3/3 - h/35 (endo) 

= T,-(2/3 + h/3S (qxo) 

f) a rc~> fCAscn| 

T o Tc^-c^DQ fCJ 
Te o Cc3 tssgCTCrra liaata end display) 

Weight ol cut Qui peah (mg) F G AH — c 

dH = Heal quantity, enthalpy change | m j | 

F = Calibration factor |mj/mg chart | 
= . (see operating instructions page 62) 

G = Correction for measuring range and 
chart speed (see table) 

E„ = Temperature dependent calonmetnc 
sensitivity (see table) 

T c = Cell temperature (marks and display) 

T , [ ' C | E™ T , [ ' C | 

- 2 0 1.447 130 1.058 280 0.789 
- 1 0 1,417 140 1.037 230 0.775 

0 1,388 150 1.015 300 0.762 
10 1.360 160 0.395 310 0.749 
20 1,332 170 0.975 320 0.737 
30 1.304 180 0.355 330 0.725 
40 1.277 130 0.936 340 0.714 

50 1.251 200 0.918 350 0.703 
60 1.225 210 0.900 360 0.693 
70 1.199 220 0.882 370 0.684 
80 1.175 230 0.865 380 0.675 
30 1.150 240 0.849 390 0.666 

100 1.126 250 0.833 400 0,658 
110 1.103 260 0.818 
120 1.080 270 0,803 

TcStJo oJ eosTcrataa teste? 6 : 

Chart speed 
(mm/mm) 

Measuring range |mV| 
50 100 200 

60 0.5 1 2 
20 1.5 3 6 
10 3 6 12 

7^ 



Example ca lcula t ion of A H f u s f o r lBuCNSSN' rad ica l - Figure 3.3. 

Weight of area(paper) under DSC trace = 0.04972g 

weight of sample = 0.00487g = 1.51 x 10" 5 mol (of dimer) 

Range = -15° to + 32° C. 0 = 2°/min. 

3.4.5. Isomerisaiion. 

Free radicals are generally associated with k i n e t i c and thermodynamic 

i n s t a b i l i t y , and indeed the 1,3 di thiadiazoles are thermodynamically 

unstable wi th respect to the 1,2 disulphide isomer. However, the 1,2 

isomer i t s e l f exhibi ts remarkable s t a b i l i t y f o r a S/N heterocycle both 

as a pure compund and in so lu t ion , although there i s a 

photodecomposition wi th high energy UV l i g h t 2 8 . RCNSNS radicals undergo 

photochemical isomerisation i n which a concerted process v i a a head to 

t a i l t*- T* dimeric intermediate i s i n d i c a t e d 1 0 . Rearrangement i n t h i s 

wciy can then be achieved with the minimum of spa t ia l adjustment and the 

energetics of t h i s process are re f l ec ted i n the bond energy changes, the 

S-S and C-N bonds formed (305 +427 KJmol - 1 ) being stronger than the S-C 

and S-N bods broken(301 + 209 KJinol" 1 ) . A study of the MO's both 

occupied and unoccupied show there to be a centre of symmetry i n both 

the 1,3, and the 1,2 dimers ( i f the 1.2 isomer adopts a trans 

conf igurat ion) which is then retained throughout the rearrangement. The 

isomerisation i s thermally forbidden because there i s a correlated 

crossover (between 1,3 and 1,2) involving an occupied MO wi th an 

unoccupied one. This isomerisation has been s tud ied 2 1 by esr, f o r 

example MeCNSNS gives a simple three l i ne spectrum which decreases with 

Sens i t i v i t y = 200mV. Chart speed = lOmm/min 

AHfus = 1.4263 x 49.72 x 200/100 x 50/10 
1.318 x 1.51 x 10~5 

CNSNS 
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CNSsSf time to give the f i v e l i ne spectrum of MeCNSSN. This method has shown 

t h i s process to have second order k ine t i cs and to be concentration 

dependent. Previous reports of rapid isomerisation of the 1,3 to the 

1,2 isomer, which was almost quant i ta t ive a f t e r jus t f i v e days, were 

confirmed by exposing a sample of 1,3 t-BuCNSNS to gentle hea t (40° ) and 

strong a r t i f i c i a l l i g h t ( lh) when a peak due to the 1,2 isomer became 

qui te pronounced in a CV p l o t , ( a l a t e r report suggested >90% 

been reported to occur wi th in a few seconds, when R=CF3 f o r example and 

therefore also appear to depend on the nature of R. 

3.5. Conclusion. 

The synthesis of 1,2,3,5 di thiadiazol ium sal ts by the RCN/SC12/NH4C1 

route has been extended to [CH3CH2CH0CN 2 S 2 ]C1 and [PhCH2CN2S2]Cl by 

ca re fu l control of reaction conditions to reduce the competing a H 

extrac t ion react ion. 1,2,3,5 [PhCN 2S 2]AsF 6, 1,2,3,5 [tButylCN 2 S 2 ]AsF 6 

and 1,2,3,5 [MeCN2S2]AsF6 were obtained by metathesis from the 

corresponding chloride and AgAsF6, a useful reagent in S0 2 . S2NAsF6 was 

reacted with a series of increasingly deactivated a r y l n i t r i l e s , XPhCN 

(X=CIl3 ,C1 ,CN) to give the 1,3,2,5 di thiadiazol ium s a l t . The reduction 

products of 1,2,3,5 [CII3CII2CI12CN2S2] CI and 1,2,3,5 [ tButylCN 2 S 2 ]CI were 

found to be paramagnetic l i qu ids at room temperature, which were stable 

over a period of months. An esr study gave a g value of 1.998, close to 

that expected f o r a 1 electron species. The isomerisation of 1,3 

( t B u t y l C 2 S 2 ) ' also a l i q u i d at room temperature was also fol lowed. A 

report concerning t h i s and 1,2 ( t ButylCN 2 S 2 )" appeared in the l i t e r a t u r e 

while t h i s work was being carr ied o u t 1 6 . 

A var ie ty of di thiadiazoles were shown to have s imi la r A I I f u s , a l l 

greater than s imi la r organic compounds and t h i s has been taken to 

CNSNS 

conversion a f t e r jus t 30 min. in sun l igh t 2 8 ) . Similar isomerisations have 
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indicate considerable s t ruc tu ra l ordering i n both the sol ids and the 

l i q u i d s . The change in physical properties between the methyl and 

phenyl derivat ives (both so l id dimers at room temperature) and the rest 

of the series (CF 3 , tBu ty l ,p ropy l , a l l l i q u i d radicals at room 

temperature) was also re f lec ted in the A H f u s and AH v a p measurements. 

The c rys ta l s t ructure [PhCN'2S2] AsF6 shows that the small anion/cation 

interact ions leads to a longer S-S bond than that found in [PI1CN2S2]CI. 

The c rys ta l s t ructure of (MeCN2S2)2 shows that the preferred 

conformation f o r these dimers is cis despite MNDO calculat ions 

ind ica t ing very l i t t l e d i f ference i n energy between conformations, 

although there i s no obvious explanation f o r the single S-S 

intermolecular in t e rac t ion . 
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CHAPTER FOUR. 

TIIE EFFECT OF A COOL DC NITROGEN PLASMA 

ON SELECTED S/N HETEROCYCLES. 



4 . 1 . INTRODUCTION 

4 . 1 . 1 . Plasma reaction. 

In general, plasmas contain e l ec t ron ica l ly excited ions and atoms and 

v i b r a t i o n a l l y and e lec t ron ica l ly excited molecules. Spectroscopic studies 

have i d e n t i f i e d a number of species in nitrogen discharges 1 , the more 

exotic ones,eg. 7̂ 4+ s t i l l a t t rac t a t t e n t i o n 2 . However, the main species is 

the ground state nitrogen atom ( 4 S ) , from the dissociat ion of N2, which 

l i e s at 12.139ev 3. See Figure 4 . 1 . 

12 
a B 3 

10 
Nrs)*Nrs) 
0 

<D ft 

4> 
& 6 

0 
0.8 1.2 1.6 

Internuclear separation ( A ) 

Figure 4 . 1 . Potential Energy Diagram f o r the Nitrogen Molecule. 
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I t is the 4S nitrogen atoms that are the chemically active species 3 in f ree 

rad ica l act ive nitrogen reactions. E lec t ron ica l ly excited atoms and 

molecules and v i b r a t i o n a l l y excited molecules have a lower concentration 

and the longest l i ved excited molecular s ta te , the A 3 E U

+ s ta te , has a l i f e 

time of only 10" 2 s. Furthermore at these r e l a t i v e l y high pressures ( p a 

1 - 4 Torr ) 4S nitrogen atoms tend to quench out the other excited atoms, 

eg-, 

N( 2P) + N( 4S) 2N( 4 S). 

In t h i s work i t has been assumed that an equi l ibr ium between 4S 

nitrogen and N 2 molecules is maintained whi l s t the discharge continues and 

that the chemically active species are 4S nitrogen atoms. 

From studies of the a f t e rg low 1 , i t has been found that the N( 4S) atoms 

have a r e l a t i v e l y long l i f e t i m e due to t h e i r decay being a three body 

recombination, although ca t a ly t i c decay does take place at surfaces. 

Scheme 4 . 1 . Recombination of atomic ni trogen; 

N( 4S) + N( 4S) + M v N 2 ( 5 £ g ) + M. 

N 2 ( 5 Eg) + M > N 2 ( B 3 n g ) + M. 

N 2(A 3Su) + hv 

For t h i s process: -d(N)/dt = 2 k ( N ) 2 ( M ) and the rate Id i s 2.1 x 10" 3 2 

cm 6/molecule-sec. 1 

N 2 ( B 3 n g ) 
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When an e l e c t r i c current (d .c . ) discharge i s passed through nitrogen gas at 

low pressure (ca. 1 Torr) a character is t ic pink/purple glow is observed. 

This is largely the pos i t ive column which f i l l s about 3/4 of the tube and 

i s due to e l ec t ron ica l ly excited N2 molecules. Very o f ten s t r i a t i ons are 

observed in t h i s column, as in the present study, which may be e i ther 

moving or stationary and which are due to very complex interact ions of ion 

and electron o s c i l l a t i o n s . I f the current i s turned o f f , a yellowish 

afterglow was sometimes seen (the Lewis-Rayleigh af terglow) under cer tain 

condit ions. This i s i t s e l f a much studied phenomenon and i s due to the 

three body recombination of atomic ni t rogen. 

The main feature of the afterglow spectrum is the f i r s t pos i t ive band 
+ 

-N2 ( B 3 n g - A 3 S U ) . This i s also observed i n the discharge i t s e l f along 

wi th the second pos i t ive band - N2 (C 3 II U - B 3 n g ) t r a n s i t i o n . Figure 4 . 1 . 

Ionisa t ion also takes place in plasmas but the r e p o r t s 1 , 3 of the 

degree vary enormously from 0.1% to 1007° and is largely dependent on how 

the discharge is generated. However, because of the large amount of UV 

rad ia t ion given o f f i n a DC discharge i t has been in fe r red that 

v i b r a t i o n a l l y excited molecules may also take part i n some chemical 

reac t ions 3 . An experiment was therefore carr ied out under iden t i ca l 

condit ions, but instead of i g n i t i n g the discharge, the sample and the tube 

were i r rad ia ted wi th high energy (6.5 ev and above) UV l i g h t to stimulate 

the formation of v i b r a t i o n a l l y excited N2. 

This was also repeated under s t a t i c condit ions. In both instances no 

uptake of nitrogen was observed and the sample remained unchanged. I t was 

concluded therefore that the reactions p r imar i ly involve atomic 4S nitrogen 

and not v i b r a t i o n a l l y excited N2 molecules. 
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Nitrogen plasmas have been l i t t l e used f o r molecular synthesis because 

yields are usually low. However, they have been used f o r the preparation 

of pyrrole from buta -1 ,3 , - diene 4 and i n pa r t i cu la r i n the preparation of 

phosphorus n i t r i d e s 5 . Furthermore, there i s increasing in teres t i n i t s use 

i n the f a b r i c a t i o n of s i l i c o n n i t r i d e f i l m s f o r the micro-electronics 

industry and i n polymer f i l m fo rma t ion 6 . 

I n sulphur chemistry a few gas/gas reactions between s ingle t atomic 

nitrogen generated in a microwave discharge and various divalent sulphur 

compounds have been inves t iga ted 7 , with a view to f i n d i n g usefu l synthetic 

methods f o r S/N compounds. Although in te res t ing S/N compounds were formed 

i n t h i s way they were ei ther t r ans i to ry or present i n very low y ie lds . 

Indeed s i g n i f i c a n t yie lds were only obtained wi th S2CI2 which gave 

(NSC1)3. I t appeared that whereas divalent sulphur atoms would react with 

atomic ni t rogen, no such reaction would take place wi th sulphur atoms with 

only one lone pai r of electrons avai lable , eg. SOCI2, S0M SO3 (which would 

have a formal postive charge). The plasma method has also been used to 

convert NH3/H2S and N2/H2S mixtures to impure amorphous (SN) X

8 . 

However, very l i t t l e work has been carried out on plasma/solid 

synthetic reactions, p a r t i c u l a r l y with regard to sulphur compounds. 

Therefore to assess the synthetic po ten t i a l f o r solid/plasma reactions i n 

S/N chemistry, a var ie ty of 1,2,3,5 di thiadiazol ium sal ts and t h e i r related 

di thiadiazoles and a var ie ty of other s imi la r S/N compounds were subjected 

to a nitrogen plasma. These were chosen as possible precursors to 

conductive C/S/N polymers, as various organothiazyls had been prepared i n 

the past i n as yet unsuccessful attempts to obtain highly conductive 

analogues of (SN)X ( f o r which a = 1000 - 3000 S c n r 1 ) 9 . 

Because of the general l a b i l i t y of S/N heterocyclic r ings , a cool d.c. 

nitrogen plasma was chosen because t h i s is less energetic and hence have 

less destruct ive e f f e c t , and because i t is easier to control the 

experimental conditions. 
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4 .2 . EXPERIMENTAL 

4 . 2 . 1 . General plasma conditions. 

The two tubes used i n the plasma experiments involv ing r e l a t i v e l y low 

v o l a t i l i t y so l i d s t a r t i ng materials are shown in Figures 4.2 and 4.3. 

(pages 86 and 87). Tube 4.2 was used generally f o r exploratory work and 

small scale synthesis whi l s t tube 4.3 proved useful i n l a t e r work f o r 

scaling up reactions and modifying the system. 

The whole apparatus f o r 4.3 is shown i n Figure 4.5 (page 89) (that f o r 

tube 4.2 i s a s l i gh t modif icat ion of t h i s ) . N2 was taken from the bench 

l i n e and f u r t h e r dried by passage through a -196°C cold t r ap . 1/4" 

stainless s teel tubing and 1/4" to 1/4" Swagelok unions were used 

throughout except where indicated. The pyrex discharge tube was connected 

to the nitrogen supply l i n e via. a 1" to 1" Swagelok union. The nitrogen 

f low was control led with stainless steel Whitey valves (1KS4). The 

reaction tube i t s e l f consisted of a pyrex glass tube (2.5" OD, 30cm long). 

At one end, through which the tube was loaded in a glove box, t h i s reduced 

to 1" OD ground glass to f i t the swagelok union whi l s t at the other there 

was a sealed tungsten/glass inser t . 

The whole N2 l i n e upto tap C was evacuated and then l e t down to 

nitrogen several times to purge any a i r that may have entered the system. 

The nitrogen l i n e was assumed to be at or s l i g h t l y greater than atmospheric 

pressure upto the i n l e t tap A. The -196°C trap was removed from the l i n e , 

drained and oven dried before each experiment. I t was found convenient to 

balance the bleed rate against the pumping speed of an Edwards M5 pump with 

t h i s tap, tap B being used f o r f i n e adjustment. The f low rate was usually 

set at 70 Torr cm3 S~1 as measured on a pre-cal ibrated f low meter. This 

rate thus allowed a residence time of an average of 2 seconds wi th in the 

discharge tube, which proved adequate f o r most reactions. 
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Figure 4 .2 . Apparatus f o r the small scale reaction of solids with a d.c. 
nitrogen plasma. 
1) . Quartz discharge tube. 2 ) . Pyrex to quartz graded j o i n t . 
3 j . and 4 ) . anode and cathode - both so l i d tungsten rod. 6.35mm 
diameter. 5 ) . demountable vacuum feed through, 6 ) . Quartz boat, 
7). ca. 1mm bore c a p i l l a r y , 8 ) . transparent resistance heater, 
9 ) . v o l a t i l e s t rap , 10). Youngs' greaseless j o i n t . 
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Figure 4 .3 . Large Reaction Apparatus 
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This e f f e c t i v e l y maintained a pressure of about 1 Torr (8 xlO" 1 to 1.0 

Mbar) i n the tube as measured on an Edwards P i ran i PRE 10K gauge head 

connected to a P i ran i 502 control u n i t . For both tubes a current of 2 MA 

was used, which required about 900 to 1000 V across the electrodes. The 

electrodes used were of tungsten metal e i ther as simple glass/metal lead 

throughs or , as i n l a t e r designs, as simple tungsten rod as i n Figure 4.4. 

(page 87). For low temperature reactions i t was necessary to design an 

a l t e rna t ive tube (see Figure 4 .6 . , page 91), f o r which the electrodes i n 

Figure 4.7. (page 91) were made (designed and made by Z . V . H . ) . I t was 

found that at the current density used very l i t t l e sput ter ing of the 

electrodes occurred and electrode heating was kept to a minimum. 

The heat na tura l ly generated by the discharge usually maintained the 

temperature of the tube l a at about 35°C. Further heating to reaction 

temperatures above t h i s were achieved with an external heater, e i ther as a 

simple heating tape or as a short nichrome wire wound pyrex res i s t ive 

furnace (designed and b u i l t by Z.V.H) connected to a Eurotherm 821 

Control ler u n i t . Any v o l a t i l e products were caught in the second cold trap 

which was f i t t e d wi th Youngs' taps and hence sealable. The products could 

then be removed and examined spectroscopically. 

(PhCN2S2N)2 (0.25 g, 0.7 inmol) was t ransfer red to the plasma tube, 

Figure 4 . 2 . , i n a glove box and loosely heaped in a quartz boat, which was 

then immersed i n the pos i t ive column of the discharge. Nitrogen was bled 

in v ia a needle valve through a cap i l l a ry (0.5 mm I . D . ) in to the discharge 

tube. The optimum reaction temperature (45°C) was maintained during the 

reaction by a r e s i s t ive heater. Under the above conditions the reaction 

was normally complete i n about 10 h. The crude buff coloured product 

consisted of a i r stable (PliC^So^ and a small amount of black polymer. 

/ {PhGNSNSk)2 4.2 .2 . The preparation o 
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Figure 4 .5 . Nitrogen and Vacuum lines f o r Discharge Tubes. 
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A very t h i n continous polymeric f i l m also formed on the walls of the 

discharge tube. The pure product is largely insoluble i n l i q u i d SOo and so 

unreacted (PhCN2S2)2 was washed from the product wi th l i q u i d SO2 using a 

closed e x t r a c t o r . 1 0 Typical yie lds of (PhCN 3S 2) 2 were 0.22 g (80%), and 

thus the energy consumption was 1.3 x 108 J mol" 1 ( i . e . 92 kWh kg" 1 ) of the 

product. Found: C 42.8, H 2 . 1 , N 21.2, S 32.9; C7H5N3S2 requires C 43.0, H 

2.6, N 21.4, S 32.8;mass spectrum (CI ) , m/e 181 (PhCNS2)+, amd m/e 195 

(PhCN3S2)+ r e l a t i v e abundance 76% and 68% respect ively. Typical composition 

of the concomitant polymer was C3H2.5NS; C 41.4, II 3.0,N 18.0; S 37.5; 

DSC (4oC/min) , m.p.H8°C (sharp endotlierm), c/.m.p. 1 1 5 ° C . 1 1 , fol lowed by 

immediate decomposition 123°C (sharp exotherm) leaving a purple melt. The 

comparison of the in f ra red spectra of (PhCN2S 2 )2 before and a f t e r 

ni t rogenat ion is shown in Figure 4.8. 

The un i t c e l l parameters of (PhCN3S2)2 given by Boere et al11 were 

used to calculate the X-ray powder p a t t e r n . 1 2 This agreed very wel l with 

the observed pat tern, ( h , k , l ) dt,ki/A(obs), dhki /A(ca lc ) ; (001) 11.47, 

11.51; (010) 10.22, 10.21; (011) 6.62, 6.60; (101) 5.82, 5.81; (021) 5.40, 

5.40; (022) 4.70, 4.70. 

4 .2 .3 . UV irradiation of (PhCN2S2)2. 

(1) In the solid state.- The apparatus was set up as before except 

that a quartz lens was used i n place of the cathode inse r t . Nitrogen was 

bled in to the system v ia a T piece placed between the window and the tube. 

