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Synthetic and Structural Studies of Some Thiazene Cations 

A.G. Kendrick 

ABSTRACT 

SgN^Cl has been produced by a new route and i s much more stable 
than p r e v i o u s l y reported owing t o greater p u r i t y . I t s chemical 
r e d u c t i o n t o (SN)^ eind reactions w i t h SQ̂  and BF^ were studied. An 
X-ray s t r u c t u r e analysis (R.W.H. Small) revealed secondary c a t i o n -
anion i n t e r a c t i o n s ; the r e s u l t i n g s t r a i n i n the c a t i o n r i n g could be 
detected both by bond angle-bond length c o r r e l a t i o n s and MNDO 
c a l c u l a t i o n s . 

E l e c t r o - r e d u c t i o n of S^N^Cl i n l i q u i d SO^ produced f i n e l y 
powdered (SN) which could be used t o form good q u a l i t y vapour 
deposited f i l m s . Cyclic voltammograms i n l i q u i d SO^ (obtained a f t e r 
spending much time developing an improved procedure) i n d i c a t e d 
p o s s i b l e solvent p a r t i c i p a t i o n i n the reduction process and so 
e l e c t r o c * y s t a l l i z a t i o n of (SN)^ by e l e c t r o - r e d u c t i o n of S N^BF^ 
(prepared from S^N^Cl) i n a c e t o n i t r i l e was i n v e s t i g a t e d . Cyclic 
voltammetric evidence was used t o propose a mechanism of reduction and 
bulk e l e c t r o l y i s experiments using b r i g h t platinum and (SN) f i l m 
cathodes showed the i n f l u e n c e of the cathode on the nature of the 
(SN) deposit. 

Small q u a n t i t i e s of NSF were produced i n ca. 80% y i e l d by the 
s o l i d s t a t e r e a c t i o n of SN AsFg and excess CsF; an unoptimised l a r g e r 
scale p r e p a r a t i o n i n d i c a t e d the usefulness of t h i s route. Various gas 
phase r e a c t i o n s of NSF were studied using i n f r a r e d spectroscopy. 
Attempts t o prepare the simple f l u o r i d e ^^^^ by metathesis from 
S^NgBF^ and CsF were only p a r t i a l l y successful owing t o r e a c t i o n w i t h 
s o l v e n t . 

Reaction of S^n^^'*'(ksF^~) w i t h CsF (1:1) produced S^N^F*AsF^~ 
but f u r t h e r conversion t o S^N^F^ was not possible owing to r e a c t i o n 
w i t h ^ s o l v e n t . Attempted c r y s t a l growth experiments i n d i c a t e d t h a t the 
S N^ i o n e x i s t e d i n an e q u i l i b r i u m mixture containing Ŝ N and SN ; 
t h i s hypothesis was confirmed by i t s reactions w i t h sulphur and 
hexafluorobut-2-yne. These s o l u t i o n e q u i l i b r i a wer^^ e x p l o i t e d by 
designing_ more convenient preparations of_ S N (^sF )„ and 
S^N'^SbClg". The d^ern/caf rEox+ioAS ofr SN'^ASF were studied w i t h a 
view t o the preparation of new compounds. Although no such species 
were i s o l a t e d , the r e s u l t s u s e f u l l y i n d i c a t e d f u t u r e experiments and 
the o x i d i s i n g p r o p e r t i e s of the SN c a t i o n . 
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CHAPTER 1 

General I n t r o d u c t i o n 

1=1 H i s t o r i c a l Development: 

The f i r s t b i n a r y sulphur-nitrogen compound t o be reported was 

S^N^, i n 1835^^^ and sporadic development continued during the 

ninet e e n t h century. Impure S^N^Cl^ was prepared i n 1851 and was 

p r o p e r l y characterized i n the 1880s by Demar^ay, who also described 
(2) (NSCl)^, S^N^Cl, and S^N^C1„,^ The f o l l o w i n g decades saw a gradual 3 4 o o ^ d 

r e c o g n i t i o n of the c y c l i c s t r u c t u r e of such inorganic compounds as the 

phosphazenes, but l i t t l e progress was made i n the f i e l d of 

s u l p h u r - n i t r o g e n chemistry u n t i l a f t e r the Second World War. The 

advent of modern d i f f r a c t i o n techniques r e s u l t e d i n the e l u c i d a t i o n of 
(3) 

the c y c l i c , pseudo-cluster s t r u c t u r e of S^N^ (more than a hundred 

years a f t e r i t s f i r s t preparation) w h i l s t the development of more 

s o p h i s t i c a t e d techniques such as i n f r a r e d spectroscopy, vacuum l i n e 

and i n e r t atmosphere manipulation, and the use of a p r o t i c r e a c t i o n 

media, r e s u l t e d i n a r a p i d a c c e l e r a t i o n i n the pace of discovery, 

A s i g n i f i c a n t development was the p u b l i c a t i o n by Becke-Goehring 

of the monograph 'Ergebnisse und Probleme der Chemie der 
(4) 

Schwefel-Stickstoffverbindungen' i n 1957 and since t h a t date the 

l i t e r a t u r e of sulphur-nitrogen chemistry has grown s t e a d i l y . The most 

recent t e x t s are by Haiduc^^^ and Heal^^^ w h i l s t several authors have 

published review a r t i c l e s , f o r example Becke-Goehring and Fluck 



(1966),^^^ Heal (1972),^^^ Banister (1975),^®^ Roesky (1979),^^^ and 

Chi vers (1982, 1983) ̂ ' ^ ^ ^ A d e f i n i t i v e review of c y c l i c 

s u l p h u r - n i t r o g e n compounds has been published by the Gmelin 
(12) 

I n s t i t u t e and t h i s book w i l l be o f immense use t o f u t u r e workers. 

The d e r i v a t i v e f i e l d o f s u l p h u r - n i t r o g e n - f l u o r i n e chemistry also 

developed i n the post-war p e r i o d , being l a r g e l y the work of Glemser 

and co-workers a t Gottingen, 
The discovery t h a t the polymer (SN)^ e x h i b i t s m e t a l l i c p r o p e r t i e s 

(13) 

and becomes a super-conductor below 0.3K has stimulated tremendous 

i n t e r e s t i n sulphur-nitrogen chemistry and i t i s t h i s impetus which 

has made i t one of the most a c t i v e areas o f curr e n t inorganic 
u (2) research, 

1=2 Current Trends i n Sulphur-Nitrogen Chemistry; A Personal View; 

This s e c t i o n i s an attempt t o i l l u s t r a t e some areas of current 

i n t e r e s t i n sulphur-nitrogen chemistry and t o show how these areas are 

r e l a t e d , both amongst themselves and t o the wider body of developing 

chemical knowledge; i n sho r t i t i s an attempt t o convey something of 

the f l a v o u r of contemporary sulphur-nitrogen research. I n e v i t a b l y , the 

r e s u l t i s a h i g h l y s u b j e c t i v e view and i n no way i s t h i s summary 

intended t o be a comprehensive assessment of recent developments i n 

the f i e l d . 