(PhCN2S2)2 was loaded in to a quartz boat and placed at the foca l point of 

the UV beam produced using the 200W Hg/Xe se t t ing of an Or ie l 8500 power 

supply connected to an Orie l 6135 lamp. (PhCN 2S 2) 2 was then i r rad ia ted 

wi th UV l i g h t of 190 11111 and above f o r 36 hours. The f low rate was adjusted 

to 70 Torr cm 3 s _ 1 and the sample heated to 45°C. This experiment was 

repeated under s t a t i c conditions wi th a pressure of 1 Torr of nitrogen 

maintained i n the tube. There was no observable change in the s o l i d . 
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Figure 4,6. A p p a r a t u s ^ the plasma reaction of l i qu ids and solids at low 

1) . High tension feed through (adapted Youngs' tap) , 2 ) . Solid 

^STvtJ^ d i a m e t e r - 3 ) - d i s W t u b e with 
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(2 ) . In solution.- A solut ion of (PhCNoSa)^ (0.18 g, 0.5 mmol) i n 

10 cm3 of dry MeCN ( UV cu to f f <200 nin) contained i n a fused s i l i c a tube 

(12.7 mm O.D) was i r radia ted in a photochemical reactor ( Rayonet, model 

RPR - 208 g iv ing approximately 120 watts of 253.7 nm UV energy) f o r 36 h. 

During the i r r a d i a t i o n , nitrogen ( pre-saturated with MeCN vapour ) 

was bubbled through the solution v i a a f i n e disperser at a rate of ca. 

10 cm3 (at STP) per minute with an overpressure of ca. 2 bars inside the 

tube. The temperature of the solut ion inside the UV reactor was 35°C. At 

the end of t h i s experiment there was a noticeable fading of the o r i g i n a l 

deep purple colour of the solut ion but t h i s was restored on standing f o r a 

few hours. On evaporation of the MeCN the so l i d residue analysed as 

(PhCN 2S 2) 2 . 

4 .2 .4 . Preparation of (p-ClC6H4bNSNsk)2. 

(p - ClPhCN2S 2 )2 was prepared and p u r i f i e d as reported in Chapter 3. 

The dark green powder (0.25 gm, 1.15 mmol), again i n a quartz boat, was 

immersed i n the pos i t ive column of the discharge tube in the same way as in 

4 .2 .2 . above. The optimum reaction temperature was 60°C and the reaction 

took about 12 h. The dark brown a i r - s t ab le crude product (p - CIPI1CN3S2) 

was p u r i f i e d as f o r (PhCN3S2). Found: C 36.7, H 1.5, N 18.1 , S 27.4, C I 

15.1; C7H4N3S2CI requires: C 36.6, II 1.7, N 18.3, S 27.8, CI 15.4 ; m.s. 

(CI ) : ra/e 230 [p-ClC 6lL tCN 3S 2]+ , 29%; m/e 215 [p-ClC 6 lI 4 CN 2 S 2 ] +,71%; DSC 

(4°C/min), 114.5°C (endotherm) followed by decomposition at 118.2°C. 

In f ra red spectra of (p - ClPhCN2S2)2 and (p - ClPhCN3S2) are shown in 

Figure 4.8. 

4 .2 .5 . Preparation of [PhCN2S2]GN. 

[PhCN 2S 2]Cl (0.76 g, 3.5 mmol) was placed i n one bulb of a dog with a 

s l i g h t excess of s i l v e r cyanide (0.50 g, 3.73 mmol) i n the other. 
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SO2 was condensed onto both sol ids (8 ml, 12.0 g. i n each) and l e f t f o r 1 

day. Although [PhCN2S2]Cl i s readi ly soluble i n S0 2 , AgCN is only s l i g h t l y 

so g iv ing a very pale so lu t ion . The orange [PI1CN2S2]CI so lu t ion was then 

brought over onto the AgCN when the whole solut ion went immediately very 

dark brown. The re su l t ing suspension was s t i r r e d f o r 3 days. A f t e r t h i s 

time the solut ion was c a r e f u l l y decanted o f f and f i l t e r e d . Af t e r several 

back washings of S0 2 , a white S02 insoluble s o l i d was l e f t ( largely AgCl, 

from analysis and i n f r a r e d ) . On removal of the S0 2 , a dark brown 

c r y s t a l l i n e so l id was obtained. Yie ld = 0.69 g, 95% based on [PhCN 2S 2]Cl. 

This so l id (0.45g ) was f u r t h e r p u r i f i e d by t r ans f e r r i ng to an extractor 

and washing with S02 f o r 2 hours. This l e f t a trace amount of AgCN (0.005 

g ) , i d e n t i f i e d with i n f r a r e d , on the f r i t . The S02 was evaporated leaving 

again a brown c r y s t a l l i n e product. C7H5N3S0 requires; C 46.35, H 2.41, N 

20.28, S 30.96. Found; C 45 .1 , II 2.46, N 18.9, S 31.14. 

4.2 .6 . Preparation of (RCN3S2)2 from [RCN2S2] X (R = Ph, p -ClC6n4 X = 

CN-, Br, 

i ) . For X = I " , Br"; Compounds [RCN2S2] X ( t y p i c a l l y , 1 mmol) were 

placed i n the pos i t ive column of the discharge under the same f low 

conditions and current densities as f o r 4 . 2 . 1 . The temperature was 

maintained with a Eurotherm 821 con t ro l l e r . When X = I " the reaction 

temperature was found to be 35°C and reaction was complete i n 8 h. Typical 

y ie lds were 47%. A th i ck coating of polymer also formed on both the 

discharge tube walls and the boat. Iodine was i d e n t i f i e d i n the cold trap 

by i n f r a red and Raman spectra. With X = Br" react ion occurred at 47°C and 

was complete in about 12 h. Typical yields here were 55%. Bromine in the 

cold trap was again i d e n t i f i e d spectroscopically. 

i i ) . For X = CN"; Again using tube 4.3. [PhCN2S2]+CN" (0.1 g, 

0.5 mmol) was subjected to a nitrogen plasma. 

- 93 -



No external heating was applied, but w i t h i n minutes a th i ck black polymer 

f i l m b u i l t up. Reaction temperature was about 35°C and was complete in 

about 12 h , leaving a dark brown so l id i n the boat. Yie ld = 0.067 g. This 

was loaded in to an extractor and washed with SO2 leaving red/brown 

(PhCN3S2)2 (0.049 g) on the f r i t , according to i n f r a red spectroscopy. The 

s o l i d obtained from the S02 f r a c t i o n (0.018 g, 18% of o r i g i n a l ) gave 

in f r a red bands corresponding to [PhCN 2 S2]Cl , but with broad polymer bands. 

4.2 .7 . The e f f e c t s of a nitrogen plasma on [PhCN2S2]Gl. 

[PhCN2S2]Cl (0.5 g, 2.31 mmol) was exposed to a nitrogen plasma. The 

temperature was raised in 10°C steps every 1 h , from room temperature over 

a period of 18 h to 110°C. However, over t h i s temperature range there was 

no appreciable change in the s t a r t i ng mater ia l , confirmed with in f ra red 

spectroscopy. Only very small amounts of polymer formed. 

4.2 .8 . Reaction of (̂ 67̂ 21S2)2 with a nitrogen DC plasma ( R = Pr^Bu1). 

Both these dervatives are l iqu ids at room temparture and are 

presumably largely present as f r ee rad ica l monomers13. The discharge 

apparatus was modified (Figure 4 . 6 . ) . Because a pressure of only approx. 1 

Torr is generally maintained i n the discharge tube, i t was found necessary 

to cool or freeze the d i th iadiazole to prevent too much escaping in to the 

gas phase. Typica l ly 5ml of l i q u i d were syringed in to the bulb which was 

sealed i n the glove box. This was then removed and connected to the 

nitrogen l i n e and the discharge apparatus. The whole bulb and side arm 

were then immersed in a cold bath cooled to -10°C. With a nitrogen f low of 

50 Torr cm 3 s _ 1 the discharge was igni ted at a pressure of 1 Torr. At -10°C 

a small amount of brown polymer formed on the walls of the discharge tube, 

whi l s t some red monomer collected in the cold t r ap . As the temperature was 

raised to 0°C an increasing amount of polymer formed. 
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A f t e r about 8 h there was no remaining l i q u i d i n the bulb and a dense 

coating of a brown f i l m had formed which in f r a red spectra revealed to be 

polymeric wi th broad i l l - d e f i n e d absorptions. 

4.2 .9 . Reaction of [RCN2S2] I ( R = Pr,t-Bu, I = I - J r - ) with a DC 

nitrogen discharge. 

Using the discharge tube in Figure 4.6. 0.5 g of [alkylCN2S2] + X" was 

placed i n the bulb and cooled to -5°C. Using a f low rate of 50 Torr cm3s"1 

and maintaining a current of 2.5 mA, the discharge was ign i t ed . A f t e r 5 h 

the temperature was raised to 0°C. The reaction was complete i n a f u r t h e r 

8 h . A heavy coating of polymer had formed on the discharge tube walls and 

the trapped halogen ( I 2 or B r 2 ) was i d e n t i f i e d wi th in f ra red and Raman 

spectra. 

4.2.10. Preparation of [PhCNSStf][S3N3] and its reaction with nitrogen 

plasm. 

I t is most easi ly prepared by a simple metathesis; 

[PhCN 2S 2][AsF 6] + [P r 4 N][S 3 N 3 ] [PhCN2S2] [S 3 N 3 ] + [Pr 4N] [AsF 6] 

(1) (2) (3) 

Compound (1) was prepared by the reaction of (PhCN'2S2)2 wi th AgAsF6 in SO2 

and (2) was prepared according to l i t e r a t u r e 1 4 . 

(1) (0.114 g, 0.308 mmol) and (2) (0.10 g, 0.32 mmol) were placed together 

in a Schlenk. On addit ion of 10 cm3 of CH3CN a deep red solut ion and a 

green prec ip i ta te formed. A f t e r s t i r r i n g f o r 1 day the solut ion was 

f i l t e r e d o f f and the green so l id was sublimed (70°C, 4 x 10" 7 T o r r ) , g iv ing 

green crysta ls with a metal l ic sheen. They are only moderately a i r 

sens i t ive . (Yield = 0.058 g, 587.). C7H5N5S5 requires; C 26.31, N 21.92, H 

1.57. S 50.18. Found; C 26.40. N 22.09. H 1.52, S 50.07. 
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(3) (0.030 g, 0.094 mmol) was acted on by the nitrogen plasma. The 

reaction proceeded without any addi t ional heating ( i e . at ca. 35°C inside 

the discharge tube) to give (PI1CN3S2). A th i ck black polymer f i l m also 

quickly formed. 

4 .2 .11 . Preparation of [PhCNSSh\2Cl. 

(PhCN2S2)2 (0.0418 g, 0.115 mmol) and [PhCN2S2]Cl (0.05 g, 0.231 mmol) 

were placed in an agate mortar. On gr inding the mixture became s t icky but 

eventually a brown powder resul ted. The powder was then heated to 160°C 

f o r 10 minutes. The absence of peaks i n an i n f r a r ed due to reactants was 

taken to indicate an almost quant i ta t ive y i e l d . C14H10N4S4CI requires; 

C 42.24, N 14.08, H 2 .51, S 32.2. Found; C 42.55, N 14.12, H 2.58. S 33.18. 

4.2.12. Reaction of (PhCN3S2)2 with S02C12. 

(PhCN3S2)2 (0.5 g, 1.28 mmol) was placed in to one bulb of a dog and an 

excess of dry SO2CI2 (20ml) syringed onto the so l id against a counter 

current of dry ni t rogen. Af t e r about 10 mins a l l the so l i d had dissolved 

g iv ing a yellow solut ion which was f i l t e r e d o f f . Fine yellow needlelike 

crysta ls of PhCN 3S 2Cl2 ( i d e n t i f i e d by in f ra red spectroscopy and elemental 

analysis) grew on reduction of the volume of S0 2 C1 2 . The remaining l i q u i d 

was decanted in to the f i r s t bulb and a l l the S0 2C1 2 removed under vacuum to 

leave a yellow powder also shown to be PhCN3S2Cl2. F i r s t y i e l d of crystals 

= 0.491 g (727.). Total y i e l d = 0.67 g, (987.). C7H5N3S2CI2 requires 

C 31.58, H 1.88, N 15.79, S 24.10, CI 26.65; Found C 31.57, H 1.89, 

N 15.77, S 24.0, CI 26.81. I n f r a red v m a x = 1590m, 1345s, 1297s, 1182s, 

1165m, 1095m, 1069m, 1028s, 1003w, 915s, 790s, 705vs, 667m, 530s, 499s, 

478s, 425s, 407m, 380s. 
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4.2.13. Reaction of P h C N 3 S 2 C h with (nesSi)2NCN. 

PI1CN3S2CI2 (0.5 g, 1.88 mmol) was d i s s o l v e d i n 50ml o f MeCN i n a 
Schlenk and c o o l e d t o 0° C. (Me 3Si) 2NCN (0.5 m l , 1.88 mmol) d i s s o l v e d i n 
10 ml o f MeCN was added d r o p w i s e t o t h e PI1CN3S2CI2 o v e r 1 h. On warming 
s l o w l y t o room t e m p e r a t u r e , t h e s o l u t i o n g r a d u a l l y went a deep r e d c o l o u r , 
b e f o r e a b r i c k r e d p r e c i p i t a t e formed. T h i s was f i l t e r e d o f f and d r i e d 
b e f o r e b e i n g e x h a u s t i v e l y e x t r a c t e d w i t h l i q u i d SO2 i n a c l o s e d e x t r a c t o r . 
T h i s y i e l d e d a SO2 i n s o l u b l e s o l i d w h i c h i n f r a r e d showed t o be p o l y m e r i c , 
w h i l s t t h e SO2 s o l u b l e f r a c t i o n a l s o y i e l d e d a brown powder, b u t whi c h was 
i d e n t i f i e d as PI1C2N5S2 by c h e m i c a l a n a l y s i s , m.s. and i n f r a r e d 
s p e c t r o s c o p y . Y i e l d o f PhC 2N 5S 2 = 0.15 g, (347.). C 8H5N 5S 2 r e q u i r e s C 
40.83, H 2.13, N 29.77, S 27.27; Found C 41.00, H 2.21, N 29.75, S 27.30. 
I n f r a r e d ^ m a x = 1340s, 1290m, 1172s, 1150s, HOOw, 1072m, 1025m, 1010m, 
1000s, 980m, 935w, 925m, S50w, 820m, 778s, 723s, 706s, 688m, 675s, 650w, 
575s, 514s, 508s, 495s, 470m. m.s. m/e 235 PhC 2N 5S 2+ (97.), 195 PhCN 3S 2 + 
(517.), 103 PhCN+ (1007.), 40 CN2 + (27.) 

4.2.14. Cyclic voliammeiry. 

A l l e l e c t r o c h e m i c a l measurements were c a r r i e d o u t under s t r i c t 
e x c l u s i o n o f m o i s t u r e and oxygen i n a s p e c i a l l y d e s i g n e d a i r t i g h t t h r e e 
l i m b e d e l e c t r o d e c e l l d e s c r i b e d e l s e w h e r e 1 5 . C y c l i c voltammograms were 
r e c o r d e d u s i n g a B i o a n a l y t i c a l System I n c . CV-1B i n s t r u m e n t and a L i n s e i s 
LY17100 XY c h a r t r e c o r d e r . The w o r k i n g e l e c t r o d e was a p l a t i n u m d i s c 
(0.002 cm 2) p r e s s u r e moulded i n FEP (= t e t r a f l u o r o - e t h y l e n e 
h e x a f l u o r o p r o p y l e n e co-polymer ) . The r e f e r e n c e e l e c t r o d e used was Ag/Ag + 

( 0 . 1 mol dm-3 AgBF 4, 0.2 mol dm-3 Bu 4NBF 4 i n MeCN), i t s p o t e n t i a l v s . 
S.C.E. +0.32 V remained s t a b l e +0.002v o v e r a p e r i o d o f s e v e r a l months. 
The s o l v e n t was a c e t o n i t r i l e d o u b l y d i s t i l l e d o v e r CaH 2 and f i n a l l y passed 
t h r o u g h an a l u m i n a (Woelm B-super 1) column. A l l d i s t i l l a t i o n s and 
e x p e r i m e n t s were p e r f o r m e d under an atmosphere o f d r y n i t r o g e n . 
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The s u p p o r t i n g e l e c t r o l y t e , BU4NBF4, was p r e p a r e d by m e t a t h e s i s f r o m 
BU4NHSO4 (Labkemi AB, Sweden) and KBF 4 (BDH L t d . ) , p u r i f i e d by d o u b l e 
c r y s t a l l i s a t i o n f r o m e t h y l a c e t a t e / d i e t h y l e t h e r and f i n a l l y vacuum d r i e d 
( 1 0 " 5 T o r r ) a t 125°C. A l l s o l u t i o n s and c e l l s were p r e p a r e d and s e a l e d 
under n i t r o g e n i n a g l o v e box. 

( i ) . Cyclic volt ammogram of PhCNSNsk - PhCN 3S 2 (0.0053 g, 0.014 mmol) 
was d i s s o l v e d i n 10 cm 3 o f d r y CH 2C1 2 and 5 cm 3 MeCN w i t h 
t e t r a b u t y l a m m o n i u m t e t r a f l u o r o b o r a t e (0.43 g, 1.3 mmol). Voltammograms ru n 
a t +5.0°C showed an o x i d a t i o n h a l f - w a v e p o t e n t i a l ( E p ^ ) a t +1.3V and a 
r e d u c t i o n h a l f w a v e - p o t e n t i a l ( E j ^ - a t -0.52V). 

4.3. RESULTS AND DISCUSSION. 
The unique i n s e r t i o n o f a t o m i c n i t r o g e n , g e n e r a t e d i n a DC plasma, 

i n t o t h e d i s u l p h i d e l i n k o f t h e f i v e membered 1,2 d i t h i a d i a z o l e RCN2So ( R 
= Ph, p-ClPh) has been r e p o r t e d p r e v i o u s l y 1 6 . Scheme 4.2. 
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- 98 -



F i g u r e 4.8. Comparison o f i n f r a r e d s p e c t r a o f ( P h C N 2 S 2 ) 2 and 
(p - ClPhCN 2S 2 ) 2 b e f o r e ( s p e c t r u m 1 k 3) and a f t e r ( spectrum 2 
k 4) plasma n i t r o g e n a t i o n , ( C s l p l a t e s ) . 
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These r e a c t i o n s a r e r e p o r t e d i n more d e t a i l a l o n g w i t h analogous r e a c t i o n s 
w i t h RCN 2S 2 ( R = Me, Pr, B u l ) and w i t h RCN 2S 2

+ X" ( R = Ph, p-ClPh, 
P r , B u t , X = C I " , B r " , I " ) . S t r u c t u r a l c r i t e r i a w h i c h f a c i l i t a t e t h e 
n i t r o g e n a t i o n r e a c t i o n a r e d i s c u s s e d w i t h p a r t i c u l a r r e g a r d f o r (CH3CN 2S 2) 2 

f o r w h i c h t h e X-ray d a t a has been g i v e n i n Chapter 3. 

MNDO c a l c u l a t i o n s 1 7 and e.s.r s t u d i e s have i n d i c a t e d t h a t t h e odd 
e l e c t r o n i n PI1CN2S2 l i e s i n a SOMO d i s t r i b u t e d o v e r t h e NSSN f r a g m e n t o f 
t h e r i n g and d i m e r i s a t i o n o c c u r s t h r o u g h a o v e r l a p o f t h e z components a t 
t h e s u l p h u r s . (See T a b l e 4.1, page 1 0 1 , F i g u r e 4.9 shows SOMO and dimer 
s t r u c t u r e ) 1 8 . Our own MNDO c a l c u l a t i o n s show t h a t , p e r p e n d i c u l a r t o t h e 
r i n g , t h e p o r b i t a l c o n t r i b u t i o n a t s u l p h u r and n i t r o g e n a r e r o u g h l y 1:1. 

F u r t h e r e . s . r . s t u d i e s have shown PhCN 2S 2 t o c o n s i s t l a r g e l y o f dimer 
u n i t s i n t h e s o l i d s t a t e , b u t w i t h a v e r y s m a l l p r o p o r t i o n (< 170) o f 
monomer r a d i c a l p r e s e n t . The p e r c e n t a g e o f monomer i n a l k y l d e r i v a t i v e s 
(where R = Pr, Bu t) r i s e s c o n s i d e r a b l y such t h a t f o r a l k y l = Bu l a t room 
t e m p e r a t u r e t h e m a j o r i t y (> 75%) c o n s i s t s o f monomer. 1 9 For t h e group o f 
compounds RCN 2S 2 where R = Pr, Bu l which a r e l i q u i d s a t room t e m p e r a t u r e 
t h e a p p a r a t u s was s l i g h t l y m o d i f i e d and used a t -30°C t o +40°C (see F i g u r e 
4 . 6 . ) . 

The d i t h i a d i a z o l e may r e a c t i n two p o s s i b l e ways. I t may r e a c t e i t h e r 
as t h e monomer w i t h a t o m i c n i t r o g e n i n a r a d i c a l / r a d i c a l r e a c t i o n ( d ) , o r 
i t may r e a c t i n t h e dimer f o r m ( c ) . The l a t t e r i s more l i k e l y because o f 
t h e v e r y low c o n c e n t r a t i o n o f monomer p r e s e n t i n t h e s o l i d , t h o u g h r e a c t i o n 
v i a t h e monomer must t a k e p l a c e t o some e x t e n t . 
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F i g u r e 4.9. Diamgramatic r e p r e s e n t a t i o n o f t h e SOMO and t h e o v e r l a p o f t h e 
P z component i n t h e (PhCN 2S 2 ) 2 dimer u n i t . 
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Ph 

N 

T a b l e 4 .1. nOMO/HMO MNDO d a t a f o r nCN2S2*. 

HOMO (-17.62ev) 
s Px Py Pz 
0 0 0 -0.52 
0 0 0 -0.52 
0 0 0 +0.30 
0 0 0 +0.30 
0 0 0 +0.53 

LUMO ( - 9 . l e v ) 

s Px Py Pz 
Si 0 0 0 +0.49 
So 0 0 0 -0.50 
N'3 0 0 0 +0.51 
N4 0 0 0 -0.50 
C 0 0 0 0 

MO no.15 (-S.09ev) 

s Px Py Pz 
+0.09 +0. 66 +0.03 0 
+0.09 +0. 66 -0.03 0 
-0.70 -0. 16 -0.10 0 
+0.70 -0. 17 -0.10 0 
0 +0. 16 0 0 



Scheme 4. 

a ) . [ P h C N 2 S 2 ] 2 + N 2* --/— [ P h C N 3 S 2 ] 2 

b) . [PhCN 2S 2] + N 2* 

c) . [ P h C N 2 S 2 ] 2 + N* 

d) . [PhCN 2S 2] + N* 

X-ray c r y s t a l s t r u c t u r e s t u d i e s 2 0 have shown t h a t f o r ( P h C N 2 S 2 ) 2 t h e r e 
a r e c h a n n e l s r u n n i n g p a r a l l e l t h r o u g h t h e l a t t i c e . These have a d i a m e t e r 
o f i n excess o f 3.5 A (see F i g u r e 4.11, page 1 0 8 ) , t h e a t o m i c r a d i u s o f 
a t o m i c n i t r o g e n i s 1.3 A, so t h a t i t i s p o s s i b l e f o r a t o m i c n i t r o g e n t o 
d i f f u s e t h r o u g h t h e c r y s t a l s t r u c t u r e t o t h e r e a c t i o n s i t e s . Whole 
c r y s t a l s when s u b j e c t e d t o plasma n i t r o g e n showed v e r y d e f i n i t e 
r e a c t a n t / p r o d u c t b o u n d a r i e s which were o b s e r v e d t o move w i t h t i m e and so 
t h e s o l i d s t a t e r e a c t i o n may w e l l be d i f f u s i o n c o n t r o l l e d . 

As e x p e c t e d , t h e ease o f c h e m i c a l and e l e c t r o c h e m i c a l r e d u c t i o n o f 
(RCN 2S 2) X i n c r e a s e s w i t h t h e at o m i c number o f t h e h a l o g e n , X. 
C o n s e q u e n t l y t h e v a r i o u s h a l i d e s ( X = C I " , B r , P ) o f b o t h t h e a r y l and 
t h e a l k y l d e r i v a t i v e s were a l l s u b j e c t e d under s i m i l a r c o n d i t i o n s t o a 
n i t r o g e n DC plasma d i s c h a r g e . For t h e a r y l d e r i v a t i v e s , i t was observed, 
t h a t t h e c h l o r i d e s were i n a c t i v e but t h a t t h e bromides and t h e i o d i d e s b o t h 

y i e l d e d t h e same p r o d u c t ArCNSNSN w i t h r e l e a s e o f ha l o g e n . As expected, 
t h e i o d i d e s r e q u i r e d t h e l o w e r r e a c t i o n t e m p e r a t u r e s . 

I n t h e case o f t h e a l k y l d e r i v a t i v e s , however, t h e c o r r e s p o n d i n g 

/ [PhCN 3S 2 

h F 

N — < c r > \ Fh 

P h 
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h a l o g e n was a g a i n r e l e a s e d , b u t w i t h a l m o s t c o m p l e t e c o n v e r s i o n t o brown 
polymer. Presumably because t h e i r r a d i c a l s a r e monomeric, t h e a l k y l 
d e r i v a t i v e s a r e t o o v o l a t i l e and a r e q u i c k l y l o s t i n t o t h e gas phase where 
t h e y a r e s u b j e c t e d t o t h e v i g o r o u s c o n d i t i o n s o f t h e plasma w i t h consequent 
m o l e c u l a r f r a g m e n t a t i o n and c o n v e r s i o n t o a n o n - s t o i c h i o m e t r i c polymer. 
Thus no compounds alkylCN3S2 were o b t a i n e d f r o m t h e c a t i o n s and f r e e 
r a d i c a l s , o n l y n o n - s t o i c h i o m e t r i c polymer. The p o l y m e r s o b t a i n e d f r o m b o t h 
a r y l and a l k y l d i t h i a d i a z o l e s were a l l a i r s t a b l e , and adhered s t r o n g l y t o 
t h e s u r f a c e o f t h e q u a r t z b o a t and g l a s s d i s c h a r g e t u b e . 

The mechanism o f t h e s e n i t r o g e n i n s e r t i o n r e a c t i o n s i n v o l v i n g 
d i t h i a d i a z o l i u m s a l t s i s u n c e r t a i n . However, f o r t h e c a t i o n r e a c t i o n s t h e 
most l i k e l y f i r s t s t e p i s t h e e l e c t r o n t r a n s f e r t o g i v e t h e n e u t r a l r a d i c a l 

t h e plasma o r i t may come f r o m t h e a n i o n t h r o u g h bombardment w i t h t h e 
n i t r o g e n atoms ( w h i c h would e x p l a i n t h e c o r r e l a t i o n between r e a c t i v i t y and 
t h e i o n i z a t i o n p o t e n t i a l o f t h e h a l i d e i o n ) . C l e a r l y t h e e n e r g i e s r e q u i r e d 
f o r t h e i o n i s a t i o n o f X", t h e r e d u c t i o n o f RCN2S2 +, as w e l l as f o r 
m o l e c u l a r / l a t t i c e r e - o r g a n i s a t i o n and bond f o r m a t i o n must have t h e i r source 
i n t h e plasma. 

A f u r t h e r c o n t r i b u t o r y f a c t o r t o t h e ease o f t h e r e a c t i o n o f t h e 
c a t i o n s , however, must be t h e h i g h e l e c t r o n a f f i n i t y . S i n c e t h e LUMO o f 

RCNSSN+ i s a n t i b o n d i n g w i t h r e s p e c t t o b o t h t h e SS bond and t h e SN bonds 
t h e f i r s t e l e c t r o n p r o v i s i o n w i l l weaken b o t h bond t y p e s , see T a b l e 4.1, 
page 101. F o r m a t i o n o f t h e new SN bond ( s t r o n g e r t h a n t h e SS bond t h e y 
r e p l a c e , SS = 2 6 4 k J m o l - 1 , SN = 243kJmol- 1 s i n g l e bond o r d e r , o r 301 k J m o l - 1 

f o r bond o r d e r 1.5) completes t h e p r o c e s s . 
F u r t h e r S/N compounds were a l s o s u b j e c t e d t o plasma n i t r o g e n i n c l u d i n g 

Sg, S4N4, S3N2CI0, S4N'3Br. I t was t h o u g h t t h a t , i n p a r t i c u l a r , t h e 
s t r u c t u r a l s i m i l a r i t i e s o f S a ^ B r o r C6H4NS2 + Br~ (Scheme 4.4.) would 

[RCNSSN]' T h i s e l e c t r o n may e i t h e r come f r o m t h e p o o l o f f r e e e l e c t r o n s i n 
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f a c i l i t a t e t h e i n s e r t i o n o f n i t r o g e n . Other SS bonded s p e c i e s such as 
S4iN3Br, and v a r i o u s t r a n s i t i o n m e t a l complexes c o n t a i n i n g t h e d i s u l p h i d e 
group such as Cp 2TiS7 and Pt(N2HS2)(PPh3) B F 4

2 1 were a l s o p l a c e d i n a 
n i t r o g e n d i s c h a r g e . I n a l l t h e s e cases, however, t h e sample was e i t h e r 
l e f t unchanged o r , p a r t i c u l a r l y i n t h e case o f t h e s u l p h u r r i c h compounds, 
v a r y i n g amounts o f ( S N ) X were o b t a i n e d as t h i n f i l m s c o a t i n g t h e w a l l s o f 

t h e d i s c h a r g e t u b e . The r e l a t e d compound [PhCNSSN] 2 C 1 was a l s o p l a c e d 
under a n i t r o g e n plasma. No r e a c t i o n was o b s e r v e d u n t i l e x t e r n a l l y heated 
t o 100°C when v e r y q u i c k l y a b l a c k polymer f i l m f o r m ed, l e a v i n g 
pseudomorphs o f t h e o r i g i n a l b l a c k n e e d l e c r y s t a l s . On m u l l i n g , t h e s e 
powdered t o a brown/orange s o l i d w h i c h , f r o m i n f r a - r e d s p e c t r a , was almost 
e n t i r e l y [ P h C N 2 S 2 ] C l . 

11 S s 

N S 

III s 
\ 

T i 

Scheme 4.4. 

However, t h e compound [PhCNSSN][S3N3] w h i c h , l i k e (PhCN 2S 2)2 c o n t a i n s 
a d j a c e n t PhCN 2S 2 u n i t s , d i d r e a c t w i t h a t o m i c n i t r o g e n t o y i e l d (PhCN3S 2) 2 
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and a t a much l o w e r t e m p e r a t u r e t h a n p r e v i o u s l y o b s e r v e d f o r (PhCN2S2)2; 

t h e r e a c t i o n o c c u r r e d r e a d i l y a t room t e m p e r a t u r e . There was no observed 
( S N ) X produced o r o t h e r s u l p h u r compounds which c o u l d be exp e c t e d f r o m t h e 
f r a g m e n t a t i o n o f t h e S3N3 u n i t . I t i s c o n c l u d e d t h e r e f o r e t h a t a l l t h e S/N 
f r o m t h i s i s i n c o r p o r a t e d i n t h e b l a c k C/S/N polymer l a y e r w h i c h a l s o 
f o r m s . 

4 . 3 . 1 . D i s c u s s i o n . 
Of t h e 1,2,3,5 d i t h i a d i a z o l e s (RCN2S2) s t u d i e d , i t was o n l y i n t h e 

case o f R = Ph o r ^-ClCeH4 t h a t t h e plasma n i t r o g e n a t i o n produced t h e 
c o r r e s p o n d i n g 1,3,2,4,6 d i t h i a t r i a z i n e (RCN3S2). The e x p e r i m e n t a l r e s u l t s 
i n d i c a t e d s e v e r a l g e n e r a l c r i t e r i a f o r s u c c e s s f u l n i t r o g e n i n s e r t i o n i n t o 
1,2,3,5 d i t h i a d i a z o l e s . 
( 1 ) . Sinc e t h e r e a c t i o n i s heterogeneous ( g a s / s o l i d ) , i t i s most l i k e l y 
c o n t r o l l e d by t h e d i f f u s i o n r a t e o f t h e n i t r o g e n atoms t h r o u g h t h e s o l i d t o 
t h e r e a c t i o n s i t e s . 
( 2 ) . The c r y s t a l p a c k i n g must be such as t o p e r m i t d i f f u s i o n o f a t o m i c 
n i t r o g e n , w h i s l t t h e p a c k i n g i t s e l f i s dependent on t h e s u b s t i t u e n t R i n 
RCN2S2. The s u b s t i t u e n t a l s o has a p r o f o u n d e f f e c t on t h e s t a b i l i t y o f t h e 
produced i n t e r m e d i a t e a,nd f i n a l p r o d u c t (Scheme 4 . 1 . ) . When R = a r y l t h e 
d i t h i a d i a z o l e and t h e d i t h i a t r i a z i n e p r o d u c t a r e d i m e r i c and t h e proposed 
i n t e r m e d i a t e i s t h e n a mixed 5 membered/6 membered r i n g d i m e r . I f , on t h e 
o t h e r hand, R = a l k y l where t h e s t a r t i n g d i t h i a d i a z o l e , as a v o l a t i l e 
l i q u i d , i s l a r g e l y monomeric t h e n t h e i n t e r m e d i a t e s may a l s o have a 
decreased tendency f o r d i m e r i c s t a b i l i s a t i o n w i t h c o n s e q u e n t i a l i n c r e a s e d 
v o l a t i l i t y . 
( 3 ) . The s t a r t i n g m a t e r i a l and p r o d u c t must be s o l i d s o f low v o l a t i l i t y and 
s u f f i c i e n t l y s t a b l e i n t h e plasma. The e x p e r i m e n t a l e v i d e n c e suggests t h a t 
when t h e t e m p e r a t u r e i s h i g h enough t o g e n e r a t e vapour a t a p a r t i a l 
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F i g u r e 4.10. A View o f t h e "Channels" t h r o u g h [PhCN 2S 2] [ S 3 N 3 ] . 

A 
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p r e s s u r e comparable t o t h a t of t h e n i t r o g e n i n t h e plasma tube, p o l y m e r i c 
f i l m s form on t h e r e a c t a n t sample and on t h e d i s c h a r g e tube w a l l s . T h i s 
c l e a r l y i s t h e c a s e when R = a l k y l d e r i v a t i v e s ( R = P r , B u t . ) , e v e n when 
t h e t e m p e r a t u r e i s below room t e m p e r a t u r e . 

These c r i t e r i a impose q u i t e s e v e r e c o n s t r a i n t s both on s u i t a b l e 
r e a c t a n t s and on r e a c t i o n c o n d i t i o n s . I n an e f f o r t t o a s c e r t a i n j u s t how 
r e s t r i c t i v e t h e s e c o n s t r a i n t s were, we s t u d i e d two s p e c i a l c a s e s w i t h 
s i m i l a r p h y s i c a l p r o p e r t i e s : ( P h C N ^ h and (MeCN2S2)2-

Both t h e s e a r e dark g r e e n / p u r p l e b i c h r o m i c c r y s t a l l i n e d i m e r i c s o l i d s 
a t room t e m p e r a t u r e , both melt w i t h o u t d e c o m p o s i t i o n , (PhCN2S2)2 a t 127°C 
and (MeCN'2S2)2 a t 95.5°C. The vapour p r e s s u r e of (MeCN2S 2)2 was measured 
i n t h i s l a b o r a t o r y 2 2 . U n f o r t u n a t e l y t h e r e a r e no vapour 
p r e s s u r e / t e m p e r a t u r e d a t a f o r ( P h C N 2 S 2 ) 2 , but from i t s v e r y low s u b l i m a t i o n 
r a t e i n vacuum a t t h e t y p i c a l n i t r o g e n a t i o n t e m p e r a t u r e of 45°C, i t has 
been e s t i m a t e d a s between 0.01 and 0.1 T o r r . 

As mentioned above, support f o r a d i f f u s i o n - c o n t r o l l e d mechanism f o r 
t h e n i t r o g e n a t i o n of ( P h C N 2 S 2 ) 2 was o b t a i n e d by examining t h e c r o s s s e c t i o n 
of a s i n g l e c r y s t a l of ( P h C N 2 S 2 ) 2 a t v a r i o u s s t a g e s of t h e plasma r e a c t i o n . 
The d i f f e r e n t c o l o u r s of t h e r e a c t a n t and product made i t easy t o d i s c e r n 
t h e boundary between t h e u n r e a c t e d c o r e of (PhCN2S 2)2 and t h e s u r r o u n d i n g 
b u f f c o l o u r e d l a y e r of PI1CN3S2. While t h e n i t r o g e n a t i o n of ( P h C N ^ h 
proceeded w i t h a r e a d i l y o b s e r v a b l e r a t e a t 25°C, an increment o f j u s t 20°C 
produced a s t e e p r i s e i n t h e r e a c t i o n r a t e . 

( D i f f u s i o n c o e f f i c i e n t a s a f u n c t i o n of t e m p e r a t u r e i s g i v e n by t h e 
A r r h e n i u s r e l a t i o n D = D 0 e x p ( - E d / k t ) , where Ed i s t h e a c t i v a t i o n energy of 
d i f f u s i o n and D 0 i s t h e f r e q u e n c y o r p r e - e x p o n e n t i a l f a c t o r ) . 

I n c o n t r a s t t o (PhCN2S2) 2 t h e r e was no analogous f o r m a t i o n of 
( M e C N 3 S 2 ) 2 from ( M e C N 2 S 2 ) 2 over a range of te m p e r a t u r e (-25°C t o + 50°C). 
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A l i k e l y r e ason f o r t h i s becomes c l e a r f r o m a comparison o f m o l e c u l a r 
p a c k i n g i n t h e c r y s t a l l a t t i c e s o f (PhCN 2S2) 2 and ( M e C N ^ h - W h i l e t h e 
s t r u c t u r e o f (PhCN2S2)2 has been known f o r some t i m e 2 0 , i t has n o t 
p r e v i o u s l y been p o s s i b l e t o o b t a i n c r y s t a l s o f (MeCN2S2)2- F i g u r e 4.11.a-d 
j u x t a p o s e s t h e m o l e c u l a r p a c k i n g i n t h e s t r u c t u r e s o f (PhCN 2S2) 2 and 
(MeCN 2S2)o. A p e r s p e c t i v e view down t h e b a x i s o f t h e o r t h o r h o m b i c u n i t 
c e l l ( P 2 i 2 i 2 i ) o f (PhCN 2S2) 2 r e v e a l s s i z a b l e van d e r Waals r e g i o n s 
( c h a n n e l s ) t h r o u g h which a t o m i c n i t r o g e n can r e a c h t h e S-S l i n k s . 
The s t r u c t u r e o f (MeCN 2S2)2 ( F i g u r e 4.11a-d) i s b e s t r e p r e s e n t e d as a 
p r o j e c t i o n p a r a l l e l t o t h e a a x i s t o r e v e a l t h e c l o s e S/S and S/N c o n t a c t s 
between a d j a c e n t dimer u n i t s . 

Here, t h e u n i t s numbered 1-2 and 5-6 f o r m a c l o s e c o n t a c t o f 2.954 A 
between S l l - S51, s h o r t e r t h a n t h e average d i s t a n c e o f 3.100 A between t h e 
s u l p h u r atoms o f t h e o p p o s i t e c o p l a n a r r i n g s . Thus, t h i s t y p e o f p a c k i n g 
l e a v e s t o o s m a l l van d e r Waals r e g i o n s between t h e S-S ends f o r e f f e c t i v e N 
d i f f u s i o n t o o c c u r . I n a d d i t i o n t o t h i s a d v e r s e g e o m e t r i c f a c t o r t h e 
d i f f u s i o n w i l l be hampered by a lowe r t e m p e r a t u r e i n t h e plasma t u b e 
n e c e s s i t a t e d by a h i g h e r vapour p r e s s u r e o f (MeCN 2S2) 2 w i t h r e s p e c t t o 
( P h C N 2 S 2 ) 2 . 

Both t h e geometry and t h e r e a c t i o n t e m p e r a t u r e c o n s i d e r a t i o n s have 
d e a l t w i t h t h e k i n e t i c a s p e c t s . I t i s , however, p o s s i b l e t h a t an i m p o r t a n t 
c o n t r i b u t o r y f a c t o r t o t h e s u c c e s s f u l plasma n i t r o g e n a t i o n o f (PhCN2S2) 2 i s 
t h e s t a b i l i s a t i o n energy which a r i s e s f r o m a weak o v e r l a p o f t h e uppermost 
i o r b i t a l s o f t h e two c o f a c i a l PI1CN3S2 r i n g s 1 1 . T h i s i s r e f l e c t e d i n t h e 
c o n s i d e r a b l y s h o r t e r d i s t a n c e s , v i z . , 2.53 A between t h e s u l p h u r atoms 
o f t h e two c o f a c i a l r i n g s i n ( P h C N 3 S 2 ) 2 as compared w i t h an average 
d i s t a n c e 3.11 A o f t h e d i m e r i c ( P h C N 2 S 2 ) 2 . 
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F i g u r e 4.11. Comparison o f t h e (MeCN 2S 2 )2 and ( P h C N 2 S 2 ) 2 c r y s t a l 
s t r u c t u r e s . 
a. S t i c k model p r o j e c t i o n o f t h e (MeCN 2S 2) 2 s t r u c t u r e 
p a r a l l e l t o t h e a a x i s w i t h t h e c l o s e S-N i n t e r m o l e c u l a r 
c o n t a c t s shown as dashed l i n e s . 
b. Three s e l e c t e d dimer m o l e c u l e s showing s h o r t e s t 
i n t e r m o l e c u l a r d i s t a n c e s , ( t h e m e t h y l groups a r e ommitted 
f o r c l a r i t y ) . 