The c u r r e n t expansion of i n t e r e s t i n sulphur-nitrogen chemistry 

began w i t h the discovery, i n 1975, t h a t the polymer (SN)^ i s a quasi-

one dimensional metal which becomes superconducting below 0.3K.̂ ''"̂ ^ 

Considerable e f f o r t has been spent i n d e v i s i n g improved methods of 



synthesis of the polymer and i n p a r t i c u l a r i t has been found t h a t t o 

ob t a i n polymer w i t h reproducible physical p r o p e r t i e s , extreme care i n 
(14) 

prepa r a t i o n and manipulation i s req u i r e d . (SN) has been used i n 

the f a b r i c a t i o n of blue l i g h t - e m i t t i n g diodes which are thought t o be 

o f p o t e n t i a l commercial s i g n i f i c a n c e ^ a n d has also been used i n the 

f a b r i c a t i o n of b a t t e r i e s . ̂'''̂^ 

The search f o r new mate r i a l s which may have more desirable 

p r o p e r t i e s than (SN) ( f o r example, a degree of s o l u b i l i t y or a higher 

temperature t r a n s i t i o n t o a super-conducting s t a t e ) and the consequent 

search f o r s u i t a b l e precursors has provided a major stimulus, 

p a r t i c u l a r l y t o the f i e l d o f carbon-sulphur-nitrogen chemistry. Many 

papers have been published r e c e n t l y , i n t e r e s t i n g examples include'the 

synthesis of 1,3,5,2,4-trithiadiazepine^'''^^ and the reactions of the 

small ' b u i l d i n g block' species S2N^ w i t h unsaturated species t o give 

d i t h i a z o l i u m c a t i o n s ; these c a t i o n i c heterocycles may be reduced t o 

f r e e r a d i c a l s , ^ ^ ^ ' ^ ^ ^ Further s y n t h e t i c and t h e o r e t i c a l studies of 

sulp h u r - n i t r o g e n r a d i c a l s have been published.^^'^^ Although the 

pr e p a r a t i o n of new ma t e r i a l s w i t h u s e f u l p r o p e r t i e s i s a research goal 

i n s u l p h ur-nitrogen chemistry, i t remains t r u e t h a t most published 

work i s p r i m a r i l y of fundamental academic i n t e r e s t . At the present 

stage of development i t i s the s y n t h e t i c chemistry which i s advancing 

most r a p i d l y . Old problems are being r e - s c r u t i n i z e d ( f o r example the 
(21) 

r e a c t i o n between S^N^ and acetylenes) and new sy n t h e t i c s t r a t e g i e s 
are being used t o produce q u i t e s t a r t l i n g new compounds ( f o r example 

(22) 
the very recent p r e p a r a t i o n o f the azulene analogue S^N^C^)-

As new species are produced, so i n t e r e s t i n the modes of bonding 



i n s u l p h ur-nitrogen compounds increases. The discovery of the 14-Tr 

Ŝ N̂ "*" cation^^"^^ and the r e c o g n i t i o n of S-N."*" and S.N. as 5 5 4 3 2 2 
Hiickel-aromatic species was a key development. The extent t o which 

sulphur-nitrogen heterocycles are s t a b i l i z e d by t h i s a r o m a t i c i t y and 

hence which heterocylces are l i k e l y t o be preparable i s s t i l l a poi n t 

of debate. Over the past decade, Chivers and co-workers have prepared 

a number of new binary s u l p h u r - n i t r i d e s (most notably S N ~ ) ^ ^ ' * ^ and 

sulphur-nitrogen-phosphor^us compounds and have extensively 

i n v e s t i g a t e d the electron-accepting p r o p e r t i e s of these e l e c t r o n - r i c h 

species, both from the s y n t h e t i c and t h e o r e t i c a l p o i n t of view.^^^'^'^^ 

S i m i l a r l y , the advent of modern, more s o p h i s t i c a t e d t h e o r e t i c a l 

techniques has r e s u l t e d i n a re-examination of o l d problems i n 
(25) 

s u l p h u r - n i t r o g e n chemistry ( f o r example the bonding and p y r o l y s i s 
(26) 

products of S^N^ ) and i t seems l i k e l y t h a t t h i s trend w i l l 

continue. 

Other areas o f cu r r e n t i n t e r e s t include the extensive f i e l d of 
(27) 

metal-sulphur-nitrogen compounds, w h i l s t t o p i c s such as (2) (28) sulphur-nitrogen-oxygen and sulphur-nitrogen-boron chemistry 
seem r i p e f o r more systematic i n v e s t i g a t i o n ; longer established f i e l d s 

such as sulphur-nitrogen-phosphor^^as^^^^ and sulphur-nitrogen-

f l m i r i n e ^ ^ ^ ^ chemistry continue t o y i e l d important r e s u l t s . 

F i n a l l y , i t i s worth emphasizing t h a t advances i n synthesis have 

r e s u l t e d from advances i n technique. I n c r e a s i n g l y , speclioscopic 
o-u J u (18) , 15„ (30) ̂  methods such as e.s.r. and N n.m,r, together w i t h 

(31) 

electrochemical i n v e s t i g a t i o n s and the ever-improving methods of 

X-ray s t r u c t u r a l a n a l y s i s , seem l i k e l y t o r e s u l t i n f u r t h e r r a p i d 



advances i n t h i s f a s c i n a t i n g t o p i c o 

l o 3 A B r i e f Overview o f t h i s Thesis: 

I n the f o l l o w i n g s e c t i o n , the relevance of t h i s t h e s i s t o various 

themes mentioned i n Section 1„2 i s discussed. Chapter 3 describes 

various s y n t h e t i c and s t r u c t u r a l studies of the compound S N CI which 

were undertaken i n order t o i n v e s t i g a t e the new routes t o the 

conducting polymer (SN) and t o i n v e s t i g a t e the s t r u c t u r a l chemistry 

of the S N c a t i o n . A b r i e f MNDÔ ^̂ ^ study of the c a t i o n i s included. 
D D 

Chapter 4 deals w i t h the preparation of (SN) from Ŝ-N 

compounds, f i r s t l y by e l e c t r o - r e d u c t i o n of a s o l u t i o n of S^N^Cl i n 

l i q u i d SO^ ( e i t h e r constant c u r r e n t or f l o a t i n g current and f l o a t i n g 

p o t e n t i a l modes) and secondly by c o n t r o l l e d p o t e n t i a l reduction of a 

s o l u t i o n o f S(.N BF i n a c e t o n i t r i l e . The c h a r a c t e r i s t i c s of the (SN) 

deposit produced by these two methods are discussed and c y c l i c 

voltammetric studies of the two systems are used t o elucidate the 

mechanism of r e d u c t i o n . 