L 
9 1 

> 

l ' / 

N21 
3.063 S61 S81 

S2I 

61 
571 

S12 

S82 \9* s u N51 
S51 

N71 2.861 
2.954 
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F i g u r e 4.11. c.A p e r s p e c t i v e view down t h e b axis(32.98A) o f t h e 
(PhCNoS^H o r t h o r h o m b i c u n i t c e l l , showing t h e van der Waals 
channels ( c f . d . ) . Only t h e m o l e c u l e s f i l l i n g t h e upper h a l f 
o f t h e u n i t c e l l a r e shown. 
d. The ' b o t t l e - n e c k ' o f t h e channels w i t h t h e S-S 
i n t e r m o l e c u l a r d i s t a n c e s shown ( c o r r e s p o n d i n g t o p o s i t i o n s 
o f t h r e e o f t h e (PhCN 2S2)2 m o l e c u l e s i n F i g u r e 4 . 1 0 c . 
numbered 2, 4 ana 4'. 

4 

4 

S42 

3.93 S4'1 

/io 
Pi 

S21 
N21 
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There i s y e t a n o t h e r k i n e t i c advantage t o be c o n s i d e r e d , namely t h e 
' l e a s t m o t i o n ' p r i n c i p l e . The r e l a t i v e l y m i n o r s p a t i a l r e o r g a n i s a t i o n 
o c c u r r i n g d u r i n g t h e c o n v e r s i o n o f (PI1CN2S2)2 t o (PI1CN3S2 ̂ r e s u l t s i n a 
h i g h degree o f c r y s t a l U n i t y o f t h e p r o d u c t (as o b t a i n e d by plasma 
n i t r o g e n a t i o n a t 45°C ) . T h i s c r y s t a l l i n i t y i s seen f r o m t h e w e l l - r e s o l v e d 
s harp X-ray powder d i f f r a c t i o n l i n e s . I n c o n t r a s t , c h e m i c a l l y p r e p a r e d 
(PhCNaS2)2 a c c o r d i n g t o B o e r e 1 1 gave f e w e r d i f f u s e d l i n e s p r o b a b l y due t o a 
h i g h degree o f s u b d i v i s i o n . S i m i l a r d i f f e r e n c e s i n t h e r e s o l u t i o n q u a l i t y 
a p p l y t o t h e i n f r a r e d s p e c t r a . 

4.3.2. PhCN3S2: CV and reactions. 

( P h C N 3 S 2 ) 2 i s a i r s t a b l e and r a t h e r c h e m i c a l l y u n r e a c t i v e : T h i s 
s t a b i l i t y i s a l s o r e f l e c t e d i n t h e h i g h o x i d a t i o n p o t e n t i a l , f o u n d 
e x p e r i m e n t a l l y (page 9 8 ) ; 

(PhN 3S 2)2 > 2(PhCN 3S 2)+ + 2e- E P/ 2 = +1.3 V. 

A r e d u c t i o n peak was a l s o f o u n d w i t h v a l u e o f -0.52 V. N e i t h e r o f 
t h e s e two pr o c e s s i s r e v e r s i b l e , s u g g e s t i n g t h a t t h e c a t i o n and t h e a n i o n 
o f PhCN 3S 2 a r e u n s t a b l e . T h i s i s borne o u t e x p e r i m e n t a l l y , s i n c e a l t h o u g h 
i t i s p o s s i b l e t o o b t a i n t h e c a t i o n and d i c a t i o n i n s o l u t i o n w i t h h i g h l y 
p o l a r s o l v e n t s , t h e y a r e always a s s o c i a t e d w i t h c a t i o n i c p olymer and 
f u r t h e r a t t e m p t s t o i s o l a t e t h e s o l i d have so f a r r e s u l t e d o n l y i n c a u s i n g 
f u r t h e r p o l y m e r i s a t i o n . The d i c h l o r i d e d e r i v a t i v e , P h C N 3 S 2Cl 2

1 1, 
p r e v i o u s l y s y n t h e s i s e d by t h e c h l o r i n a t i o n o f PI1CN5S3, can e a s i l y be 
p r e p a r e d i n v e r y p u r e f o r m by t h e r e a c t i o n o f s u l p h u r y l c h l o r i d e w i t h 
PhCN 3S 2. These c h l o r i n e s atoms a r e r e a d i l y r e p l a c e d by o t h e r g r o u p s , eg. 
-NMe2. ( P h C N 3 S 2 ) 2 r e a d i l y d i s s o l v e s w i t h r e a c t i o n i n t h i o n y l c h l o r i d e 
y i e l d i n g y e l l o w c r y s t a l s . 
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T h e i r s u b l i m a t i o n i n vacuum a t ca. 60°C produced t h i n p a l e y e l l o w 
p l a t e l e t s . Chemical a n a l y s i s gave an e m p i r i c a l f o r m u l a PI1CN3S2.SCI2 

(Scheme 4 . 5 ) , however, Weissenberg d i f f r a c t i o n p hotograph i n d i c a t e d t h e r m a l 
d i s o r d e r which t h w a r t e d a f u l l X-ray s t r u c t u r e d e t e r m i n a t i o n . By analogy 
w i t h PhCN 3S 2Cl 2 and PhCN 3S 2(NMe 3) 2, PhCN 3S 2.SCl 2 may have s t r u c t u r e 4 . 5 . ( i ) 
w h i c h would account f o r t h e t h e r m a l d i s o r d e r , 4 . 5 . ( i i ) i s l e s s l i k e l y s i n c e 
SS d o b l e bonds a r e n o t s t r o n g , 4 . 5 . ( i i i ) i s l e a s t l i k e l y s i n c e t h e -SC1 2 

g r o u p , a s t r o n g c h l o r i n a t i n g a g e n t , w i l l c h l o r i n a t e t h e o t h e r s u l p h u r . 
(Me 3Si) 2NCN r e a c t e d t o f o r m t h e n o v e l b i c y c l i c compound PhC 2NsS 2 w i t h a 
b r i d g i n g carbon atom. T h i s i s analogous t o t h e known compound PhCN5S3 w i t h 
a b r i d g i n g s u l p h u r atom i n t h e same p o s i t i o n . 

c c / s S N 
Ph N Ph N Ph 

N S N=S^ S=N 
CI (i) ii) 

CI CI 

Ph (iii) S /5 N S N N s c N s 5N / (iv) Ph-—C CI w — s 

Ph—4 N (v) 

NMe 

Scheme 4.5. 
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4.4 Conclusion 

I t is concluded that the uniqueness of the plasma nitrogenation of 

(PhCNSSN)2 and (C1C6H4CNSSN)2 arises from an unusual combination of a 

number of s t ruc tu ra l and v o l a t i l i t y fac tors not easi ly matched by other 

related compounds. This study may help in i d e n t i f y i n g other compounds 

siutable f o r f u r t h e r nitrogen f i x a t i o n studies. 
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CHAPTER FIVE. 

AN ELECTROCHEMICAL STUDY OF THE 1 ,2 AND 1 ,3 DITMADIAZOLIUM SYSTEM 

AND SOME S/N DETEROCYCLES. 



5 . 1 . INTRODUCTION. 

In t h i s chapter the redox behaviour of various 1,2,3,5 and 1,3,2,5 

di th iadiazol ium systems and some SaNV and S2N + sa l ts i s reported. The 

redox potent ia ls of many of these systems were obtained along wi th some 

mechanistic de ta i l s using cyc l i c voltammetry(CV); some k i n e t i c de ta i l s 

f o r the S2NASF6 /CH3CN reaction were also obtained from CV data. 

The re la t ionship between polarographic behaviour and the structure of 

organic and inorganic substances has been wel l established, as has the 

e f f e c t of various substituents on the half-wave p o t e n t i a l 1 . CV, also 

known as l inear sweep voltammetry, is a useful t o o l i n studying the 

electrochemical properties of many compounds. I n t h i s technique the 

po ten t i a l of the working electrode is scanned i n a cyc l i c manner both in 

the anodic and the cathodic direct ions and involves mass t ransfer of the 

act ive species to the electrode by d i f f u s i o n only. I n t h i s way both 

reduction and oxidation peaks of the sample and of react ion 

intermediates may be observed. The voltammogram therefore provides the 

electrode po ten t ia l f o r the process and gives an ind ica t ion of the 

s t a b i l i t y of the intermediates. In the case where the electron t ransfer 

i s f a s t and the product stable in the solut ion the CV appears 

revers ib le , as shown in Figure 5 . 1 . (page 118) The r e l a t i v e peak 

current i s a measure of s t a b i l i t y i n solut ion and the r a t i o i s 1.0 in 

the 110 reaction case. Thus where the electron t r ans fe r i s fol lowed by 

rapid chemical reaction the CV appears non-reversible, Figure 5.2. (page 

118) i e , non - r eve r s ib i l i t y is an indica t ion of an a typica l electrode 

p rocess 2 , 3 . 



Figure 5 . 1 . CV of [ tBUCNSNJ ]AsF 6 

V 
0.7 0.7 0 

0.7 

Figure 5 . 2 . CV of S3N2CF3SO 
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5.2. GENERAL THEORY. 

5 .2 .1 . 

The theore t ica l analysis of the cyc l i c voltammetry method i s very 

complex and no attempt is made here to reproduce i t . Instead a few 

s i m p l i f i e d and relevant equations are given below. 

The current passed as the voltage i s swept i s made up of Faradaic and 

capacitat ive components (usually associated wi th the double l aye r ) . For 

sweep rates less than 1 V s _ 1 , however, the capacitat ive (charging) 

current is usually small compared to the Faradaic current , which f o r a 

reaction producing an adsorbed intermediate i s given by the 

Butler-Volmer e q u a t i o n 4 , 5 : -

5.2.1.1 I . . , . i 0 A [ e - « " F / R T - e ^ ' ^ / R T ] 

i 0 = exchange current density. a - Transfer c o e f f i c i e n t . 

A = Area, cm 2. = Overpotential = E - E e q . 

which i t s e l f leads to the important Tafel Equation; 

lninet = l n i 0 - fl'«f 

I n the three elctrode c e l l used the po ten t ia l of the working electrode 

i s measured against a reference, and t h i s po ten t i a l between the working 

electrode (we) and the reference electrode (re) i s : -

5 . 2 . 1 . 2 . E w e - r e = (J)we_ r e + j / w e - (j)r e , e + IRWe-re • 
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The d i f fe rence bewteen E w e - r e measured when a current f lows and the 

value at equi l ibr ium i s : -

5.2.1.3. AE = ( J ) w e , e + Vv/e ' <j)re)e + IR\ve-re _ ($we?e " $ r e 5 e ) 

AE = 7?WE + IRwe-re • 

I = Current, R = Resistance of c e l l . 

(j) = Potent ia l of electrode through which the current i s f l o w i n g . 

(J)e = Potent ia l at equi l ibr ium. 

7; = Over-potent ial . 

IRwe-re = Potent ia l drop i n the solut ion between working electrode and 

the reference electrode. 

In the simplest case planar electrodes are used (as i n these 

experiments) and then CV becomes a s e m i - i n f i n i t e l inear d i f f u s i o n 

process. However, because the process depends on d i f f u s i o n , problems 

may arise at slow scan rates, because of the complication of natural 

convection. These are minimized by the use of rapid scan techniques and 

as charging currents remain small scan rates between 1 - 20Vs _ 1 are 

usually s u f f i c i e n t . 

Thus the po ten t ia l of the working electrode i s varied l i n e a r l y wi th 

time up to the switching po t en t i a l . At t h i s peak po ten t ia l the current 

f o r a reversible wave is given by the Randles-Sevcik 6 , 7 equation:-

3 / 2 1 / 2 1/2 
5.2.1.4. i P = kn ' .AD ' .C0V / 

A = electrode area, cm 2. k = a constant. 

i p = peak current , [ A ] . D = D i f f u s i o n c o e f f i c i e n t . 

V = rate of po ten t ia l change [ V s _ 1 ] = sweep ra te . 

C0 = Concentration [moldnr 3] 
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5.2.1.5. i p / V i / 2 - C = K' 

K' = a l l constants from 5.2.1.4. 

Thus f o r a reversible charge t ransfer , in the absence of chemical 

complications, the product of the peak current divided by the square 

root of the voltage sweep rate mul t ip l i ed by the concentration of the 

substrate i s a constant independent of the sweep ra te . This expression 
1 n 

is cal led the current func t ion and when p lo t t ed versus V ' gives a very 

convenient means of detecting fol low-up chemical reactions. I t also 

means that the current and hence the peak current i s proport ional to the 

concentration of the substrate and t h i s re la t ionship has been used to 

determine a react ion rate f o r the S2NASF6/CH3CN reaction i n 

section 5.3 2. (page 125). 

5.3. GENERAL EXPERIMENTAL. 

A 3 electrode Pt disc/wire system (Chapter 2, pg 23), was 

used in a l l the experiments described below. Voltammograms were 

recorded at a sweep rate of 196 mV/s (11.76 V/min) generally with a 

s e n s i t i v i t y of 500 mA/V f o r the solut ion of approximately 10" 3 mol dm"3 

concentration. The weight of the sample under inves t iga t ion was 

determined such that i t would give t h i s concentration i n 15.0 ml of 

MeCN. Thus the weights were t y p i c a l l y in the range 2 - 10 mg. The 

supporting e l ec t ro ly te was tetrabutylammonium 

tetrafluoroborate,(TBATFB), usually 0.35 g (1.1 mmol) which then gave a 

concentration of 0.1M in 15ml of MeCN. Experiments were usually 

conducted in the temperature range -10° to -15° C. For those compounds, 

which in t h e i r neutral form were l iqu ids at room temperature, a special 

t e f l o n microsyringe was designed. 
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The range (window) of the po ten t ia l scan that could be used, 

varied according to the solvent used. For instance, S O 2 ( l i q . ) has a 

l i m i t i n g po ten t i a l on the cathodic side of about -0.16 V, below t h i s 

cathodic break down of S O 2 w i l l occur to give various rad ica l species 8 , 9 

eg-

S02 > so 2 --

On the anodic side, however, the range stretches to 

approximately +3.5V. Liquid Sflo is therefore a convenient solvent f o r 

the inves t iga t ion of highly oxidised species. Furthermore, i t i s a 

clean, non-par t ic ipat ing solvent, making i t an a t t r a c t i v e solvent f o r 

S/N chemistry and products are generally easy to i s o l a t e 1 0 , 1 1 . 

A c e t o n i t r i l e , on the other hand, has a l imi t ed po ten t i a l range between 

about 2.0 and -2.0 V vs SCE. a f t e r which solvent breakdown again occurs. 

However, most of the important electrochemical processes occur wi th in 

t h i s range, and because there are important processes i n the cathodic 

region f o r most of these heterocyclic compounds, a c e t o n i t r i l e was 

generally the solvent of choice, p a r t i c u l a r l y since, unl ike S O 2 , MeCN is 

e l e c t r o - i n e r t . The RCN9S2 systems studied were e i ther ( i ) chlorides, 

( i i ) hexafluoroarsenates or ( i i i ) neutral rad ica ls . The chlorides 

always gave a peak corresponding to the oxidat ion of choride; the redox 

po ten t i a l of the AsF6" ion, however, lay beyond the normal scanning 

l i m i t s . In a l l subsequent discussion unspecified redox values r e f e r to 

E p ^ 2 and have been converted to the s.c.e. scale. Formal potent ia ls may 

be obtained by the formula;-

= (Epa + E p c ) / 2 . E p a = Anodic peak p o t e n t i a l . 

E P C = Cathodic peak po ten t i a l . 

usual ly , however, ha l f wave potent ia ls were obtained f o r each wave by 

using the ha l f peak height method 4. 
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5 . 3 . 1 . Cyclic Voltammeiry of S2NAsF6. 

( i ) . CV in S02. 

An oven dried 3 limbed c e l l was placed i n a glove box. S2NASF6 

(O.OlOg, 0.037 mmol) was placed i n the c e l l wi th TBATFB (0.35 g, 1.1 

mmol) and the c e l l f i t t e d with Swagelok compression f i t t i n g s . A 

platinum disc electrode and a coi led platinum wire counter electrode 

were introduced through two of the limbs along wi th a t e f l o n s t i r r i n g 

bar and the t h i r d sealed with a 1/4" OD stainless s teel rod. SO2 

(15.0ml, 21.9g) was condensed in to the c e l l . The solu t ion was cooled to 

-15°C and against a counter current of dry ni t rogen, the special ly 

constructed glass Ag/Ag+ reference electrode was inserted i n place of 

the s teel plug. Cyclic voltammograms were recorded at -10° C, 

maintained by an alcohol bath over a magnetic s t i r r e r ; see Figure 5.3 

E P = + 0.60 V. 

E p / 2 ( 0 * ) = + 0 . 7 6 V. 

( i i ) . CV in Aceionitrile. 

SoNAsF6 (0.01 g, 0.037 mmol), was placed i n the 3 electrode c e l l with 

TBATFB as before. The c e l l was cooled to -20° C and CH3CN syringed in 

against a counter current of dry ni t rogen. The voltammogram showed two 

peaks, Figure 5.4. The smaller peak at E P = + 0.08 V corresponded to 

the formation of 4 methyl 1,3,2,5 di thiadiazol ium hexafluoroarsenate as 

previously established with an authentic sample. I t was therefore 

concluded that the larger peak at E P = + 0.65 V was associated wi th 

SoNAsFe. Two repeat experiments were carr ied out. In the f i r s t the 

c e l l was cooled to -196° C and the C H 3 C N frozen as i t was syringed i n . 

- 123 -



Figure 5.3. CV of S2NAsF6 i n SO 

1.5 

A 1.0 1.0 
F 

0 

Figure 5 . 4 . CV of S2N AsF6 in MeCN 
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On warming to -20° C no peak could be observed corresponding to the 

formation of the 4-methyl, 1,3,2,5 di thiadiazol ium sa l t as before, 

suggesting that the reaction is in some way au to -ca ta ly t i c . In the 

second experiment the C H 3 C N was added at room temperature to the c e l l . 

In t h i s case no peak could be found corresponding to the S 2 N A S F 6 , and 

therefore the reaction must be very f a s t at t h i s temperature . 

The electrode po ten t ia l values found f o r S 2 N + A s F e / C H 3 C N were:-

E P = + 0.65 V 

V M = + °-72 V-

5.3.2. Kinetic Study of S2NAsF6/Cn3CN. 

S2NASF6 (0.01 g, 0.037 mmol) was placed i n the c e l l as before and cooled 

to -20° C. CH3CN (15.0 ml) was slowly syringed onto t h i s against dry 

nitrogen and a stop watch started immediately. Voltammograms were then 

recorded at regular in tervals over a 4 h period. The i n i t i a l 

measurements were made every minute f o r the f i r s t 15 minutes, every 5 

minutes f o r the next 1 h 45 minutes and then f i n a l l y every 20 minutes. 

An " i n f i n i t y value" was obtained a f t e r about 6 h , when the reaction 

appeared to be complete. The peak height was measured in mm above the 

base l i n e . See Figure 5.5. 

5 . 3 . 3 . Cyclic Voltammetry of the S3N2*' cation. 

( i ) . S3N2ASF6 in MeCN. - This is a brown c r y s t a l l i n e so l i d only 

moderately soluble i n MeCN. However, a so lu t ion of S3N2ASF6 

(O.OlOg, 0.012mmol) in MeCN was prepared as i n 5 . 3 . 1 . ( i i ) above and 

voltammograms were recorded at -10° C. See Figure 5.6. The general 

nature of these voltammograms meant that i t was d i f f i c u l t to measure the 

ha l f wave po ten t ia l s , so only peak potent ia ls are given. 



Two large non reversible peaks were observed on the reduction side and a 

t h i r d non reversible peak was obtained on the oxidat ion side. 

E» P = + 0.58V [ c f . S2N+ EV+0.66V 

E 2

P = + 0.16V EV+0.08V] 

( i i ) . S3N2ASF6 i n l i q u i d S O 2 . - S3N2ASF6 appeared much more soluble in 

l i q u i d S0 2 . A s imi la r voltammogram to that i n MeCN was obtained, 

although the E p values were s h i f t e d to s l i g h t l y higher oxidat ive 

po ten t ia l s . This i s a common feature when comparing these two solvents. 

El

P = +0.7V 

E 2

P = +0.24V 

( i i i ) . S 3 N 2 C I in l i q u i d S0 2 . - This black/green compound i s largely 

insoluble even in S0 2 . However, i t was possible to get s u f f i c i e n t in to 

so lu t ion i n S02 to obtain a weak voltammogram. This had general 

character is t ics s imi la r to those of S 3 N 2 A S F 6 . E P values were very close 

to those previously obtained, and i n one instance i t proved possible to 

measure an E p ^ 2 • 

E P = +0.68V 

E p / 2 = +0.85V 

( i v ) . S3N2CF3SO3 in MeCN. - The preparation of t h i s black/blue 

c r y s t a l l i n e so l id is decribed in chapter 6, page 160. Again a very 

s imi la r voltammogram to that of S3N2ASF6 was obtained wi th again a t h i r d 

peak observed at +1.49V. 

E J

P = +0.62V 

E 2

P = +0.15V 
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Figure 5.5. C V of the reaction between S2NAsF6 and MeCN 

V 

V 0 
1.0 1.0 

1 

0 V 
1.0 

Figure 5.6. CV of S 3N 2AsF 6 i n 
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Figure 5.7. The Isomerisation of "1,3", tButylCN 2S 

"1,2", tflutylCNoSa'-
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5.3.4. Cyclic Voltammetry of 4~i-bntyl 1,3,2,5 d i th i ad iazo le , 

(cn 3) 3ccNSNi-

A prepared 3 limbed c e l l was placed in a glove box. Freshly prepared 

1,3 t - b u t y l d i th iad iazo le (0.02g, 0.12mmol) was quickly transfered v ia a 

special t e f l o n micro syringe to the c e l l which was wrapped in f o i l . To 

ensure complete exclusion of moisture, MeCN (15.0ml) was also added 

whi l s t in the glove box. As f a r as possible a l l manipulations were 

carr ied out in the dark, although short periods of a r t i f i c i a l l i g h t were 

necessary. The c e l l was t ransferred to the voltammetry un i t and cooled 

to -15°C and i t s CV recorded. The t o t a l time f o r t h i s operation was 

approximately 25 mins. See Figure 5.7. (page 128). 

E ! p = +0.38V E 2

P = +0.32V 

E p / 2 = +0.47V E p ^ 2 = +0.18V 

E1 = l,2(CH 3)3C<5sSN 

E2 = 1,3(CH 3) 3C(5S> 

5.3.5. Cyclic Voltammetry of J^-Yhcnyl 1,2,3,5 dithiadiazolium chloride. 

Using the above procedure, ( 5 . 3 . 1 . ( i ) ) [PhCN 2S 2]Cl (O.Olg, 

0.046mmol) and TBATFB (0.35g, 1.1 mmol) were placed in to a c e l l wi th S02 

and warmed to RT to give a yellow so lu t ion . This was then cooled to 

-10°C at which temperature voltammograms were recorded. This was 

repeated wi th (0.004g, O.OlSmmol) [PhCN2S2]Cl in 15.0 ml MeCN and the 

same resul t was obtained. 

E P = +0.52V 

E p y 2 = +0.60V 
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Figure 5.8. CV of 1,2,3,5 [PhCN2S2]Cl 

0 1.0 

0 1.0 1.0 

Figure 5.9. CV of 1,2,3,5 [PhCN2S2]AsF 
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Figure 5.8. shows a good reversible CV. Peak 2 is the oxidat ion peak 

f o r the chloride i o n 1 2 . A corresponding reduction peak f o r the chlorine 

i s not observed ei ther because the gas was los t from the solut ion or 

that i t was too reactive to remain f o r long. 

CI" + e- • 1/2 C l 2 . \ j 2 = 1-32 V. 

5.3.6. Cyclic Voltammctry of J^-fhenyl 1,2,3,5 diihiadiazolium 

kexafluoroarsenate. 

The above procedure was repeated using br igh t orange [PhCN2S2]AsF6 

(0.006g, 0.016mmol) which readi ly dissolved in MeCN (c f . [PhCN 2S 2]Cl). 

Furthermore the system was very clean and c lea r ly showed a sharp quasi u^^e 

2nd electron process. Figure 5.9. 

E P = +0.46V 

E p / 2 = +0.51V 

5.3.7. Cyclic Voltammetry of 4-P-Chlorophenyl 1,3, dithiadiazolium 

hexafluoroarsenate. 

Again the procedure in 5 . 3 . 2 ( i i ) was followed using (0.007g, 

0.017mmol) [p-ClPhCNSNS]AsF6. The CV run at -10°C showed a reasonably 

clean system, but noticeably there i s now no sharp peak correspong to a 

2nd electron process. The broad peak at - 1.46V indicates chemical 

complications and was en t i r e ly i r r e v e r s i b l e . 

E P = +0.19V 

E p y 2 = +0.28V 

5.4. RESULTS AND DISCUSSION. 

5 . 4 . 1 . The Redox Potentials of the Ditkioniironium and S3N2* ' cations. 

( i ) S2NAsF6 in l i q u i d S0 2 . 

The experiments described in t h i s chapter were made possible by use of 
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developments (by Z.V.H.) which overcame many of the serious problems, 

l i k e low e lec t ro ly te s o l u b i l i t y , encountered in e a r l i e r attempts to 

apply CV to SO2 solut ions . Indeed i t was not u n t i l 1979 that Bard et 

a l 9 found that t e r t i a r y buty l ammonium sal ts act as sui table background 

e lec t ro ly tes i n S O 2 . They also used Ag/Ag+ as a quasi-reference 

electrode, but had d i f f i c u l t y in reproducing the po ten t i a l (only 

50mV) of the reference electrode in each experiment. Furthermore an 

experimental temperature of -40°C was required to reduce the vapour 

pressure of SO2 s u f f i c i e n t l y f o r t h e i r cone and socket electrochemical 

c e l l . Since at ambient temperatures SO2 develops pressures up to 3 

atmospheres, a new c e l l was constructed by us wi th Swagelok compression 

f i t t i n g s . This had the added advantage that experiments with both SO2 

and MeCN could be conducted under moisture f r ee condit ions. The 

reference electrode was completely f i l l e d wi th MeCN and so could be used 

in pressurized systems, because of the v i r t u a l incompressability of 

l i q u i d s . 

A t y p i c a l CV of S 2 N A s F 6 in S02 i s i l l u s t r a t e d i n Figure 5.3. 

(page 124). Since t h i s is a simple system, the major reduction peak at 

E = +0.76V can be assigned unambiguously to the reduction of the S2N+ 

ion. This high value compared with most of the di thiadiazol ium rings 

r e f l e c t s the ease of electro-reduction and the e l e c t r o p h i l i c behaviour 

of S2N+ i n many of i t s reactions. I t i s also consistant with recent 

measurements of the redox potent ia l of SN+ at E^J? > +0.8V 1 3 and S3N2*' 

at E p ^ = +0.66V (MeCN). As expected SN +, behaving l i k e a pseudo-metal 

atom, i s the most ox id i s ing , having a value s imi la r to that f o r Ag/Ag+, 

F e 3 + / F e 2 + , Hg 2 + /Hg and N0 3 "/N02 1 4 - The trend continues in l i n e wi th 

increasing size and increasing number of low energy electron-accepting 

LUMOs. 
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An oxidat ion peak also occurs i n the voltammogram at E°y 2 = 

+1.52V, but i s un l ike ly to be the reverse of the process at E=+0.76V 

since the ha l f peak po ten t ia l d i f ference i s 0.76V, compared to 59/n mV 

at 25 °C po ten t ia l d i f fe rence allowed f o r a revers ible process 1 5 . 

Indeed i t s value i s very close to that f o r S 4N 2 + ( E p ^ 2 = 1 .43V) 1 6 . The 

formation of t h i s species can be explained in the f o l l o w i n g sequence:-

Scheme 5 . 1 . 

S 2N + + e- » S 2N' 

S2N- + S 2N + > S 4N 2

 + 

or 

S 2N' + S 2N' » S 4N 2 - ^ - s > S 4N 2

 + 

Neither of these processes appears to be revers ib le . Previous 

workers 1 7 expected to see the formation of S 3 N 0 + ' v i a the mechanism i n 

scheme 5.2. Although there i s no cor re la t ion wi th the voltammogram of 

S 3 N 2

+ ' obtained independently from authentic samples, the f a c t that 

S 3 N 2

+ may be obtained from an S 2N+ reaction mixture may be evidence f o r 

an S 3 N 2

+ 7 S 2 N + equi l ib r ium. 

Scheme 5.2. 

S 2N + + e- » S 2N' 

S 2N' * SN' + S 

SN' + S 2N + v S 3 N 2

+ ' 

I t i s possible that both S2N* and SN' are too react ive to remain i n 

so lu t ion long enough to be detected by the re turning sweep. However, on 

prolonged e lec t ro lys i s of a S2NAsF6 /S0 2 so lut ion at +0.70V, a t h i r d 

peak at E p

r e d = +1.34V did appear a f t e r about 10 minutes, but i t had 

decomposed by the second sweep. I t was unclear as to what species t h i s 

might belong. 
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I t i s also worth noting that i t has been es tabl ished 1 0 that i n solut ion 

S 3 N 2

2 + i s i n equi l ibr ium with SN+ and S 2 N + . 

( i i ) The S2MsF6/fleCN Reaction. 

In MeCN, S2NASF6 gave a more complex CV due to the appearance 

of a second major reduction peak at E p

r e d = +0.08V. This was assigned 

to the chemical r e a c t i o n 1 8 ; 

This was confirmed by the f a c t that the peak grew i n height with time 

whi l s t the S2N+ peak diminished, see Figure 5.5, and that an authentic 

sample of ( I ) gave a peak at E P

r e d = +0.07V. 

This enabled some k ine t i c s of the reaction to be fo l lowed. From 

expression 5.2.1.5 (page 121) i t could be shown that the peak height i s 

proport ional to concentration f o r a reversible process. The previous CV 

of an authentic sample of ( I ) had shown that t h i s indeed was a 

revers ible process and therefore i t was possible to fo l l ow the reaction 

by observation of the growth of t h i s peak. The general expression f o r 

t h i s analysis i s : -

SN+ + S 2N+ 

S2N AsF6 + C113C=N 
N—S 

- CH 3 - < © I AsF6 ( I ) 

4 methyl 1,3 di thiadiazol ium + AsF6" 

d(a - x) 
dt -k(a - x ) (b - x ) . 

_ dx 
= at k(a-x)(b-x) 
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Since the a c e t o n i t r i l e i s the solvent, i t i s present i n large excess and 

ther fore i t s concentration can be considered constant. The reaction 

thence becomes pseudo 1st order. 

b >> x, (b-x) ts constant c. 

=====» ^ - j d = . k . c . ( a . X ) . 

= = = => dln(a - x) = -kdt . 

== = => ln (a - x) = -k t + I 

I t i s possible therefore to p lo t e i ther ln (A t - A ) vs. t f o r the S2N+ 

peak or ln(A - A t ) vs. t f o r the product peak. In pract ice i t i s easier 

to obtain the A value f o r the product and so i t was t h i s that was 
0 0 

p lo t t ed . See Graph 5 . 1 . 

( i ) From the hand drawn graph:- slope = ^ = y ^ y i ^ = 6.4 x 1 0 - 4 . 

===4 k = 6.4 x 10- 4 . 

( i i ) . From l inear regression programme - a l l points . 

= = = => k = 6.58 x 10 - 4 . ( r = 0.976) 

(Intercept = 2.98). 

[Value obtained by missing out anomolous poin t . 

k = 6.76 x 10" 4 ( r = 0.982) 

( intercept = 3 .02 ) ] . 

As can be seen from graph 5 . 1 . a very reasonable s t ra igh t l i n e can be 

obtained which j u s t i f i e s the use of t h i s method. A f u l l study would 

involve determining the various rate constants at d i f f e r e n t temperatures 

and so obtain the energy of ac t iva t ion from Arrenhius' equation. 
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( i i i ) The S3N 2

+ ' ca t ion. - S 3 N 2 C I i s only s l i g h t l y soluble i n S02 and 

i t proved necessary to use the S3N9ASF6 sa l t which, although more 

soluble, i s s t i l l only moderately so. The several peaks obtained i n S02 

were s u p e r f i c i a l l y s imi la r to those obtained f o r S 2N + in MeCN, Figures 

5.4. fc 5.6. (pages 124 k 127) but when compared to those of S 2N + i n S02 

are c lear ly d i f f e r e n t ; they were reproduced almost exactly in MeCN. 

There were 2 major reduction peaks and 3 oxidat ion peaks, none of which 

have been assigned unambiguously. This CV p lo t i s i l l u s t r a t e d i n Figure 

5.6 the major oxidat ion peak i s E1 , and the reduction peak E 2 may be the 

reverse of t h i s . 

E 3 may be a 2nd electron t ransfer process but i s more l i k e l y to belong 

to another un iden t i f i ed species, whi ls t E 4 and E 5 remain unassigned. 

E» p = +0.60V (MeCN) E 1 ^ ? ^ = +0.66V 

[ E J

P = +0.74V (S02)] 

E 2

P = +0.69V E 3

P = +0.18V 

E 4

P = +1.45V E 5

P = +1.78V 

The reduction product from E1 w i l l be S3N0 ' which is an Si, 

anti-aromatic species and un l ike ly therefore to be stable. I t would 

therefore decay rapidly possibly accounting f o r the small size of E 2 . 

There i s also a s u p e r f i c i a l s i m i l a r i t y in Figure 5.11 to the CV f o r 

S2N+/MeCN but since S3N2ASF6 also gives 2 major reduction peaks in SO2 

i t i s un l ike ly that there is a connection, though the fo l l owing i s a 

p o s s i b i l i t y f o r 8 3 ^ * ' ' 

S 3N 2+- . S 2N+ + SN' 

The compounds S3N2CI and S3N9CF3SO3 gave very s imi la r CV p lo t s . 



5.4.2. ffammeit Plots for some Substituted Phenyl Dithiadiazolium 

Bexafluoroarsenate Salts. 

I t was possible f o r a small number of di th iadiazol ium systems studied 

to obtain Hammett <rP v a l u e s 1 9 , 2 0 . These were therefore p lo t t ed against 

the Ei y 2 values to see i f a l inear f r ee energy re la t ionsh ip did exis t 

between them. 

The Hammett equation i s ; Log ^ / = ap 

k 0 = Rate or equi l ibr ium constant f o r X = H. k = Constant f o r group X. 

p - a constant f o r a given reaction under a given set of condit ions. 

<r = a constant chara te r i s t i c of the group X. 

S t r i c t l y these aP values apply only to substituents of phenyl r ings 

para to the electroact ive group, in t h i s case the CN2S2 r i n g . The 

compound under consideration is therefore XC6H4-CN2S2 where X i s any 

group. The Hammett equation i s a l inear f r e e energy re la t ionsh ip , and 

i n the case of equi l ibr ium constants:-

AG = - RTlnk f o r the unsubstituted case. 

and; 

AG = - RTlnk 0- Then the Hammett equation may be 

w r i t t e n : -

Ink - l n k 0 = op 

so tha t , -AG + AG0 = crp 
O U T 2T3RT 

-AG = o p . l . m - AG0 

For a given react ion, under a given set of conditions p,K,T, and AG0 are 

a l l constants, so that a i s l inear with AG. 
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This treatment i s generally successful provided the mechanism is the 

same wi th in a given reaction series. Indeed t h i s may be extrapolated 

from the nature of the graph obtained. Values f o r E p ^ , "> and <7P

+ are 

given i n Table 5 . 1 . Generally <rP

+ values re la te to a developing 

pos i t ive charge and so were p lo t t ed against E p ^ 2 (ox) valves, whi l s t 

E P y 2 ( red) values were p lo t ted against <rP to obtain the two graphs 5.4.2, 

Small deviations occur f o r H in <rp

+ vs E P ^ 2 (ox) and f o r Me in <rp vs 

E P ^ 2 ( red) but both are w i th in experimental er ror . 

From t h i s i t can be seen that reasonably good s t ra ight l ines may be 

drawn through the points supporting the hypothesis that the same 

electron t ransfer mechanism occurs in t h i s series. 

Table 5 . 1 . 

Compound RCNSNS+ E P ^ 2 (ox) E P y 2 ( r ed ) <rP <rP

+ 

R V(± 0.005) 

/9-CH3C6H4- 0.24 0.21 -0.14 -0.31 
p-HC 6H 4- 0.25 0.22 0.0 0.0 
/9-ClC 6H 4- 0.28 0.25 0.24 0.11 
/9-CNC6H4- 0.33 0.31 0.7 0.66 

Although no s t r i c t conclusions may be drawn f o r the bulk of the 

remainder of the 1,3 substi tuents, q u a l i t a t i v e l y i t i s l i k e l y that a 

s imi la r mechanism w i l l operate throughout. I t i s not possible to say 

much about the actual mechanism f o r electron t ransfer and a wider study 

including other substituents would be required to see how the graphs 

vary. 
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5.4.3. General considerations. 

The resul ts are presented in Tables 5.2.- 5.5. In general these 

correspond to one or other of the fo l lowing processes:-

R-(SsSN + R - £ n S S ? J - . ' R-(5sSN-

R - S S N S + ~ " R - C N S n J - . R-(5sNS-

Several fac tors concerning the system under inves t iga t ion may be 

obtained from a consideration of the general form of a voltammogram. 

Obviously the number of peaks r e f l e c t s the number of electron t ransfer 

processes that occurs over the potent ia l range covered. However, i t is 

important to remember that behaviour of a pa r t i cu l a r system w i l l vary 

wi th changes i n , f o r example, solvent and supporting e l e c t r o l y t e . A 

theore t i ca l treatment i s not attempted here as i t i s f a r too complex. 

Table 5.2. Measured E p ^ 2 Values f o r 1,2 R C N S S N + Chlorides and 

Hexafluoroarsenates. 

Compound, R. 1st e Transfer 2nd e Transfer. 

Chloride sal ts Ep/2(ox) Ep/2(red) Ep(ox) E p / 2 ( 

PhCHo-
Ph-
C13C-
CH 3-
C H 3 C H 2 C H 3 -
(CH 3) 3C-

0.78 
0.60 
0.53 
0.28 
0.45 
0.33 

0.72 
0.61 
0.47 
0.29 
/ 
0.28 

-0.94 
-0.86 
-0.72 
-1.12 
/ 
-1.06 

-0.60 
-0.95 
/ 
-0.93 

AsF6 sa l t s . 

Ph-
(CH 3) 3C-
CH 3-

0.51 
0.45 
0.46 

0.50 
0.43 
0.47 

-0.92 
-1.12 
-0.88 

-0.77 
-0.99 
-0.84 
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Table 5.3. Measured E p / 2 Values f o r 1,3, RCNSNS+AsF6 sa l t s . 

Compoujid R E, )/2(ox) , / 2 ( r e d ) Ep(ox) 2( 

Anthra- 0 29 0 23 - 1 . 57 - 1 . 53 
/9-ClPh- 0 28 0 25 / / 
Ph- 0 25 0 22 - 1 . 35 - 1 . 23 
p-CNPh- 0 33 0 31 / / 
CH3- 0 16 0 16 / / 
(CH 3) 3C- 0 18 0 18 - 1 . 41 - 1 . 33 
p-CH3Ph- 0 .25 0 .23 / / 

Table 5.4. Measured E p / 2 Values f o r 1,2, RCNSSN* Radicals. 

Compound R Ep/2(ox) Ep/2(red) E P Ep/2(ox) 

Ph- 0.60 0.58 -0 75 -0.72 
p-cm- 0.53 0.50 -0 90 -0.80 
CF 3- 0.80 0.76 -0 68 -0.54 
(CH 3) 3C- 0.44 0.50 -1 18 -1.03 
CH3CH2CH2- 0.52 0.74 -1 12 / 
(1,3 (CH 3) 3C-) 0.16 0.18 / / 

Table 5.5. Measured E p / 2 Values f o r other Dithiazolium r ings . 

Compound E p / 2 ( o x ) E p / 2 ( r e d ) E p E p / 2 ( o x ) 

CF3CNSNCCF3 0.48 0.56 / / 
CF3CNSNCCF3AsF6 0.50 0.49 / / 
H(CH3)CSNSC(CH3)H+ 0.35 0.31 / / 

AsF6" 

Table 5.6. Measured E p / 2 Values f o r various S/N Species. 

Compound E p / 2 ( o x ) E p / 2 ( r e d ) E P (ox) E P (red) E 3

P E 4

P E 5

P 

S2NAsF6 S02 0.76 1.52 0.60 1.62 / / / 
MeCN 0.72 1.45 0.65 0.08 / 1.47 / 

S3NoAsF6 SO9 / / 0.74 0.86 0.28 1.56 1.88 
MeCN 0.66 / 0.58 / 0.16 1.45 1.78 

S3N2CF3SO3 , , , , 
S02 / / / / I I I , 
MeCN 0.70 / 0.62 / 0.14 1.49 / 

S3N0CI S02 0.86 / 0.78 / 0.27 / / 
MeCN / / / . / I I I 
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5.4.4. The Redox Potentials of the 1,3, and 1,2 Ditkiadiazolium system 

RCN2Si X where I = AsF6 or CI-. 