Recently, new routes t o the p o t e n t i a l ' b u i l d i n g block' species 

SN'^ASF "̂ "̂ ^̂  and S_N"^ASF "̂ '̂̂ ^ have been described. The use of SNAsF. 

i n a convenient p r e p a r a t i o n of the r e a c t i v e gas NSF, previously 

accessible only by more complex and expensive routes, i s described i n 

Chapter 5. Several gas phase rea c t i o n s were i n v e s t i g a t e d w i t h the 

i n t e n t i o n o f producing new heterocycles, but un f o r t u n a t e l y without 

success although an a d d i t i o n r e a c t i o n w i t h CF OF appeared t o y i e l d a 
o 

species of the type RNSF^ as the primary product. Other attempts t o 

prepare the simple f l u o r i d e S^N2'''F~ d i d not proceed simply. 



The r e a c t i o n o f S_NAsF_ and SNAsF_ had been reported t o produce 
( 3 5 ) 

the c y c l i c compound SgN^CAsFg)^, which was characterized by 
elemental a n a l y s i s and v i b r a t i o n a l spectroscopy. Chapter 6 describes 

attempts t o prepare the compound ^•^•^2' P^^viously reported as an 
( 3 6 ) 

obscure v o l a t i l e c r y s t a l l i n e s o l i d , by stepwise r e a c t i o n of 

S„N_(AsF_)„ w i t h CsF. The intermediate compound S„N-FAsF„ was i s o l a t e d 

but conversion t o ^^2^2 achieved owing t o r e a c t i o n w i t h 

s o l v e n t . C r y s t a l growth experiments on S„N_(AsF_)- indicated t h a t an 

e q u i l i b r i u m between the S^N^, SN"*", and Ŝ N̂ "̂*" ions existed i n s o l u t i o n 
+ 2+ 

and subsequent r e a c t i o n s of SN and S N w i t h elemental sulphur 

together w i t h MNDO c a l c u l a t i o n s , s u b s t a n t i a t e t h i s hypothesis. The 

p r i n c i p l e s discovered i n t h i s study of e q u i l i b r i a were used t o design 

a new p r e p a r a t i v e route t o S^NSbClg, which i s a n t i c i p a t e d t o be an 

i n c r e a s i n g l y u s e f u l precursor i n sulphur-nitrogen chemistry. 

F i n a l l y , Chapter 7 contains an i n v e s t i g a t i o n of the chemistry of 

the r e a c t i v e SN^ i o n , undertaken w i t h the aim of producing new species 

from t h i s simple precursor. Although no new species were i s o l a t e d , 

u s e f u l p o i n t e r s t o f u t u r e experiments were obtained. 

1„4 Some P r a c t i c a l Aspects: 

Two f a c t o r s which above a l l else determine the experimental 

procedures i n sulphur-nitrogen chemistry are the l a b i l i t y of 

s u l p h u r - n i t r o g e n r i n g s and cages and t h e i r moisture s e n s i t i v i t y . 

U n l i ke molecular frameworks constructed of carbon or phosphorous and 

n i t r o g e n atoms, the sulphur-nitrogen framework w i l l not necessarily 

p e r s i s t unchanged through sequential r e a c t i o n s , but w i l l o ften tend t o 



cleave and rearrange, sometimes i n most unexpected ways. This l a b i l i t y 

i s one reason why most o f the r e a c t i o n s i n v e s t i g a t e d i n t h i s t h e s i s 

were performed a t room temperature or below. More s p e c i f i c examples of 

l a b i l i t y are discussed i n Chapters 3 and 6, 

The general moisture s e n s i t i v i t y of sulphur-nitrogen compounds 

has several i m p l i c a t i o n s f o r work i n the area. I n the case of the 

extremely s e n s i t i v e gas NSF, elaborate precautions must be taken t o 

avoid massive h y d r o l y s i s , w h i l s t small amounts of i m p u r i t i e s , 

e s p e c i a l l y h y d r o l y s i s products, exert a profound e f f e c t on the 

p r o p e r t i e s of (SN) (see Chapter 4 ) , For successful preparative work 

t o be undertaken, then, extreme care i s necessary i n the p u r i f i c a t i o n 

o f s t a r t i n g m a t e r i a l s and s o l v e n t s , cleaning o f r e a c t i o n vessels, and 

manipulation o f r e a c t i o n mixtures and s o l v e n t s . These c o n s t r a i n t s can 

hinder the a p p l i c a t i o n of techniques which are r o u t i n e i n other areas 

of chemistry, a good example being the a p p l i c a t i o n of electrochemical 

techniques t o the r e d u c t i o n of the S^N^* ion (see Chapter 4 ) . 

S i m i l a r l y , the r e l a t i v e l y i n e r t and e a s i l y p u r i f i e d solvent of choice 

f o r many a p p l i c a t i o n s i n sulphur-nitrogen chemistry, SO^, i s not 

always convenient f o r otherwise r o u t i n e techniques such as N.M.R. 

spectroscopy or e l e c t r o c h e m i s t r y . Surmounting these and s i m i l a r 

d i f f i c u l t i e s presents one of the enduring challenges i n 

sulphur-nitrogen chemistry; i t i s also one o f the l i m i t i n g f a c t o r s i n 

the r a t e o f progress. 
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CHAPTER 2 

General Experimental Procedures 

2=1 General Techniques: 

a) EJanipulation of 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 . A l l manipulations 

of m o isture-sensitive or hygroscopic m a t e r i a l s and a l l p u r i f i c a t i o n s 

or d i s t i l l a t i o n s of solvents were performed under an atmosphere of dry 

n i t r o g e n or i n vacuo. For manipulation a t the bench, n i t r o g e n from the 

Departmental supply l i n e was p u r i f i e d by passage through a heated 

copper tower ( t o remove oxygen) and through a P̂ Ô ^ tower ( t o remove 

moisture) before use. Other manipulations were conveniently performed 

under an atmosphere of dry n i t r o g e n i n a Vacuum Atmospheres glove box 

(Type HE43-2) equipped w i t h a r e c i r c u l a t i n g pump and molecular sieve 

d r y i n g column (HE493 DRITRAIN). The pressure i n the glove box was 

regulated w i t h a Pedatrol HE-63-P r e g u l a t i n g u n i t and the n i t r o g e n was 

supplied from a high pressure c y l i n d e r (B.O.C. White Spot grade). 

b) I n f r a r e d spectra. I n f r a r e d spectra were recorded on Perkin-

Elmer g r a t i n g spectrophotometers (Type 477 or 577). Spectra of s o l i d s 

were recorded as n u j o l mulls on KBr p l a t e s unless otherwise stated. 