( i ) . From Figures 5.1 - 5.11, 5.13 - 5.14 i t may be seen that generally 

the most important peak under consideration i s the f i r s t electron 

t r ans fe r reduction peak which, f o r these compounds, i s usually a 

revers ible process. That t h i s corresponds to the complete t rans fe r of 

one electron was proved by coulometric experiments. 

The readiness of S/N heterocycles to par t ic ipa te i n electron t ransfer 

processes, and p a r t i c u l a r l y as electron acceptors, i s in part due to the 

presence of r e l a t i v e l y low energy LUMO1s21 , 2 2 . As mentioned in 

section 5.3.4. the e lectroact ive part of these molecules i s the CN2S2 

r i n g ; the electrochemical process occurs f o r the whole of that r i n g and 

therefore there i s no change in the oxidat ion state of the S atoms. 

Indeed the s t a b i l i t y of the di thiadiazol ium f i v e membered r i n g wi th both 

61 and 7w electrons is r e f l ec ted in the i n t e g r i t y of the r i n g throughout 

many reactions and the existence of stable paramagnetic f r e e rad ica l 

l i q u i d s 2 3 - see chapter 3. 

The second electron process was also observed. In most cases, 

however, i t was not generally a reversible one, ind ica t ing the presence 

of f u r t h e r chemical complications (though curiously when the s t a r t i n g 

material f o r the voltammetric study was a neutral r a d i c a l , eg 

tbutylCNSSN- then the 2nd electron reduction became reve r s ib l e ) . I t i s 

already wel l established that S/N heterocycles, although readi ly 

reducible to S/N anions, (again electron accepting properties are due to 

low energy LUMOs), undergo f u r t h e r chemical changes rather eas i ly . 
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For ins tance 2 4 , S 4N 4 + e" * S 4N 4- » S3N3- * S 2 N 2 " . 

o r 2 5 ? 2 6 S s N - fc s 2 N - . 

The anion RCN2S2" would be an 8?r electron system and therefore 

anti-aromatic, and t h i s may account f o r i t s i n s t a b i l i t y ; i t has not 

proved possible to i so la te the anion electrochemically and the only 

product obtained and i d e n t i f i e d so f a r has been the parent n i t r i l e RCN. 

A sa l t containing the anion has recently been reported wi th the very 

strong electron donating (18 crown - 6) Na+ 3 3 . 

( i i ) . I t i s apparent from the voltammograms Figures 5.10.& 5.11. that 

electron t ransfer is r e l a t i v e l y fas te r f o r the AsF6" sa l ts than f o r the 

chloride sa l t s . This may be ascertained q u a l i t a t i v e l y from the f a c t 

that generally AsF6" sal ts give appreciably sharper peaks than do the 

CI" sal ts both f o r the 1st and the 2nd reduction peaks. This i s 

probably due to the r e l a t i v e degrees of solvation of the respective 

anions; the high charge density on a CI" ion leads to greater solvation 

p a r t i c u l a r l y i n a solvent l i k e a c e t o n i t r i l e which has a f a i r l y high 

d i e l e c t r i c constant(e = 37). Also chloride ions show a strong tendency 

f o r cation/anion pa i r ing and other ion/ ion interact ions and 

disengagement of CI" from RCN2S2

+ w i l l slow down the redox process. 

The important electron t ransfer processes f o r CV measurements occur at 

the electrode surface and in the e l e c t r i c a l double layer. Presumably, 

in chloride solutions the d i f f u s e double layer becomes larger and 

r e l a t i v e l y more important because of solvat ion e f f ec t s and so electron 

t ransfer processes w i l l also occur here. 

The exact nature of the IHP (inner Helmholtz plane) largely depends 

on a number of f ac to r s ; the solvent, the po ten t ia l and nature of the 

electrode i t s e l f , and the concentration of other ions present. 
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The charge of the electrode w i l l be associated wi th t h i s inner Helmholtz 

plane (IHP). The layer in d i rec t contact wi th the metal w i l l consist 

largely of a c e t o n i t r i l e molecules wi th t h e i r dipoles p a r t i a l l y 

orientated towards the metal surface; interspersed wi th these w i l l be 

various ions although thses are usually anions. Anions wi th a 

r e l a t i v e l y low solvat ion energy (eg. AsF6") or a strong adsorptive 

a f f i n i t y f o r the metal w i l l therefore ha.ve a net tendency to exchange 

f o r an a c e t o n i t r i l e molecule close to the metal surface. Conversely 

more strongly solvated ions (eg. CI") w i l l be less able to approach the 

electrode surface closely. I f more AsFe" anions ( compared to CI") are 

adsorbed onto the electrode surface or in to the IHP then the a t t r ac t ion 

f o r P h C N 2 S 2 + is bet ter and there is a lower ac t iva t ion ba r r i e r . 

At higher concentrations of e l ec t ro ly t e , the concentration of 

adsorbed ions increases and the d i f f u s e double layer becomes compressed. 

The concentration of the supporting e l ec t ro ly te i s much greater than 

that of the e lectroact ive species of in te res t , but i n these cases t h i s 

i s a constant e f f e c t across a l l the measurements and therefore may be 

omitted from the discussion. 

( i i i ) .Fur thermore from the Table 5.7. i t may be seen that f o r the 

same cations the AsFc sal ts generally give more pos i t ive Ep^[Ox] values 

than do the chlorides, the exception being the phenyl de r iva t ive . 

This shows the importance d i f f e r e n t anions can make to measurements and 

the importance of being consistent i n constructing a series. 

The reasons f o r the higher values obtained may be s imi la r to those 

mentioned in 5 . 4 . 4 . ( i i ) . with a f a s t e r electron t ransfer being an 

important f a c t o r . A more pos i t ive Ep^[0x ] value means that the 

compound is easier to reduce ( i e . to add an e lec t ron) , a. more d i f f u s e 

double layer or a large number of extra electron processes which would 

be associated with greater ion pa i r ing f o r example wi th in i t would 

hinder t h i s 
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Table 5.7. Comparison of Epy2 values according to isomer and sa l t type. 

Salt 2,C13C- 2,Pro- 2 , t f lu - 3,*Bu- 2,Me- 3,Me- 2 5Ph- 3 3Ph-

AsF 6- / / 0.45 0.18 0.46 0.16 0.52 0.24 

CI" 0.53 0.48 0.33 / 0.28 / 0.60 / 

2 = 1,2,3,5, isomer. 

3 = 1,3,2,5, isomer. 

The exception to t h i s observed trend i s the value obtained f o r the 

[PhCN2S2]Cl/AsF6 system. Not only are the values much closer together 

but they are also reversed. [ P h C N 2 S 2 ] C l has a more pos i t ive Epy 2[Ox] 

value than [PI1CN2S2]AsF 6 (0.60 and 0.52V respec t ive ly ) , although a value 

of 0.7V might be expected of [PhCNoS2]AsF6. This c lea r ly means that a 

s l i g h t l y d i f f e r e n t mechanism is at work, and that other fac tors come 

in to play. Double peaks are observed in the voltammogram and one 

explanation may be a coupled chemical react ion, in t h i s case, the 

formation of dimer uni ts i n the double layer even though esr indicates 

the bulk solut ion to be largely monomeric. A higher concentration of 

PhCNiS2

+ would be expected in the double layer than i n the bulk-

so lu t ion . 

[PhCN 2S 2] + » (PhCN2S2)" ' (PhCN 2S 2) 2 

I t i s wel l established that RCN 2S2 - i s a p a r t i c u l a r l y stable f r ee 

r a d i c a l , f requent ly observed f o r a range of R substi tuents. However, 

the dimeric un i t (RCN2S2)2 i s less of ten seen, though s t i l l known f o r a 

range of R groups eg. C F 3 2 7 , Me 2 8 , P h 2 9 , p-ClPh. The pa r t i cu la r 

s tructure of (PhCN 2 S2) 2 , moreover, seems to be almost unique amongst 

these compounds the other dimer compounds are usually l inked by one S-S 

in t e rac t ion . 
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Figure 5.10. CV of 1,2, [CH3CN2S2]C1 

r 
0 1.0 1.0 

1.0 1-0 

Figure 5 .11. CV of 1,2, [CH3CN2S2]AsF6 
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Q 1/ 

Figure 5.12. Dimer s tructure of PhCN2S2 

For a l l three compunds [PhCN 2S 2]CI, [PhCN2S2]AsF6 and (PhCN 2S 2) 2 the 

process PhCN2S2* . PI1CN0S2' is the same a.nd i t is therefore to be 

expected that they would have s imi la r or iden t i ca l po ten t ia l s . I t is by 

no means clear how dimerisation might complicate the mechanism, but i t 

is possible that since the [ P h C N o S o ] A S F G system is r e l a t i v e l y unhindered 

by solvat ion e f f e c t s , dimerisation would be easier. Once dimerisation 

had occurred reversal of the process ( ie oxidation) back to the 

monomeric cation would then become that much harder. In the chloride 

system, there are solvation e f fec t s and cation/anion interact ions to 

take in to account; dimerisation here therefore would be a r e l a t i v e l y 

slower process, and hence there would be more PhCN2S2 radicals s t i l l 

l e f t on the return voltage sweep. 

( iv) .Another feature worth noting is that the voltammograms of the 

various neutral species, BuCNSSN,p-C1 -I'hCNSSN, Figures 5.13.& 14. show 

not only very clear 2nd e~ processes but also that these are revers ible , 

or nearly so. That these systems show these features may be explained 

by the f a c t that they lack any i n t e r f e r i n g anions. 
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In several cases, eg. where R = 1 b u t y l , the r e v e r s i b i l i t y f o r 

the process i s s t r i k i n g p a r t i c u l a r l y in the voltamraograms of the neutral 

species tBuCNSSN and PhCNSSN. The r e v e r s i b i l i t y of a CV or at least i t s 

closeness to i t seems to depend largely on the R group. The more the R 

groups in terac t with the e lectroact ive group the more nearly reversible 

the system becomes. For a reversible process the peak po ten t i a l 

d i f fe rence should be 56mV or less. Most of the d i th iad iazo le systems 

studied had a peak po ten t i a l d i f fe rence of only 20-30 mV and some had no 

measurable d i f fe rence at a l l . 

( v ) . F i n a l l y from Table 5 .7 . , i t should be noted that i n every case 

when comparing the AsF6 sal ts (values are not avai lable f o r the 

ch lor ides ) , the 1,2, isomers always give much higher po ten t i a l values 

than the corresponding 1,3 isomers. This phenomenon is probably due to 

the r e l a t i ve energy levels of the LIJM0/S0M0 o r b i t a l s on the r i n g . The 

impl ica t ion i s that the LUMO is lower i n energy and the H0M0/S0M0(LUM0) 

energy gap i s smaller in the 1,2 isomer where there i s considerable 

o r b i t a l overlap on the two adjacent sulphur atoms, than in the 1,3 

isomer, where t h i s overlap is not possible. 

This conclusion seems to be borne out by theore t i ca l (MNDO) 

calcula t ions . See Figure 5.13. Because the 1,3 and 1,2 isomers have 

such d i f f e r e n t values f o r the same R group, and because the 1,3 isomer 

i s thermodynamically unstable with respect to the 1,2 isomer 3 0 , i t 

should be possible to observe a,n isomerisation between the two. This 

phenomenon can c lear ly be seen in Figure 5.7. where a CV was taken 10 

minutes a f t e r the preparation and i so la t ion of the brown l i q u i d 1,3 

l b u t y l d i th iad iazo le , a process which i t s e l f takes 1-1.5h. This 

compound reportedly photochemically isomerises to the 1,2 isomer at room 

temperature over a few days 3 0 . 
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However, a very pronounced peak corresponding to the 1,2 isomer occurs 

ind ica t ing that in f ac t isomerisation occurs very rap id ly even at only 

s l i g h t l y elevated temperatures and when exposed to jus t a small amount 

of l i g h t , a conclusion supported independently 3 1 . 

Energy (eV) 

- 8.09 
- 9.10 

M.O. Numbers 

6.61 15 

• 8.49 14 

17.62 44-
18.73 4-J-

H - 17.72 13 
- 18.25 12 

1,2-isomer 1,3-isomer 

Figure 5.13. HOMO/SOMO(LUM0) energy levels of 1,2 and 1,3 

d i th i ad iazo les . . 

Scheme 5.4. Redox Series. 

( i ) . 1,2, Radicals; CF3 > Ph > p-ClPh > propyl > t b u t y l > CH 3. 

( i i ) 1,2, Chlorides; CF3 > CH2Ph > Ph > C13C > propyl > t b u t y l >CH3. 

( i i i ) . 1,2, AsF6 sa l t s ; C13C > Ph > t b u t y l , CH 3. 

( i v ) . 1,3, AsF6 sa l t s ; C13C > anthr> p-CNPh> p-Cl?h> Ph>/?-CH3Ph>tbu, Me 

(v) . EN va lues 3 2 ; C13C, 2.65; propyl , -0.115; t f l u , -0 .3; Ph, 0.46; 
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Figure 5.14. CV of tbuCNSSN' showing reversible 2nd e process. 

1.0 0 

Figure 5.14. CV of 1,2, (/?-ClPhCN2S2) 

1.0 1 0 
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Scheme 5.4 gives the relevant oxidat ion series f o r the 

d i f f e r e n t systems studied. In general these are as expected wi th the 

groups wi th higher e lec t ronegat iv i t ies producing more pos i t ive E p ^ 2 ( o x ) . 

Thus when R=CF3, the oxidat ion peak is +0.80V. However, meaningful 

e lec t ronegat iv i ty values are not always avai lable and there are some 

unexpected resu l t s , f o r example in 5 . 4 . ( i i ) . both phenyl and benzyl 

der ivat ives have E(ox) values above that obtained f o r C I 3 C . This can 

probably be explained i n terms of s t e r ic f ac to r s , i n the benzyl compound 

the bulky phenyl section may "swing away" from the e lectroact ive area, 

whi l s t in the s t ra ight phenyl compound electron exchanges are s tab i l i sed 

by delocal isa t ion in to the r i ng and the s t e r i c f a c t o r i s minimised by 

the planar conf igurat ion of the r i n g . A l l the a l k y l der ivat ives give E 

values below the a r y l compounds (they are harder to reduce i e . add an 

electron) and largely fo l l ow e lec t ronegat iv i ty values wi th the exception 

of the methyl de r iva t ive . See Table 5.8. Broadly speaking the pattern 

is the same across a l l four sequences, with the highly electronegative 

groups coming above the a r y l derivat ives which themselves come above the 

a l k y l groups. Indeed in the sequences ( i ) - ( i i i ) the pattern i s 

i den t i ca l and only f o r the 1,3 isomers i s the sequence var ied. Thus 

C I 3 C - f a l l s below phenyl in the 1,2 chlorides but above i t in the 1,3 

AsF6 s a l t . This i s an indica t ion of a mesomeric e f f e c t associated wi th 

the 1,2 phenyl di thiadiazol ium chloride whi l s t e lec t ronegat iv i ty appears 

more important in the 1,3 sa l t s . This i s supported by the values 

obtained i n the para- substi tuted phenyl sequence wi th both p-CN and 

p-Cl having a pos i t ive inductive and a strong conjugative e f f e c t over 

phenyl whi l s t the p-C\h group has a negative inductive e f f e c t and no 

poss ib i l t y of conjugation. I t i s also worth noting that w i t h i n a 

sequence the a l k y l compounds a l l have f a i r l y close E j y 2 ( o x ) values. 

This is a t t r ibu ted to t h e i r s imi la r s tructure and s imi la r 

e l ec t ronega t iv i t i e s . 
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Figure 5.16. C 1 _ ^ ^ J - ^ ^ ( ^ = ( 1 

- 0 0 — ~OCl 

-OCT — -CKr 

Table 5.8. Correlat ion of EN with E P ^ 2 f o r the a l k y l der ivat ives . 

E P j2 (ox) . 

EN. 

Es 2 9 

Pr n =propyl 

EN=Electronegativity 

Es=Steric f ac to r 

CH3 tBu C13C 

0.28 0.33 0.48 0.53 

0 -0.30 0.113 2.65 

-1.24 -2.78 -1.6 -3.3 

However, with Es, which takes s te r ic factors in to account there is no 

obvious cor re la t ion , which indicates that other fac tors such as 

e lec t ronegat iv i ty and inductive e f f ec t s are important. 

5.5. Conclusion. 

CV is a useful too l in the study of S/N compounds because of 

t h e i r general a b i l i t y to undergo electron t ransfer processes, 

p a r t i c u l a r l y on the reduction side due to t h e i r good electron accepting 

propert ies. 
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Although the redox potent ia ls of RONS So are r e l a t i v e l y s imi la r wi th in a 

series the R group s t i l l has a s i g n i f i c a n t e f f e c t . Because the 

e lectroact ive part i s the CN2S0 r i n g , inductive and conjugative e f fec t s 

must be important p a r t i c u l a r l y with the more electronegative groups. 

Steric f ac to r s , although s t i l l s i g n i f i c a n t , are less important. 

The redox poten t ia l f o r S 2 N + is i n keeping wi th those found 

f o r SN+ and S a N 2 + " . The Hammett p lots obtained, a l b e i t over a l im i t ed 

range of compounds suggest a s imi lar electron t r ans fe r mechanism f o r a l l 

these types of compounds, as i s indicated by the s t r i k i n g s i m i l a r i t y of 

the CV's themselves. This may also seen between the 1,2 and the 1,3 

isomeric forms suggesting a s imi la r mechanism acts across these two 

rings as w e l l . 
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CHAPTER SIX 

SOME REACTIONS OF THE DITBIONITRONIUM CATION. 



6 . 1 . INTRODUCTION. 

The S 2N + cation was f i r s t prepared i n 1978 as the S2NSbCl5 s a l t 1 by 

the reaction of S7NI1, S7NBG16 or 1,4 - S 6N 2H 2 with SbCl6 i n l i q u i d S0 2, 

but i t was not u n t i l the synthesis of S2NAsF<5 i n 19802 that i t s 

usefulness as a synthetic bu i ld ing block was f u l l y rea l i sed . There is a 

good deal of l i t e r a t u r e about the cycloaddit ion reactions of S 2N + with 

alkenes, alkynes and n i t r i l e s 3 , 4 . However, very l i t t l e work appears to 

have been carr ied out with other unsaturated compounds, such as 

isothiocyanates, n i t r o sy l s e tc . , nor wi th alkynes in unfami l ia r 

environments eg. as ligands in t r ans i t i on metal complexes. Some 

reactions therefore of t h i s nature were investigated and are reported in 

t h i s chapter. Some resu l t s , however, proved inconclusive. Nevertheless 

t h i s i s a,n area of work r ipe f o r f u r t h e r and in te res t ing developments. 

The synthesis, described below, of a new S 2N + reagent, S 2 N C F 3 S O 3 , 

provided an ins ight in to the solut ion e q u i l i b r i a of the S 2 N + /S 3 N 2

+ " 

system. A comparative study of the synthetic u t i l i t y of various S 2N+ 

reagents, namely S2NAsF6, S2NSbCl6 andS2NCF3S03 was also carr ied out. 

The c rys ta l s tructure of S3N2CF3SO3 was f i r s t reported i n 19805 but i t 

contained solvent of c r y s t a l l i s a t i o n . This s tructure has been 

redetermined wi th no solvent of c r y s t a l l i s a t i o n and i t is reported 

l a t e r . 

6.2. EXPERIMENTAL. 

6 . 2 . 1 . Preparation of S2N C%S%. 

I n a t y p i c a l react ion, S02 (15ml) was condensed onto a mixture of 

(NSC1)3 (0.634g, 2.61111110I) and s i l ve r t r i f l a t e (2.0g, 7.78mmol), placed 

together wi th a t e f l o n coated s t i r r i n g bar i n one side of a "dog". An 

immediate react ion occurred resu l t ing in a yellow solu t ion and a white 
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f loccu len t s o l i d . A f t e r s t i r r i n g t h i s f o r 1/2 h sulphur (0.0311g, 

7.TSmniol) was added to the pre-cooled (-15°C) solut ion against a counter 

current of dry ni trogen. This gave an o l ive green so lu t ion which was 

s t i r r e d f o r a f u r t h e r 4h at room temperature. The so lu t ion gradually 

turned br ight yellow over t h i s time. The solut ion was then c a r e f u l l y 

f i l t e r e d in to the empty bulb and the volume of l i q u i d reduced severely 

u n t i l small t h i n yellow p la te le t s formed; no f u r t h e r p rec ip i t a te formed 

on cooling to -15°C. The remaining l i q u i d was decanted o f f and the 

crysta ls were washed several times by back condensing SOo• This l e f t 

b r igh t yellow crystals (0.65g, 377. based in s i l v e r t r i f l a t e ) , whi ls t 

removal of the S02 from the decanted l i q u i d l e f t a s t icky red o i l , 

(un iden t i f ed ) , but which contained crystals of S9.NCF3SO3 (0.09g) and 

S3N2CF3SO3 (0.04g). The crystals of S2NCF3SO3 were extremely moisture 

and oxygen sensit ive and even slowly decomposed when exposed to the 

atmosphere of the glove box f o r any length of t ime. S3NCF3O3 requires 

C 5.287o, N 6.27., S 42.37.. Found C 5.267., N 6.07., S 41.5%; In f ra red 

spectrum, vm&x = 1250 sbr, 1220 sbr, 1180 sbr, 1030 sbr 760 s, 635 vs, 

580 m, 520 in, 440 s, 380cm"1 s; m.s.(CI)m/e 78 (537.) S2N+, 227 (87.) 149 

(87.) CF3SO3". 