Gas phase spectra of n o n - f l u o r i n a t e d compounds were recorded using a 

Pyrex c e l l (10cm) f i t t e d w i t h KBr windows w h i l s t gas phase i n f r a r e d 

spectra of f l u o r i n a t e d or h i g h l y m o i s t u r e - s e n s i t i v e substances were 

recorded using a passivated s t a i n l e s s s t e e l c e l l f i t t e d w i t h AgCl 
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windows, 

c) Raman spectra, Raman spectra were recorded on e i t h e r a Gary 82 

spectrophotometer (Spectra Physics 125 la s e r , 6328 A e x c i t i n g l i n e or 

Spectra Physics 164 l a s e r , 5145 X e x c i t i n g l i n e ) , or a Ramanlab 

spectrophotometer (Spectra Physics 125 l a s e r , 5145 K e x c i t i n g l i n e ) . 

S o l i d samples were sealed under dry n i t r o g e n i n glass c a p i l l a r i e s 

before r e c o r d i n g the spectra. 

d) Wuclear magnetic resonance spectra. Nuclear magnetic resonance 
19 

spectra of F species were recorded using a Varian XL200 200MHZ 

pulsed Fourier transform spectrometer unless otherwise stated. Spectra 

of SO^ s o l u t i o n s were recorded i n 10 mm' tubes a t -70°C 

e) EJass spectra. Mass spectra were recorded on an A.E.I. (MS9) 

spectrometer a t 120-180°C and 70eV w i t h an a c c e l e r a t i n g p o t e n t i a l of 

8 KV. Samples were introduced by d i r e c t i n s e r t i o n i n t o the ion source, 

f ) X-ray powder diagrsims. X-ray powder diagrams were obtained 

using a Debye-Scherrer camera and Cu-K^ r a d i a t i o n ( n i c k e l f i l t e r ) . 

The image was recorded on Kodak No-Screen f i l m (Type NS-292T). The 

samples were ground t o a powder ( i f necessary) and sealed i n t h i n 

walled c a p i l l a r i e s (0.3 mm O.D., Lindemann glass or q u a r t z ) . 

g) Elemental analyses. Except where state d otherwise, elemental 

analyses were performed i n t h i s Department by Mr R. Coult (S, N, As, 
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B, CI, Fe) or by Mrs M. Cocks (C, H). Carbon and hydrogen analyses 

were obtained using a Perkin-Elmer 240 Elemental Analyser. Sulphur and 

c h l o r i n e were determined by oxygen f l a s k combustion followed by 

v i s u a l or p o t e n t i o m e t r i c t i t r a t i o n of sulphate and c h l o r i d e ions 

r e s p e c t i v e l y . Nitrogen was determined by the micro-Kjeldhal method 

w h i l s t boron, arsenic, and i r o n were determined by atomic absorption 

spectroscopy using a Perkin-Elmer 403 Atomic Absorption Spectrometer. 

f ) Glassware. Pyrex f l a s k s and s i n t e r s f i t t e d w i t h c o n i c a l 

ground-glass j o i n t s were e i t h e r placed i n an oven (ca. 100°C) f o r 

30min, or g e n t l y flamed w i t h a hand-torch (ca 500°C) i n a f l o w of 

n i t r o g e n before use. The procedures f o r using more sp e c i a l i z e d 

glassware are described below. 

g) Vacuum l i n e s . For general purpose manipulation of solvents, a 

Pyrex vacuum manifold f i t t e d w i t h greased high vacuum ground-glass 
-2 

taps was adequate and a vacuum as good as t o 10 t o r r could be 

achieved; connection t o r e a c t i o n vessels was v i a tap adaptors and 

rubber t u b i n g . 

For high-vacuum sublimations, a good vacuum was e s s e n t i a l t o lower 

the temperature o f s u b l i m a t i o n and hence t o avoid the thermal 

decomposition of compounds under i n v e s t i g a t i o n . The high-vacuum 

manifold was constructed of Pyrex and had been designed and b u i l t by 

Z.V. Hauptman. Using a s i l i c o n e o i l d i f f u s i o n pump and r o t a r y backing 

pump, w i t h J. Young's Teflon-stemmed valves and V i t o n rubber '0' r i n g 
_7 

j o i n t s , a vacuum as good as 6 x 10 t o r r was achieved; s l i g h t 
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greasing (Apiezon 'N') of the valve stems and '0' r i n g s was necessary 

f o r the best r e s u l t s . 

For manipulation of SO^ and of r e a c t i v e f l u o r i n e compounds, i t was 

found convenient t o use a vacuum manifold made of monel, equipped w i t h 

s t a i n l e s s s t e e l Whitey valves (1KS4). Attachment of vessels t o the 

manifold was v i a Swagelok Teflon compression f i t t i n g s iX" O.D.). 

Vacuums of 10 t o r r were r e g u l a r l y achieved; i f SO^ only was being 

manipulated, a mercury d i f f u s i o n pump could be used which achieved 
-4 

vacuums of 10 t o r r . The monel l i n e had the added advantage t h a t i t 

could be d r i e d by fla m i n g w i t h a hand-torch w h i l s t under dynamic 

vacuum; a d e t a i l e d d e s c r i p t i o n of the procedure f o r c o n d i t i o n i n g the 

monel vacuum l i n e t o a standard s u i t a b l e f o r work w i t h t h i a z y l 

f l u o r i d e (NSF) i s given i n Chapter 5, 

h) Temperature c o n t r o l . Heating could be achieved by use of a 

s i l i c o n e o i l bath and s t i r r e r h o t - p l a t e or by use of e l e c t r i c a l 

h e a t i n g tapes and a v a r i a b l e transformer. On the high vacuum l i n e i t 

was possible t o c o n t r o l sublimation temperatures t o the nearest 1°C 

by use of a Eurotherm thermostat and e i t h e r a r e s i s t i v e wire e l e c t r i c 

furnace (designed and b u i l t by Z.V. Hauptman) or a s i l i c o n e - o i l bath 

and s t i r r e r h o t - p l a t e . 

Cooling as low as -15°C could be achieved by use of an 

a l c o h o l - f i l l e d Haake bath c i r c u l a t o r ; the temperature could be 

adjusted t o 1°C. 

i ) D i f f e r e n t i a l scanning c a l o r i m e t r y ( D o S o C o ) . D.S.C. traces were 
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recorded using a M e t t l e r FP80 c o n t r o l u n i t coupled 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 Fisons y - t ch a r t recorder. Samples were 

h e r m e t i c a l l y sealed i n aMminium capsules by co l d welding. 

2 o 2 Hore Sp e c i a l i z e d Techniques: 

a) Two-bulbed r e a c t i o n vessels. These have been described 

p r e v i o u s l y . ̂ "̂ ^ I n t h i s work, each bulb (ca. 10 ml) was surmounted by a 

J. Young's or R o t a f l o Teflon-stemmed valve and the two bulbs were 

separated by a medium p o r o s i t y s i n t e r e d glass f r i t . A t y p i c a l vessel 

i s i l l u s t r a t e d i n Figure 2.1. For some l a r g e r scale reactions i t was 

found convenient t o use a vessel w i t h 200 ml bulbs and a 2 cm 

diameter s i n t e r e d glass f r i t w h i l s t f o r re a c t i o n s i n v o l v i n g very f i n e 

p r e c i p i t a t e s , a f i n e p o r o s i t y f r i t was used. The two-bulbed vessels 

could be attached t o the monel vacuum l i n e v i a t h e i r X" O.D. ground 

glass f i t t i n g s . 

These two-bulbed vessels had several d i s t i n c t advantages f o r the 

i n v e s t i g a t i o n of 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 . F i r s t l y , the vessels 

could be r i g o r o u s l y d r i e d by f l a m i n g w h i l s t being kept under dynamic 

vacuum. Secondly, since the vessels were r e l a t i v e l y small they could 

be weighed a c c u r a t e l y and thus losses from or a d d i t i o n s t o the system 

under i n v e s t i g a t i o n could be detected. F i n a l l y , since the vessel i s a 

closed system, solvents w i t h vapour pressures greater than 1 

atmosphere could be used (eg SO2 ca. 3 atm, C l ^ ca, 6 atm); 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 of gaseous reagents could be introduced 

i n t o r e a c t i o n mixtures. 



16 

k—• l/4-inch o.d. 

L r sinter 

J.Young's 
valve 

Figure 2 . 1 . A t y p i c a l two-bulbed r e a c t i o n vessel 
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Many reac t i o n s discussed i n t h i s t h e s i s were between a s o l i d 

soluble i n SO^ and a s o l i d s p a r i n g l y soluble i n SO^. I n such cases i t 

was possible t o place the s p a r i n g l y soluble s o l i d i n one bulb (the 

r e a c t i o n bulb) together w i t h a Teflon coated magnetic s t i r r i n g bar and 

place the soluble s o l i d i n the other bulb. Condensation of SO^ i n t o 

both bulbs gave a s o l u t i o n i n one bulb and a mixture of s o l u t i o n and 

s o l i d i n the r e a c t i o n bulb; the soluble reagent could then be added t o 

the r e a c t i o n bulb. S l i g h t c o o l i n g of the empty bulb caused a l i t t l e 

SO^ t o d i s t i l back and t h i s solvent was returned t o the r e a c t i o n bulb; 

several r e p e t i t i o n s of t h i s procedure enabled complete t r a n s f e r of the 

so l u b l e reagent t o be achieved. Separation o f a soluble from an 

i n s o l u b l e product was achieved by a combination of f i l t r a t i o n and 

washing w i t h b a c k - d i s t i l l e d s olvent. Products were conveniently 

recovered a f t e r removal of solvent by c u t t i n g the bulbs o f f w i t h a 

g l a s s - k n i f e ; the vessel could be re-used a f t e r re-attachment of the 

bulbs, (using a gas-oxygen t o r c h ) and annealing i n an oven up t o 

565°C. 

b) WMR tubes. I t was found t h a t some reactions could be 

conveniently monitored by nuclear magnetic resonance spectroscopy. Ten 

m i l l i m e t r e Pyrex tubes were used and these were f i t t e d w i t h J. Young's 

Teflon stemmed bleed valves. The tubes could be connected t o a monel 

vacuum manifold by sho r t lengths of Pyrex tube, of an appropriate 

diameter, which were pushed i n t o the top of the bleed-valve; t h i s 

j o i n t was protected w i t h Apiezon 'Q' s e a l i n g compound. V o l a t i l e 

solvents or reagents were condensed i n t o the tubes from the vacuum 
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manifold. Since the tubes could be weighed on an a n a l y t i c a l balance, 

an accurate record of the amounts of reagents and reference used could 

be kept, which enabled the y i e l d of products t o be estimated. 

c) Closed e x t r a c t o r s . Exhaustive e x t r a c t i o n s of moisture-sensitive 

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 solvents (e.g. SO^ or CCl^) could 

be conveniently performed i n a closed e x t r a c t o r (designed by Z.V. 

Hauptman). A d e s c r i p t i o n of t h i s type of e x t r a c t o r has appeared i n the 
( 2 ) 

l i t e r a t u r e . 

d) Honel r e a c t i o n vessels. The monel cans used i n the t h i a z y l 

f l u o r i d e experiments discussed i n Chapter 5 have been described 
, (1) p r e v i o u s l y , 

2 o 3 Electrochemical Techniques: 

a) Current supply. Two modes of curr e n t supply were used i n the 

bulk e l e c t r o l y s i s experiments described i n Chapter 4, Constant 

c u r r e n t ( g a l v a n o s t a t i c ) supply was maintained by a s t a b i l i s e d d.c. 

source designed and b u i l t by A. Royston ( U n i v e r s i t y of Durham). This 

device was capable of d e l i v e r i n g constant currents ranging from 

0-10mA; the maximum allowable p o t e n t i a l drop across the terminals was 

40 V. 

Constant p o t e n t i a l ( p o t e n t i o s t a t i c ) c u r r e n t supply was maintained 

by a M i n i s t a t P r e c i s i o n P o t e n t i o s t a t supplied by H.G. Thomson and 

Associates (Newcastle-upon-Tyne). 
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1/4 inch o.d. 

(not to scale) 
Figure 2 . 2 . The Ag /Ag reference electrode. 

a) s i l v e r w i r e - i n - g l a s s s e a l , capped 
w i t h A r a l d i t e ; 

b) scalable side-arm; 
c) c y l i n d r i c a l s i l v e r gauze; 
d) glass s i n t e r 
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b) Reference electrodes. Although the saturated calomel electrode 

(S.C.E.) electrode was used i n some p r e l i m i n a r y experiments, i t was 

found convenient t o use a O.IM Ag^/Ag electrode, made up i n anhydrous 

a c e t o n i t r i l e , as the reference electrode f o r both a c e t o n i t r i l e and 

sulphur dioxide s o l u t i o n s . The reference electrode i s i l l u s t r a t e d i n 

Figure 2.2. The %"0.D. se c t i o n f a c i l i t a t e d a vacuum-tight seal when 

passed through e i t h e r a reamed-out Swagelok compression f i t t i n g {Yz" t o 

reduction) or a Q u i c k f i t thermometer screw compression f i t t i n g . The 

electrode was f i l l e d by s e a l i n g i t , v i a a Q u i c k f i t thermometer screw 

f i t t i n g , i n a Pyrex bulb and then evacuating i t through the side-arm. 