6 . 2 . 2 . Reaction of S2N GF3SO3 with ClkCN. 

S2NCF3SO3 (0.25 g, 1.1 mmol) was placed in one bulb of a dog. This was 

cooled to -196°C and dry MeCN (1.0ml, 0.019mmol, 14x excess) was 

syringed in on top of the so l id against a counter current of dry 

ni t rogen. The MeCN was then frozen and the vessel evacuated. Liquid 

SO2 (15ml) was condensed onto the mixture and the whole so lu t ion s t i r r e d 

f o r 24h at room temperature. The remaining unreacted S2NCF3SO3 was 

f i l t e r e d o f f (0.175g) and the solvents removed under vacuum. This 

yielded dark green c rys ta l s , which were t ransferred to a closed 

extractor , washed b r i e f l y with S02 and i d e n t i f i e d by in f r a red 
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spectroscopy as [ C H 3 C N S N S ] C F 3 S O 3 . Yield = 0.085g (307. based on 

S2NCF3SO3). I n f r a red spectrum, / / , n a x cm" 1; 1250 s, 1220 vs, 1180 vs, 1030 

vs. 980 s, 760 s, 740 s, 630 s, 580 s, 520 s, 440 s, 380 s, 360 s; 

Analysis; C3H3S3N2F3O3 requires; G 13.4, II 1 .1, N 10.4, S 35.86; found 

C 12.4, II 0.74, N 9.68, S 35.17. 

6.2.3. Reaction of S-zN CF3S0z with tlenzonitrilc. 

Yellow S0NCF3SO3 (0.35g, I.61111110I) was placed in to one ha l f of a dog with 

PhCN (0.17g, 1.6mmol) syringed into the other. A f t e r S02 (15ml) was 

condensed onto both sides and warmed to room temperature, the two 

solutions were brought together and s t i r r e d f o r 2h. Over t h i s time the 

solut ion turned brown/red which, 011 removing the solvent, yielded a 

brown so l i d (0.38g, 74% based on S 2 N C F 3 S O 3 ) i d e n t i f i e d by in f ra red 

spectroscopy as [PhCNSNS]CF3S03. C8H5S3N2F3O3 requires C 29.08, H 1.5, 

N 8.48, S 29.13, F 17.26, 0 14.54. Found C 29.20, II 1.47, N 8.56, 

S 30.0, F 17.12. 

6.2.4. Preparation of S^AsF^. 

Green S 3 N 2 C I (0.5g, 3.13mmol) was loaded with a t e f l o n s t i r r i n g bar into 

one side of a dog with AgAsF6 (0.93g, 3.13mmol) in the other. SO2 (20g) 

was condensed onto the S 3 N 2 C I and (lOg) onto the AgAsF6. The solutions 

were allowed to warm to room temperature, when the AgAsF6 dissolved 

completely, whi l s t the S 3 N 2 C I gave a dark green solu t ion over 

undissolved s o l i d . On addit ion of the AgAsF6 so lu t ion to the S 3 N 2 C I the 

so lu t ion turned brown immediately and a f t e r s t i r r i n g f o r 8h a white 

so l i d had prec ip i ta ted out. This so l id (AgCl, i d e n t i f i e d by analysis) 

was f i l t e r e d o f f . The solut ion yielded dark brown S 3N 2AsF 6 (0.96g, 987«) 

i d e n t i f i e d by in f r a red spectroscopy and p u r i f i e d by r e c r y s t a l l i s a t i o n 

from SOo• 
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S 3N 2AsF 6 requires S 30.71, N 8.94, As 23.95, F 36.4. Found S 30.65, 

N 8.78, As 24.16. 

6.2.5. Preparation of S3N2CF3SO3 and Crystal Structure. 

( i ) Crystal growth. - S3N0CF3SG3 could be i so la ted , under s l i g h t l y 

d i f f e r e n t conditions, by a s imi lar reaction used to obtain S 2 N C F 3 S O 3 . 

SO2(15ml) was condensed onto a mixture of (NSC1)3 (0.634g, 2.6mmol) and 

AgCF3S03 (2.0g, 7.78mmol) in a dog. A f t e r s t i r r i n g f o r l / 2 h , a s l i gh t 

excess of sulphur was added (0.05g, 0.2mmol) to the pre-cooled vessel. 

Tiny green p la te le t s formed in the r e su l t ing o l i v e green so lu t ion , which 

were isolated i n small y i e l d by decanting o f f the so lu t ion at t h i s 

stage, and washed by back condensing SOo. The green meta l l ic crystals 

( O . l l g , 157. based on (NSCT) 3), i d e n t i f i e d by in f ra red spectroscopy and 

elemental analysis, were extremely moisture sensi t ive . However, a 

c rys ta l sui table f o r X-ray analysis was picked. 

( i i ) . Crystal Data. - S 3 N 2 C F 3 S O 3 , Mr = 273.27, 

System: Monoclinic, Space group = P21/n, 

a = 8.632(4), b = 10.614(8), c = 8.387(6)A, 

a = 90.0, 0 = 9 0 . 7 9 ( 5 ) ° , 7 = 90.0. 

U - 768.34A 3, Z = 4, Dc =2 .36 g/cm. 

F(000) = 540, A(Mo,kft) = 0.71069. 

H = 12.17cm- 1, T = 208k. 

A c rys ta l of dimensions 0.3 x 0.1 x 0.1 mm was mounted under N2 in 

a sealed quartz Lindeman c a p i l l a r y . 1340 unique r e f l e c t i ons were 

measured and f o r determination of the structure 1180 r e f l ec t i ons were 

used, wi th F 0 > 3. Final residues are; R = (F) / (F„) = 0.0248, 

RE = 0.0358. 
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6.2.6. Reaction of SZNASFQ with N-Piperidinc thionitrosyl. 

On bringing a so lu t ion of S2NAsF6 (O.'lg, 0.37inmol) i n S02 in to contact 

with a s l i g h t excess of N-Piperidine t h i o n i t r o s y l (0.42ml, 0.40mmol) in 

SO2 an immediate reaction took place to give a blood red so lu t ion . On 

removal of the SO9 a red o i l was obtained. 

Table 6 . 1 . Bond Lengths (A) and angles (°) f o r S3N2CF3S03 

(4)-S(3) 2.146(3) N(2)-S(4) 1.614(4) 
2)-S(2) 1.566(4) S(3)-N(l) 1.612(4) 
1)-S(2) 1.569(4 S( l ) -0(1) 1.432(3 

S( l ) -0 (2 ) 1.452(3) S( l ) -0 (3) 1.437(3 
S(l)-C 1.828(5) F( l ) -C 1.325(4) 
F(2)-C 1.326(4) F(3)-C 1.327(4) 

S(4)-N(2)-S(2) 119.3(2) N(2)-S(4)-S(3) 96.8(21 
S(4)-S(3 - N ( l ) 96.9(2 S(3)-N(l)-S(2) 119.3(2 

2)-S(2 -N( l 107.6(2) 0(3)-S(1)-0(1) 116.3(2 
0 ( 2 ) - S ( l ) - 0 ( l ) 114.6(2) 0 (3) -S( l ) -0 (2) 113.3(2 
C-S(l)-0(1) 103.6(2 C-S(l)-0(2) 103.0(2 
C-S(l)-0(3) 103.8(2) F(l)-C-S 1 111.0(3] 
F(2)-C-S(l) 110.7(3) F(2)-C-F(l) 107.7(3 
F(3)-C-S(l) 111.3(3) F(3)-C-F(l) 107.9(3 
F(3)-C-F(2) 108.1(3) 

Table 6.2. Selected Non-Bonded Distances (A). 

Intramolecular: 

FCl) -S( l ) 2.614 F(2) -S( l ) 2.610 
F 3 -S 1) 2.620 0(2)-0(1) 2.427 
0(3)-0 1) 2.437 0-0(1) 2.574 
F ( l ) - 0 ( 1 ) 3.003 F(2)-0(1) 2.895 
0 ( 3 - 0 ( 2 ) 2.413 0-0(2) 2.577 
F ( l ) - 0 ( 2 ) 2.897 F(3)-0(2) 3.011 
C-0(3) 2.581 F(2)-0 3 3.025 
F(3)-0(3) 2.899 F(2) -F( l 2.141 
F (3 ) -F ( l ) 2.144 S(2)-F( l ) 3.218 
N(2)-F( l ) 3.150 F 3)-F(2) 2.148 
S(3)-S(2) 2.745 S(4)-S(2) 2.745 
S(4)-N(l) 2.834 N(2)-N(l) 2.530 

;2)-S(3) 2.834 

Intermolecular: 

S(3)-S(la) 3.888 S(4)-S(lc) 3.986 
S(2)-S(lb) 4.169 S(4)-S(ld') 3.795 
S(3)-S(ld) 4.033 S(2)-S(le) 3.539 
F 3 -S(le) 3.358 S ( 4 ) - 0 ( l f ) 3.387 
N ( l ) - S ( l e ) 3.770 S(4)-0(2d) 2.650 



Si 
Si 
Si 
Fl 

S 

-O(la) 
i -0 ( lb 
-0(2d 
-0(2e 
-0(2e 
-0(3c) 
-F(2f) 

2.966 
3.173 
2.705 
3.313 
3.097 
3.202 
3.372 

key to symmetry operations; 
' a ) . x , -1 ,0+y.z (b 
c ) . l , 0 - x , l , 6 - y , - z (1 

2 , 0 - , - , - ( f ) 

S(2)-0(2e 
S(4 -0 3c 
S(2)-0(3e 
S(4)-F Id 
S(4)-0 2e) 
S ( 3 ) - F ( l f ) 
S(4)-S(3i) 

2 . 0 - x . l , 0 - y . - z 
-1,0+, 
2 ,0 - , - , 1 ,0 -

3.045 
2.871 
2.956 
3.155 
3.302 
3.479 
2.971 

Table 6.3. Atomic Coordinates (x lO 4 ) f o r S3N2CF3SO3 

Atom X 

S( l ) 7694.5(7) 
0(1) 8382.0(2) 
0(2) 8745.0(2) 
0(3) 6202.0 2) 
C 7294.0(3) 
F ( l ) 8596.0(2) 
F(2 6461.0(2) 
F(3) 6515.0(2 
S(2) 8518.5(7) 
N( l ) 8292.0(2) 
S(3) 6650.4(7) 
S(4) 5557.1(7) 
N(2) 7002.0(3) 

y 

6352.4(6) 
7100.0(2) 
5998.0(2) 
6756.0(2) 
4851.0(3) 
4280.0(2) 
5028.0(2) 
4078.0(2) 
1314.8(6) 
-151.0(2) 
-751.3(6) 
981.1(6) 

1894.0(2) 

•1582.1(8) 
-340.0(2) 

•2843.0(2 
•2166.0(2 
-604.0(3) 
-166.0(2) 
649.0( 

•1566.0( 
630.3(8) 
541.0(3 

1029.6 8 
1703.7(8 
1326.0(3 

'2 
2 

This red o i l was only p a r t i a l l y characterised and did not lend i t s e l f to 

e i ther l \ \ nmr or p u r i f i c a t i o n and ext rac t ion . Both analysis and 

in f ra red spectroscopy indicated that the product was impure. 

C5H5N3S30AsF6 requires C 14.70, H 1.22, N 10.29, S 23.56, 0 3.92, 

As 18.37, F 27.93; Found S 29.73, N 13.1 , II 1.81, C 14.58. 

6.3. RESULTS AND DISCUSSION. 

6 . 3 . 1 . Preparation of S2MT3SO3. 

Several synthetic routes to t h i s compound were t r i e d before a successful 

one was found. Previous routes have involved use of hazardous Lewis 

acids such as AsFs and SbCl.5. SoNSbClc was o r i g i n a l l y prepared i n 

unspecified y i e l d by the reaction of S7NII, S7NBCI2 or 1,4- SeN2H2 with 
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SbCIs i n l i q u i d SO21. S2NAICI4 has also been isolated i n unspecified 

y i e l d from the reaction of S4N4 with AIGI3 in CH0CI26, whi l s t S2NAsF6 

may be prepared according to equations 6.1 k 6.2. i n l i q u i d SO22. The 

yie lds were 20% and 77% respect ively, though in the absence of traces of 

bromine, the y i e l d f o r equation 6.2. was only 30%. 

S 8 (AsF 6 ) 2 + NaN3 * S2NAsF6 + NaAsF6 + N2 + 3/4 S8 Eq. 6 . 1 . 

1/2S8 + S4N4 + 6AsF5 > 4S2NAsF6 + 2AsF3 Eq. 6.2. 

SN+AsF6 + S • S2NAsF6 Eq. 6.3. 

The react ion according to equation 6.3 has also been shown to produce 

S2NASF6 7 i n 50% y i e l d , but has the disadvantage of requ i r ing the 

previous i so l a t i on of extremely moisture sensit ive SNAsFe. A l l these 

routes involve the use of hazardous chemicals, eg. S4N4, NaN3 and ASF5. 

AsFs cannot be bought in t h i s country and therefore must be made by 

burning arsenic i n f l u o r i n e , whi ls t AgAsF6 i s hazardous to prepare and 

expensive to buy. A more convenient preparation of S2NSbCl67 made use 

of the react ion of a s toichiometric amount of sulphur added to an in 

situ source of SN+ to give SoN+. This p r inc ip l e has been u t i l i s e d 

before i n the preparations of S 5 Ns + 8 and N(SC1)2 + 9 , see Scheme 6 . 1 . The 

p a r t i c i p a t i o n of SN+ in these reactions was confirmed by the i so l a t i on 

of S 5 N 5 AsF6 and N(SCl) 2AsF6 from the reactions of SNAsF6 wi th S 4N 4 and 

SCI2 r e s p e c t i v e l y 1 0 . Reactions of Lewis acids with (NSC1)3 have been 

extensively studied 1 1.Scheme 6 . 1 : -

(NSC1)3 + 3MC13 • 3'NSCl.MCV 

'NSCl.MCV + S4N4 > S5N5MCI4. 

M = Fe, A l 8 . 

(NSC1)3 + 3MC13 > 3'NSC1.MC13' 

'NSC1.MC13' + SC12 —* N(SCl)2MCl.i 

M = Fe, A19. 
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I n the react ion of SbCls with (NSC1)3 the overa l l reaction becomes 

chlorine ex t rac t ion . 

Scheme 6.2. 

(NSC1)3 + SbCl5 • 3'NSG1.SbCl5' 

•NSCl.SbCl5 + S • SoNSbCle, 

Besides S 2NSbCl 6, S 3N 2Cl +SbCl 6~ was also iso la ted , i n f a c t when the 

weaker Lewis acids, eg F e C l 3

1 2 were used in the same reaction instead of 

SbCls, the major product then became [SeN 4 ] [FcCl 4 ]2 • This was 

ra t iona l i sed on the basis of the weaker Lewis ac id i ty of FeCl 3 towards 

the ch lor ide . A unknown intermediate was suggested, S N SCI, which 

reacted wi th any S2NFeCl4 formed Scheme 6.4. 

1/3 (NSC1)3 + FeCl 3 + S — > [SoNFeCl4] 
> 1 / 2 [ S 6 N 4 ] [ F e C l 4 ] 2 + I/2S2CI2 

1/3 (NSC1)3 + S > [S N SCI] 

The use of a strong chloride ion acceptor suggested the mechanism 

of removing the chlorine as a v o l a t i l e or insoluble organic or inorganic 

chlor ide . I n i t i a l experiments made use of a s i l y l reagent, since s i l y l 

reagents have been used to great e f f e c t elsewhere in S/N c h e m i s t r y 1 3 " 1 6 . 

3Me3SiCF3S02 + (NSC1)3 + 3S 

3LiCF 3S0 3 + (NSC1)3 + 3S 

3AgCF3S03 + (NSC1)3 + 3S -

* 3 S2NCF3S03 + 3Me3SiCl Eq.6.4. 

•> 3 S2NCF3S03 + 3LiCl Eq.6.5. 

* 3 S2NCF3SO3 + 3AgCl Eq.6.6. 

Me3SiCF3S03 was reacted with (NSC1)3 in both CH2C12 at r e f l u x and 

S02 but i n both cases a black o i l y tar was the only product. This was 

probably due to the highly reactive chlorines on the (NSC1)3 at tacking 

the hydrogen atoms of the methyl groups. 
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A react ion with l i t h i u m t r i f l a t e i n TI1F was t r i e d , LiCF3.S03 being very 

insoluble in SOo and CH2CI0. LiCl is also soluble i n THF by 

coordinat ion, but on removing the solvent only LiCF3S03 was obtained. 

The only successful route found was that using AgCF3S03. The use of 

s i l v e r sa l ts i n l i q u i d S02 in reactions in which AgCl i s prec ip i ta ted 

out has been used successfully elsewhere, eg. 

[PhCN 2S 2]Cl + AgAsFc > AgCl(s) + [PhCN 2S 2]AsF 6. 

Although AgCF3S03 is only sparingly soluble in SO2, AgCl is even less 

so, and the reaction AgCF3S03 (s) + S02 . AgCF3S03 (solv) 

proceeds to the r i g h t . On addit ion of AgCF3S03 to (NSC1)3 i n SO2 a 

b r igh t yellow solut ion resul ted, with a f loccu len t p rec ip i t a te of AgCl. 

No attempt was made to i so la te the intermediate, presumed to be 

S N C F 3 S O 3 , since SN+ compounds are notoriously moisture and a i r 

sens i t ive . The o l ive green solut ion which resulted on addi t ion of 

sulphur i s possibly due to the formation of S3N 2

+ ' species, formed from 

the reaction of the S2N+ product with the excess SN+ i n so lu t ion . As 

more sulphur so lub i l i ses , more SN+ reacts to give S 2N + and the solut ion 

gradually turns yellow. When longer times were allowed f o r the 

react ion, the yie lds dropped. The red o i l at the end of the experiments 

was almost ce r t a in ly contained decomposition products, two of which were 

t e n t a t i v e l y a t t r ibu ted to S4N4 a,nd S3N2O2 by comparison with products 

repor ted 1 1 from the reactions of S 2 N + . The br ight yellow so lu t ion , 

which appeared stable over time was decanted o f f and the volume reduced 

to provide br ight yellow p la te le t s of S 2 N C F 3 S O 3 , i d e n t i f i e d by inf ra red 

spectroscopy, elemental analysis and by reaction wi th MeCN. 

The in f r a red spectra of S 2N + sal ts are very simple, Figure 6.1 a ) . - d ) . , 

the only peaks a t t r ibu tab le to S/N bending/stretching modes are at 520, 

1010 and HOOcnr1 respectively and the major peaks are of the anion. 

Note that the high charge density on S 2N + has led to a s h i f t to higher 

wave numbers compared to other S/N cations eg. S 3 N 2 C I 2 . 
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Figure 6 . 1 . In f r a - r ed Spectra of S 2N + sa l t s . a).S 2NAsF 6 , b).S 2NSbCl 6 , 

c).S 2NCF 3S03, d ) . S 3 N 2 C l 2 . 

1 

V 

v 

A 

li-OO MOO I U K ) tk-«J 40U 

W A V E N U M H f f t C M 

167 



6.3.2. A Comparative Study of S^N* Salts. 

The reactions of S2NAsF6 are wel l documented 3, 4. There are, 

however, several other sal ts of S 2 N + , notably the SbCle salt ,which has 

been reported i n the l i t e r a t u r e 1 , and the CF3SO3 sa l t (page 159). 

However, S2NAsl?6 i s not easy to prepare and S2NSbCl6 reactions tend to 

be much slower and so a more convenient reagent was hoped f o r i n 

S 2 N C F 3 S O 3 . 

As + F 2 * AsF5 — ^ > AgAsF6 + AsF3 Eq.6.7 

AgAsF6 + (NSC1)3 + S8 > S2NAsF6 + S x (AsF 6 ) 2 Eq.6.8 

I n the preparation of S2NCF3SO3 no poiysulphur ca t ionic species are 

found, presumably because of the low oxid is ing power of CF.3SO3" . Both 

S2NSbCl6 and S2 NCF3SO3 are easier to prepare than S2NAsF6 but y ie lds are 

generally lower, 77% f o r SoNAsFe compared to 30-40% f o r the t r i f l a t e and 

SbCle" sa l t s . Also side products become a problem, p a r t i c u l a r l y with 

the S2NSbCl6 preparation. This may be i n part due to the less rigorous 

drying of reaction vessels and reagents wi th SbClg and AgCF3S03, AsFs is 

vigorous remover of traces of water, and indeed extra care was found to 

be necessary i n the preparation of S 2 N C F 3 S O 3 . This compound is 

p a r t i c u l a r l y sensit ive and even decomposed in the glove box. 

A comparison of s o l u b i l i t i e s revealed that whi l s t S2NAsFe was 

extremely soluble in S02 and moderately soluble i n most common organic 

solvents, S2NSbCl6 was almost the exact opposite i n that i t was 

p r a c t i c a l l y insoluble in most solvents. S2NCF3S03 was soluble in S02 

and showed some s o l u b i l i t y i n organic solvents, but to a lesser extent 

than the A s F g s a l t . 

The u t i l i t y of S2NCF3S03 as a reagent appeared to l i e somewhere between 

S2NAsFe and S2NSbCl6. While a l l three react i n a s imi la r manner. 



reactions were fas te r and cleaner f o r SoNAsFf, and gave higher y ie lds . 

For example the reaction with MeCN took only a few hours wi th S2NASF6, 

whi ls t with S2NCF3SO3 i t took 24h f o r an incomplete react ion. With 

SoNSbCle th i s reaction would take a week, and be complicated by side 

reactions. A p a r t i c u l a r l y good example of t h i s was encountered in the 

reactions of S 2N + with anthracene c a r b o n i t r i l e . Whilst S2NAsF6 reacted 

in the expected cycloaddition across the u i t r i l e group, the SoNSbCle 

sa l t was apparently complicated by additions across the central carbon 

atoms. S0NCF3SO3 also reacted f a i r l y readi ly with benzon i t r i l e . The 

products with the CF3SO3 anion tended to be more b r i g h t l y coloured than 

the AsF'g analogues, though whether t h i s is due to some cation/anion 

charge t ransfer remains undecided. 

S t a b i l i t y and air /moisture s e n s i t i v i t y seemed to be related to the 

hardness of the anion. Very pure SoNAsFr, may be exposed to a i r f o r 

short periods (1-2 mins) without too much decomposition, as may 

S2NSbCl6, both with r e l a t i v e l y hard anions. S2NCF3S03, however, is 

extremely-sensitive. I t was concluded therefore that whi l s t useful f o r 

some syntheses the S0NCF3SO3 sa l t does not have the u t i l i t y of the AsF6 

der iva t ive . 

6 .3 .3 . Some Reactions of A^Ms/'e. 

S2N* salts have an extensive and diverse chemistry and are of 

increasing use as a bui ld ing block in the synthesis of S/N and S/.N/C 

heterocycles. Figure 6.2. 

LUMO 

• 9 
S—N—5 
0 • 

! 0 ? 
S N — S 0 • 0 



They a l l appear 1 : 0 react in an ident ica l manner, i e . v ia a 

concerted symmetry allowed eye- loaddit io i r 1 . This process is assisted by 

the large contr ibut ion of the S centres in both the HOMO and the LUMO 

o r b i t a l s of SoN*. This is par t ly due to the f ac t that the S centres 

involve not only 3p o rb i t a l s which are larger than the N 2p o rb i t a l s but 

are also more e lec t roposi t ive . The cycloaddit ion of S/N compounds has 

been shown 1 7to occur v ia a reverse electron demand process, that is the 

primary in terac t ion is donation from the HOMO of the o l e f i n in to the 

LUMO of the S/N species, so that f o r neutral S/N compounds which have 

r e l a t i v e l y high energy LUMOs a strong k ine t i c cont ro l i s imposed on 

react ions. Consequently neutral S/N heterocycles are only seen to react 

wi th strained or electron r i ch (high energy HOMO) o l e f i n s . In view of 

these cycloadditions i t was thought that new heterocycles would be 

accessible by the reaction of SoN+ with various unsaturated S/N 

compounds. 

6 . 3 . 3 . 1 . Reaction with 11 N S (1. 

H>:\ N ^ 0 / TN\ 
6.9. [ S = N = S ] + + N = S ^ S \ i / S 

N 

AHf 269.67 89.42 288.21 

All reaction = 70.88 kcal /mol. 

6.L0. [ S = N = ] + + X N = S • 

AHf 269.67 79.15 

All reaction = 79.52 kcal/mol. 

AHf = Heat of formation as indicated by MNDO. 

H 2 N 
N - S 

N 

294.6 
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MNDO calculat ions suggested that both the reactions 6.9 and 6.10 

should proceed eas i ly , and the expected product should be an ionic 

c r y s t a l l i n e s o l i d . In the case of 6.9 calculat ions indicated that 

addi t ion across the S=0 bond was highly unfavourable and that r i ng 

closure would be d i f f i c u l t in t h i s event. 

The precursor to t h i a z y l derivatives R N S is usually the 

sulphuryl imide der ivat ive R—N=S=0. Therefore N - piperidine 

sulphuryl imide ( I ) was chosen f o r an i n i t i a l experiment. 

N - piper idine sulphuryl imide i s a stable yellow o i l at room 

temperature and i s r e l a t i v e l y a i r stable. An immediate reaction 

occurred on addi t ion of ( I ) to a solut ion of S2NASF6 i n S O 2 , g iv ing a 

blood red colour. On vacuum evaporation of the solvent, a red o i l with 

a brown s o l i d was obtained ( crude y i e l d = 0.147g, mass loss =0.011g). 

An extract ion wi th hexane gave a yellow so lu t ion , which yielded the same 

red o i l . This was i d e n t i f i e d by i t s in f ra red spectrum and physical 

character is t ics ( ie did not wet glass) as S3N2O. A f t e r two days S4N4 

peaks were also observed in an inf ra red spectrum. This is a t yp i ca l 

decomposition product of impure S3N2O. An in f ra red spectrum of the 

brown so l id gave a complex absorbancy pat tern, but which had peaks 

assignable to AsF 6 , the sulphuryl imide ( I ) , and S 4 N 4 . A 'H nmr 

spectrum of t h i s was not s i g n i f i c a n t l y d i f f e r e n t from ( I ) . Several 

reaction pathways are possible but is complicated by the f a c t that S3N2O 

is known to undergo f u r t h e r reaction with RNSO compounds1 0. Thus i t 

appears that wh i l s t SoN+ reacts readi ly with ( I ) to give the expected 

N N 
0 

( I ) . 
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product ( I I ) , t h i s is unstable and quickly decomposes by loss of the R 

group to leave S3N2O which then reacts f u r t h e r wi th more RNSO. The 

ingress of moisture cannot be ruled out, although there was no evidence 

f o r NH peaks in the 1H nmr which usually resul ts from hydrolysis of S/N 

compounds. 

O 0 R 
R 

+ S 2 N + N 

n \ 
O 

(n (i) 

R SO 2 

R R N R R R 
N N 

o / 
s N 

\ // 
S S 

N 

Figure 6.3. 

Removal of SO2 would not be s u f f i c i e n t to account f o r the small mass 

loss that occurred on evacuating the system, t h i s i s probably 

a t t r i b u t a b l e to the removal of. unreacted ( I ) and v o l a t i l e products. 

6 .3 .3 .2 . Reactions with Hezyne, Cyclohexene and Cyclooctadiene. 

Cyclooctadiene(COD) is a common t r a n s i t i o n metal(TM) l igand and S2N+ was 

reacted wi th t h i s and hexyne and cyclohexene to invest igate how S2N+ 

would in terac t wi th TM complexes. 
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A 1:1 mole r a t i o reaction of S2NASF6 wi th hexyne i n S O 2 as a solvent 

yielded a pale brown c ry s t a l l i ne s o l i d from an orange so lu t ion . This 

was i d e n t i f i e d as C g H k ^ N A s F g by in f ra red spectroscopy, elemental 

analysis and mass spectroscopy. This reaction is more or less 

quant i ta t ive provided the hexyne is thoroughly dried over molecular 

sieve beforehand. S imi la r ly a compound i d e n t i f i e d as Celli0S2NASF6 was 

obtained as an almost colourless c r y s t a l l i n e so l id from the 1:1 reaction 

wi th cyclohexene, again wi th S02 as solvent. The i n t e g r i t y of the r i ng 

was established by 1 \ \ nmr. An excess of cyclohexene gave a mixture of 

i l l defined products which were hard to separate but which probably 

included the second addit ion of alkene to the S2N uni t i n accordance 

wi th previous l i t e r a t u r e r e s u l t s 4 . 

With COD a more complex reaction occurred. I t was thought 

desirable to attempt to react jus t one double bond wi th S 2 N + to leave 

one double bond f r ee f o r coordination. A 1:1 mole r a t i o react ion, with 

S02 as solvent, was attempted i n which the COD was syringed in to the 

dog. Some of t h i s , however, polymerised to a white so l i d on the vessel 

walls before ge t t ing into so lu t ion . From the r e su l t i ng red solut ion a 

brown c ry s t a l l i ne s o l i d was obtained a f t e r a few hours. In f r a red 

specroscopy indicated no double bonds and the s o l i d was confirmed as 

CsHi2S4N2AS2F12 by analysis. An excess of S2NASF6 has apparently 

resulted from the early polymerisation of some of the COD. Under more 

ca re fu l condit ions, however, where the COD was introduced d i r e c t l y into 

a large volume of solvent, (again i n a 1:1 reaction) a pale almost 

colourless so l id was obtained in which, as indicated by an in f r a red 

spectrum, the S 2 N + had added across jus t one double bond . 

These compounds were i n a l l cases very moisture and a i r sensit ive 

and in situ hydrolysis readi ly occurred in the react ion mixtures when 

the reagents were not thoroughly dr ied . 



An order of increasing s e n s i t i v i t y towards moisture was q u a l i t a t i v e l y 

discerned going from the hexyne product through that of cyclohexene to 

that of COD. I t was assumed that t h i s was a r e f l e c t i o n of decreasing 

thermodynamic s t a b i l i t y with increasing carbon chain length. The 

enthalpy of formation w i l l decrease with an increase i n chain length as 

the entropy term also increases with length. 

6.3.3 .3 . Reactions with Unsaturated W complexes. 

There are s t i l l comparatively few metallacycles and complexes 

containing S/N ligands. However, i n recent years these have at t racted 

increasing a t ten t ion f o r a number of reasons. They warrant a t t en t ion 

because they have the po ten t ia l f o r in te res t ing so l id state properties 

and in forming stacking structures with po ten t i a l as one dimensional 

conductors. A recent example of t h i s is the synthesis of 

[ P t ( S 2 N 2 H ) ( P M e 3 ) 2 ] [ P F 6 ] which has an i n f i n i t e array of i o n s 1 8 , 1 9 . 

Furthermore t h i s pa r t i cu la r example involves a platinum or palladium 

atom as part of a f i v e membered r ing with S 2 N 2 I I " . M/S/N complexes and 

metallacycles also have the a b i l i t y of s t a b i l i s i n g otherwise unknown S/N 

anions, eg. A 1 1 C I 2 ( S 3 N ) and providing useful S/N intermediates. The S 3 N " 

ion i s obtained by deprotonation of S7NII 2 0, 

SyNH • S7N- v S4N- + 3/SS8 * S3N" + 1/2S8 Eq.6.11 

Most i f not a l l these metal complexes involve electron r i c h S/N 

ligands. Nevertheless i t was thought possible to react SoNAsFe with 

unsaturated ligands in situ in TM complexes, whi ls t maintaining 

coordination to the metal centre. The reaction s i t e therefore should 

not be the s i t e of coordination. 

In order to s a t i s f y the above c r i t e r i a therefore a new TM complex 

was t r i e d . CpTaCloOCH2Cfl=CH 2 ( I ) 2 1 has a f r ee v i n y l group, coordination 

being through the oxygen atom. 
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C H 2 = C H C H 2 2 CI C O 
Ta 

C c 0 c C| ^ 0 - C H 2 C H = C H 2 

Figure 6.4. CpTaCl2OCH2CH=^ CH 2. 

I n theory the S2N+ would react wi th the f r ee v i n y l group to give a S/N 

heterocycle s t i l l attached to the metal centre. Unfortunately no 

reaction was seen to occur, possibly because coordination had 

deactivated the v i n y l group (by lowering the energy of the HOMO) or that 

the reaction was s t e r i c a l l y hindered. 

An attempt to react a second compound, W==-N(|)Me(0Ar)4, 

OAr =o~0) , wi th S2NAsF6 was made. Reaction across the W=N bond 

would have led to a f i v e membered metallacycle wi th tungsten s imi lar to 

that formed with platinum and S 2 N 2 . 

JPh 

ArO-v„ 
A r O ^ 

ll OAS" 
-1/ w "^OAr 

Figure 6.5. W = NPhMe(OAr)4. 

However, no reaction occurred and lack of time prevented fu r the r study. 

To see what e f f e c t i f any S2NAsF6 would have on coordinated ligands, 

S2NAsF6 was placed in toluene with (Co) 2(C0)g, dicobalt octacarbonyl. 



Af te r heating to r e f l u x and s t i r r i n g fo r "2 days, no s i g n i f i c a n t 

displacement of carbonyls had occurred, although a metal sheen did form 

on the glass wal ls . Although i t is possible to imagine a number of 

complexes which might be expected to react i n a s imi lar fashion, eg 

cycloheptatriene chromium t r icarbonyl etc. 

6.3.3.4. Further Reactions. 

A recent development has been the synthesis of compounds of the type ( I ) 

and ( I I ) . 

( I ) 

ie 

( I I ) 

Both of these compounds should react with S2NASF6 in t y p i c a l 

fashion to give the products ( I I I ) and (IV) respect ively. 

IN Me, 
Me 

=N 

( I I I ) . ( I V ) . §\Me, 

I n i t i a l experiments with ( I ) did not indicate the r igh t condit ions, and 

time precluded f u r t h e r experiments. However, since S/N/P heterocycles 

are already well known, i t is probably simply a question of more 

detai led invest igat ion and many novel heterocycles may be accessible v ia 

S2N+ reaction wi th eg. R 3P=C , R—P=C~P—C , C-N=P—C etc. 
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6.4. The S3N2

+' Cation. 

The S3N2 r i ng is a member of the series of binary monocyclic thiazenes. 

I t can be found in both neutral compounds such as S3N2O and cat ionic 

species such as S3N2CI+. The neutral r i ng S3N2 in unknown. I t would be 

an S T T Huckel an t i -a romat ic 3 0 with a t r i p l e t ground state and would 

therefore be unstable. The generation of the d i - ca t i on i s more 

favoured. 

Indeed S3N2 2 +, a 6TT aromatic cat ion, has recently been prepared v ia 

a symmetry cycloaddit ion of SoN+ and SN+ 7 . The radica l cat ion, SsKV* 

is a 71 species, which l i k e many S/N compounds the exact nature of the 

s tructure and bonding remained a matter of some speculation u n t i l the 

past 10 years or so 2 2 , 2 3 . Several ionic derivat ives of SaKV in 

addit ion to the chloride and AsFe sa l t s , have now been isolated ( with 

C I S 2 O 6 - , SO3F- S2O2F- and C F 3 S O 3 - ) 2 3 . In the s o l i d state the rad ica l 

exists almost e n t i r e l y as a dimer, SgN4 2 +, with 2 delocalised S3N2 r ings 

i n a trans c o n f i g u r a t i o n 1 3 . Monomeric sal ts have also been reported but 

these are generally early p u b l i c a t i o n s 2 3 " 2 6 and have been the subject of 

some d i s p u t e 2 3 . The monomer, however, has been shown to exis t i n 

so lu t ion . S3N2ASF6 has been previously prepared by the oxidat ion of 

S4N4 with AsFr, i n l i q u i d S O 2 2 6 . Both are hazardous chemicals and a 

safer preparation in higher y i e l d was developed by the simple metathesis 

reaction by analogy with other s i l v e r react ions:-

S3N2CI + AgAsF6

 l l c l - S ° 2 > AgCl(s) + S 3N 2AsF 6 . Eq.6.12. 

Si lver chloride i s v i r t u a l l y insoluble in S02 and so i s easi ly 

removed by f i l t r a t i o n . Recrys ta l l i sa t ion gave almost pure S3N2ASF6. 

The advantages of t h i s route are ( i ) i t gives a highly pure product, and 

( i i ) both S3N2CI and AgAsF6 are readi ly avai lable ; 

S2CI2 + NH4CI > [S3N2C1]+C1- + 8IIC1 + 5S . Eq.6.13 

2[S 3N 2C1]C1 ^ 3 > SO2CI2 + 2 S 3 N 2 C I 2 5 . Eq.6.14 

- 177 -



I t has been proposed that S 3 N 0 2 + exists i n so lu t ion as an 

equi l ibr ium mixture containing SN+ and S2N + and t h i s seems to have been 

confirmed by the reaction with hexaf Itiorobut - 2 -yne 7 . 

S 3N 22+ . SN+ + S 2N+ Eq. 6.15. 

Since S3N2 + ' was obtained from the preparation of S2N+, a s imi la r 

equi l ibr ium is proposed. 

Further evidence f o r a complex equi l ibr ium came from the CV 

studies, Chapter 4, in which S3N0+* gave a number of peaks, one of which 

could be assigned to S2N+ and another which was t en t a t i ve ly assigned to 

S4N2. Two e q u i l i b r i a are therefore possible; 

( i ) . S 3 i y . S 2N + + (SN)" Eq. 6.16. 

( i i ) . S 3 N 2

+ ' ~ — S2N" + SN+ Eq. 6.17. 

II 
S4N2 

Since SN' i s a reactive species and since very l i t t l e (SN)X or S4N4 were 

detected t h i s equi l ibr ium may l i e more to the l e f t . However, from the 

preparation of S 2N + from (NSC1)3/S and AgCF3S03 i t i s d i f f i c u l t to 

understand the observation that the addi t ion of more sulphur seems to 

dr ive the reaction to S 3 N 2

+ * since from 6.16 and 6.17 the presence of 

sulphur would favour the formation of more S 2N+ from any S 3 N 2

+ * present. 

Whether the product was S2NCF3SO3 or S 3N 2CF 3S0 3 appeared to depend on 

the length of time the solution was l e f t and on the volume of S0 2 . 

However, the o l ive green solution always appeared f i r s t , suggesting an 

i n i t i a l S3N2 + * equi l ibr ium. The presence of both S 2N+ and S 3 N 2

+ * has 

been confirmed by c rys ta l growth and an X-ray analysis of the S3N2CF3S03 

obtained from the reaction mixture. 
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6.5. The Crystal Structure of SzN2CFzS0z. 

The c rys ta l s t ructure of S3N2CF3SO3 was f i r s t determined by Roesky 

et a l i n 1980 5. The sa l t was obtained by the reaction of t r i f l i e 

anhydride with S4N4 i n C H 2 C I 2 2 5 . However, t h i s contained ace ton i t r i l e 

as solvent of c r y s t a l l i s a t i o n . Since S3N0CF3SO3 was found in the 

reaction mixture f o r the preparation of SoN+ i t was decided to 

redetermine the c rys ta l s t r u c t u r e 2 8 p a r t i c u l a r l y since SO2 tends not to 

be incorporated in to c rys ta l s tructures. 

Table 6.4. Comparison of Lattice Parameters from Ref.5 and this work for 
S3N2CF3S03 

Ref.5 t h i s work. 

Mol.wt. 273.27 
System. Monoclinic Monoclinic 

Space Gp. P2i/m-C2n P2i/n 
Z 4 4 

a 7.494 8.632 
b 23.390 10.614 
c 6.094 8.8387 
0 110.94 90.79 

D c 1.914 2.36 

Figure 6.6. S3N2CF3SO3 
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N2 

03 S4 F2 

- 179 -



Table 6.4. compares the previous data with those from the present 

study in which the R value is much bet ter . Although the previous 

l a t t i c e parameters are d i f f e r e n t there is good agreement between bonding 

distances and angles. The structure may be considered as a dimer with 

two S3N2 r ings l y i n g i n a chair conformation l inked v ia interact ions 

between the two disulphide bonds. The S3N2 r i n g is not quite planar, 

being s l i g h t l y puckered. The in te r r i ng distance is 2.97A, which seems 

to be t y p i c a l f o r these type of 4 centre S/S interact ions and is much 

less than the sum of the van der Waals r a d i i . However, t h i s is not the 

shortest intermolecular distance, there seems to be s i g n i f i c a n t 

interact ions between S(4), (and to a s l i g h t l y smaller extent wi th S(3)) , 

and 0(2) i n the CF3SO3 anion, the S(4)-0(2) distance being only 2.65A as 

shown in Figure 6.8. 
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Figure 6.7. The uni t c e l l of S3N2CF3S0 

0 
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Figure 6.8. The Dimeric structure of S3N2OF3SO3 showing close approach 

of the 0(3) atom. 
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