'A'. A f t e r exhaustive evacuation t o remove absorbed gases from the 

el e c t r o d e , the side-arm was sealed w i t h a gas-oxygen t o r c h . A 

thoroughly degassed s o l u t i o n of O.IM AgBF^ i n a c e t o n i t r i l e was 

t r a n s f e r r e d t o the bulb c o n t a i n i n g the electrode from another bulb, 

which was j o i n e d t o i t v i a a Teflon-stemmed valve. As the porous t i p 

of the electrode was immersed i n t h i s s o l u t i o n , the electrode body 

f i l l e d completely w i t h s o l u t i o n . The electrode was stored w i t h the t i p 

sealed under n i t r o g e n i n a bulb c o n t a i n i n g a O.IM s o l u t i o n of AgBF^ i n 

a c e t o n i t r i l e . 

When f r e s h l y prepared, the electrode had a p o t e n t i a l of +0.26 V vs 

S.C.E. but a f t e r storage f o r several months, the p o t e n t i a l was found 

to be +0.33V vs. S.C.E. During any experiment, the electrode was stable 

t o w i t h i n ±, 5 mV; t h i s compares w i t h 1. 50 mV reported f o r a 

quasi-reference electrode used by Bard et a l f o r recent work i n l i q u i d 

The f a c t t h a t the electrode was completely f i l l e d w i t h 
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a c e t o n i t r i l e enabled i t t o be used i n pressurised systems such as SÔ  

s o l u t i o n s . Although some d i f f u s i o n across the porous plug occurred 

causing p r e c i p i t a t i o n of a f i n e white s o l i d ( p o s s i b l y Ag^SO^), the 

p o t e n t i a l of the electrode was not a f f e c t e d . A f t e r several experiments 

i n l i q u i d SO^, a bubble formed i n the electrode which necessitated i t s 

r e f i l l i n g . 

c) Other electrodes. For bulk e l e c t r o l y s e s , platinum sheet or 

c o i l e d platinum wire electrodes were used. The use of s p e c i a l l y 

constructed (SN) -coated electrodes i s described i n Chapter 4. For 
X 

c y c l i c voltammetry, a working electrode c o n s i s t i n g of a platinum disc 
2 

(area = 1.47 mm ) mounted i n Pyrex was used. This type of electrode 

has been described i n the l i t e r a t u r e . ^ T h e stem was constructed from 

V O.D. Pyrex t u b i n g which enabled the electrode t o be used, i n the 

same way as the reference e l e c t r o d e , i n pressurised and evacuated 

systems. Platinum cathodes were ground i n a s l u r r y of alumina and 

concentrated n i t r i c a c i d before use. 

d) Electrochemical c e l l s . A prototype c e l l i s i l l u s t r a t e d i n 

Figure 2.3. Two- or t h r e e - limbed versions were used as appropriate; 

the electrodes could be introduced v i a e i t h e r reamed-out Swagelok 

compression f i t t i n g s or Q u i c k f i t thermometer screw f i t t i n g s and J. 

Young's B19 cone-and-socket j o i n t s . I n l a t e r models, the working and 

reference electrodes could be separated from the counter electrode by 

means of a medium p o r o s i t y Pyrex s i n t e r . 
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Figure 2.3. A prototype two-limbed electrochemical c e l l ; 
1) a u x i l i a r y e lectrode, 2) working electrode, 
3) Swagelok Vz t o / i " reduction union, 
4) monel leads, 5) Rotaflo valve, 6) O.D. 

p r e c i s i o n t u b i n g 
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e) C y c l i c voltammetry. Cyclic voltammograms were recorded using a 

B i o A n a l y t i c a l Systems p o t e n t i a l wave generator (Type CV-IB) and a 

L i n s e i s x-y c h a r t recorder. 

2.4 Sulphur-Nitrogen St a r t i n g Materials: 

a) Chlorothiodithiazyl chloride, S^^Cl^. This was prepared by a 

m o d i f i c a t i o n (developed by Z.V. Hauptman) of the procedure of J o l l y 
(4) 

and Maguire. Ammonium c h l o r i d e (lOOg, oven d r i e d ) , powdered sulphur 

(20g), and S^Cl^ (100 ml) were placed i n a 500 ml round-bottomed 

flanged f l a s k f i t t e d w i t h two a i r condensers (50 x 3 cm) placed one on 

top of the other and protected from the atmosphere by a CaCl^ d r y i n g 

tube. A l l j o i n t s were sealed w i t h Teflon sleeves and the flange top 

was l u b r i c a t e d w i t h Kel-F grease. The mixture was r e f l u x e d , the r e f l u x 

p o i n t being i n i t i a l l y set close t o the top of the f i r s t a i r condenser, 

which had been scratched on the i n s i d e . A f t e r a short time, red-brown 

c r y s t a l s of S N„C1 formed on the i n s i d e of the condenser. A f t e r the 

f o r m a t i o n of a c r y s t a l l i n e r i n g i n s i d e the condenser, the r e f l u x p o i n t 

was g r a d u a l l y lowered by means of a j e t of compressed a i r , thus 

l e a v i n g behind a s u b s t a n t i a l c r y s t a l l i n e deposit of S^N^Cl^. A f t e r ca. 

6h, the r e a c t i o n was stopped and the lower a i r condenser was removed 

and attached t o a twin-necked round-bottomed f l a s k f i t t e d w i t h a tap 

adaptor; stoppers were placed a t the top end o f the condenser and i n 

the flanged f l a s k . A f t e r pumping on the crude S^N^Cl^ to remove 

v o l a t i l e i m p u r i t i e s (S^Cl^. SCl^), the c r y s t a l s were scraped i n t o the 

f l a s k against a counter-flow of dry n i t r o g e n and stored under nitrogen 

i n a sealed container i n the glove box. Up t o 20g of S^N^Cl^ could be 
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obtained by t h i s method, and the r e a c t i o n pot could be re-used up t o 

f i v e times simply by recharging w i t h f u r t h e r 100 ml a l i q u o t s of S^Cl^. 

I n f r a r e d spectrum,0 1010s, 933vs, 826w, 710s, 579s, 459s, 403vs, 
r r i c i x 

381ms cm"'̂ . Raman spectrum (6328 K) , 930vw, 725vw, 580vw, 405w, 

370VW, 350vw, 265m, 205w, 180vs, 175m, sh, 140s, 120m, 110m, 90m, 

60m, 40w cm ^. 

b) T r i t h i a z y l t r i c h l o r i d e , ( N S C l ) ^ . This m a t e r i a l was prepared 
(4) 

according t o the method of J o l l y and Maguire by the c h l o r i n a t i o n of 

SgN^Cl^. The c h l o r i n e was passed through a P̂ Ô o '̂^̂-'-̂S column before 

r e a c t i o n w i t h the S N„C1^ which had been placed i n a round-bottomed 

f l a s k . I t was found t h a t removal of SCl^ and breaking up of the 

c r y s t a l l i n e product two or three times d u r i n g the c h l o r i n a t i o n helped 

t o ensure complete conversion. The l i t e r a t u r e r e c r y s t a l l i z a t i o n from 

hot carbon t e t r a c h l o r i d e was found t o r e s u l t i n s u b s t a n t i a l losses as 

a r e s u l t of d e c h l o r i n a t i o n , even i f performed under an atmosphere of 

dry c h l o r i n e . A b e t t e r a l t e r n a t i v e was found t o be exhaustive 

e x t r a c t i o n w i t h c o l d carbon t e t r a c h l o r i d e i n a scaled-up model of the 

closed e x t r a c t o r described e a r l i e r ; (NSC1)„ dissolved t o form a b r i g h t 

yellow s o l u t i o n l e a v i n g a small amount o f a white r e s i d u a l s o l i d 

(probably NH^Cl/NH^SO^). V i r t u a l l y q u a n t i t a t i v e conversion from 

S„N„C1„ was obtained. I n f r a r e d spectrum (Csl pl a t e s ) \) 1020vs, br, 

835sh, 701s, 622w, 498vs, 441 w, 390vs, 360vw, 347sh, 320sh cm"'''. Raman 

spectrum (5145 % ) \ ) 101Ovw, 695w, 685w, sh, 610w, 485m, 430w, 380s, 

340vs, 320m, 185s, 180s, 110s, 80vs, 45w, 25w cm"'''. 
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c) T h i o t r i t h i a z y l Chloride^ S^W^Cl. This was prepared by the 
(4) 

l i t e r a t u r e method from S N^Cl and excess S CI i n dry carbon 

t e t r a c h l o r i d e . The mixture was r e f l u x e d f o r 5h, a f t e r which time the 

SgN^Cl^ had been consumed and a canary-yellow p r e c i p i t a t e of S^N^Cl 

had formed. The S^N^Cl was removed by f i l t r a t i o n and a f t e r pumping was 

extr a c t e d w i t h dry pentane t o remove r e s i d u a l i m p u r i t i e s . A r e l a t i v e l y 

low y i e l d of 50% was obtained. I n f r a r e d spectrum (Csl plates) \̂  

1165s, 1128w, sh, 1000s, 680m, 602vw, 575m, 470s, 455m, sh 330m cm"'̂ . 

Raman spectrum (5145 8) V) 61Ow, 567w, 477m, 250w, 210w, 165vw, 
max 

150VW, 110m, 100m, 80m, 45s cm"''". 

d) P e n t a t h i a z y l tetrachloroferrate„ S^W^FeCl^^. This was prepared 

by the method of Banister and C l a r k e ^ f r o m (NSCl)^, f'eCl^, and S^N^ 

i n SOCl^. Yields of 70% were obtained. R e c r y s t a l l i z a t i o n of the crude 

m a t e r i a l was from SOCl^^^^ i f required. I n f r a r e d spectrum (CsCl disc) 

\ ) 1138VS, br, 1042w, 925w, 728w, 690m, br, 608m, 528vs, 490sh, max 
375vs, 328m, 307w, 295w, 283w cm""*". 

e) Thi a z y l hexafluoroarsenate„ SWASFQ. This was prepared by an 

e a r l i e r v ersion of the l i t e r a t u r e p r o c e d u r e . T h e modified procedure 

described i n the l i t e r a t u r e was designed t o minimize the losses 

s u f f e r e d d u r i n g the sublimation o f NSAsFg from the r e a c t i o n mixture. 

Owing t o the c o n s t r a i n t s under which t h i s work was performed, lower 

percentage y i e l d s were accepted i n r e t u r n f o r higher absolute y i e l d s 

of SNAsF_; higher percentage y i e l d s would be obtained by using a 
D 

higher mole r a t i o of AgAsF_:(NSCl)„. 
b 6 
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I n t h i s method, f o r a t y p i c a l r e a c t i o n , AgAsF_ (16.1g, 54.25 mmol) 
D 

was placed together w i t h (NSCl) (3.8g, 15.69 mmol) i n a re a c t i o n 

vessel which consisted of a long Pyrex tube (400mm long, 18 mm O.D.), 

closed a t one end and equipped w i t h a J. Young's Teflon stemmed valve 

and /̂ "O.D. f i t t i n g a t the other. SO^ (8.05g) was condensed onto the 

mixture which was l e f t t o stand a t room temperature. The mixture had a 

murky green appearance but became a b r i g h t yellow s l u r r y a f t e r 12h. 

A f t e r removal of solvent the vessel was attached t o a vacuum l i n e and 

placed under dynamic vacuum. The s o l i d r e a c t i o n residue was heated t o 

70°C by an e l e c t r i c furnace and a j e t of compressed a i r was d i r e c t e d 

a t the upper p a r t of the r e a c t i o n vessel. A f t e r 16h, a waxy white 
s o l i d (SNAsF_) had c o l l e c t e d on the cooled surface and the sublimation b 
was stopped. The SNAsF_ was removed by breaking open the vessel and 

D 
scraping; i t was stored i n sealed ampoules under an atmosphere of dry 

n i t r o g e n . Y i e l d , 5.5g (5 0 % ) . Raman spectrum (5145 K), \) 1437vs, 
max 

683s, 557m cm"'''. 

f ) Preparation o f S^W^^^CASFQ 

S^N,^*(AsF " ) ^ was prepared according t o the method of 3 2 6 

Apblett.^-''^^ S^N'^'ASF^" (1.530g, 5.731 mmol) and SN'^ASF^" (1.6951g, 

7,21mmol) were loaded i n t o separate bulbs of a pre-weighed r e a c t i o n 

v e s s e l , SO^ (5.1055g, 78.4mmol) was condensed onto the s o l i d s i n 

approximately equal p r o p o r t i o n s . A f t e r warming t o room temperature the 

pale brown s o l u t i o n o f SN^AsFg was added t o the pale yellow s o l u t i o n 

of S^N'^AsFg" : 
Immediate r e a c t i o n occurred t o give a brown solution^SO^ was slowly 
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condensed back t o the empty bulb (10°C). Over 36h, yellow c r y s t a l s 

formed i n the r e a c t i o n bulb and when only a small amount of SO^ was 

l e f t i n the r e a c t i o n bulb, the supernatant l i q u o r was decanted o f f . 

Complete removal of SO^ from the vessel y i e l d e d yellow c r y s t a l s i n the 

r e a c t i o n bulb; these d i s i n t e g r a t e d on prolonged pumping. 

Y i e l d o f yellow c r y s t a l s , 2.503g (87% ) ; I n f r a r e d spectrum, \) 

1150W, 1045m, 1011m, 971m, 800w, 695s (AsF ~ ) , 578m, 562m, 500w, 480m, 
D 

441m, 385s(AsF^~)cm"''"; Raman spectrum^®^ (5154 %) , 1054 (17), 971(8), o 
781(631, 682(67,AsF " ) , 561(51), 490(34), 394(100), 375(55,AsF " ) , 561 

6 D 
( 5 1 ) , 490(34), 394(100), 375(55,AsF ")cm""'"; Analysis^ ®^ found, S, 

D 

19.37; N, 5.51; As, 30.01; F, 45.3; S„NJ'^(ASF_")^ requires S, 19.16; 

N, 5.58; As, 29,85; F, 45.41%, 

2=5 Other s t a r t i n g m a t e r i a l s : 

a) Arsenic p e n t a f l u o r i d e j AsF^o I t was not possible t o obtain 

commercial supplies of AsF^ i n B r i t a i n . I t was t h e r e f o r e necessary t o 

prepare t h i s m a t e r i a l from a v a i l a b l e reagents, which i n t h i s case were 

arsenic and f l u o r i n e ; the f l u o r i n e was supplied from an 

electrochemical c e l l , maximum c e l l c urrent 10 A corresponding t o 

6,7 g/h o f f l u o r i n e . The apparatus consisted of a f l o w system i n which 

gaseous f l u o r i n e was passed over powdered arsenic and then AsF^ 

produced was swept i n t o the f i r s t o f two cold traps which could be 

independently i s o l a t e d by means of J. Young's Teflon stemmed valves. A 

shor t manifold, t o which a s t a i n l e s s s t e e l c y l i n d e r could be attached, 

was connected t o the cold t r a p s . The end of the manifold was arranged 

such t h a t e i t h e r a stream of dry n i t r o g e n could be blown across ( t o 
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disperse unreacted f l u o r i n e ) , or a vacuum applied ( t o manipulate the 

v o l a t i l e AsF^), The r e a c t i o n chamber was connected to the traps by a 

Whitey valve (1KS4) and consisted of a s h o r t , wide Pyrex tube f i t t e d 

w i t h a B34 cone-and-socket j o i n t ; a n i c k e l boat containing arsenic 

could be placed i n s i d e . A l l cold t r a p s were cooled by l i q u i d a i r ( t o 

avoid condensing f l u o r i n e ) and a l l connections between metal and glass 

p a r t s of the apparatus were v i a %" Swagelok Teflon compression 

f i t t i n g s and X" O.D, copper t u b i n g . 

I n a t y p i c a l r e a c t i o n , arsenic (17g) was placed i n the n i c k e l boat 

and put i n t o the r e a c t i o n chamber. The whole apparatus was connected 

together and purged w i t h dry n i t r o g e n . F l u o r i n e from the c e l l (8 A, 

5,4g/h) was passed f i r s t through a metal cold t r a p t o remove HF and 

then i n t o the r e a c t i o n chamber; a stream of dry n i t r o g e n was passed 

across the open end of the manifold. Vigorous exothermic r e a c t i o n 

occurred almost immediately and a white v o l a t i l e s o l i d was i s o l a t e d i n 

the f i r s t c o l d t r a p ; a small amount of a white v o l a t i l e was i s o l a t e d 

i n the second cold t r a p . A f t e r approximately 4h, r e a c t i o n ceased and 

a f t e r the apparatus had been disconnected from the f l u o r i n e c e l l , i t 

was purged w i t h dry n i t r o g e n (10 min). The t r a p s , manifold and 

s t a i n l e s s s t e e l c y l i n d e r were i s o l a t e d from the r e s t of the apparatus 

and evacuated. The second t r a p was i s o l a t e d from the f i r s t and the 

small amount of white v o l a t i l e s o l i d i t contained was pumped away. The 

white v o l a t i l e m a t e r i a l remaining i n the f i r s t t r a p (AsF^) was then 

t r a n s f e r r e d t o the s t a i n l e s s s t e e l c y l i n d e r and stored there before 

use. 
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b) S i l v e r hexaf luoroarsenate, AgAsFg, This m a t e r i a l was prepared 

by r e a c t i o n of powdered s i l v e r and AsF^ according t o Equation 2.1. 

2Ag + 3AsF^ > 2AgAsF. + AsF„ Equ. 2.1 
O D O 

Powdered s i l v e r (5.99g, 55.53 mmol) was placed i n a pre-weighed glass 

bulb (ca. 250 ml) f i t t e d w i t h a J. Young's Teflon stemmed valve. SO^ 

(8.7g) was condensed on top and a f t e r re-weighing the bulb, AsF^ (15g) 

was condensed i n t o the bulb. The vessel was allowed t o warm slowly t o 

room temperature and an exothermic r e a c t i o n occurred t o give a l i g h t 

t a n s o l u t i o n above the unreacted s i l v e r powder. This process was 

repfeated u n t i l a t o t a l of 15.24g (89.7 mmol) of AsF had been added. 

A f t e r standing and shaking, a l l the s i l v e r powder dissolved t o give a 

l i g h t e r brown s o l u t i o n . Removal o f the r e a c t i o n v o l a t i l e s (excess 

AsF^, S0„, AsF„) y i e l d e d a white m i c r o c r y s t a l l i n e s o l i d (AgAsF_). 5 2 3 D 

Y i e l d , 16.Ig ( 9 8 % ) . I n f r a r e d spectrum, \? 690vs, 385s cm""''. 

c) Potassium thiocarbonate, K^CS^. This was prepared according t o 

the procedure of Deskin.^^^ 

max 
-1 cm 

3140m, 1580VW, 1150w, lOlOvw, 920m, sh, 885s, 815w, sh, 515w, 

Found; K, 42.9; S, 50.0; K^CS^ re q u i r e s K, 41.9; S, 51,6%. 

2,6 Miscellaneous Reagents: 

a) Sulphur t e t r a f l u o r i d e , SF^. This gas was supplied by Matheson 
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and used d i r e c t l y from the c y l i n d e r . 

b) Arsenic pentafluoride„ AsF^. For work performed i n Canada ( i n 

p a r t i c u l a r the preparation of NSF described i n Chapter 5 ) , i t was 

possible t o use AsF^ commercially supplied by Ozark-Mahoning. This was 

used d i r e c t l y from the c y l i n d e r . 

c) F l u o r i n e F^, For the p a s s i v a t i o n of vacuum l i n e and re a c t i o n 

cans described i n Chapter 5, elemental f l u o r i n e supplied by Matheson 

was used, d i r e c t from the c y l i n d e r . 

d) Arsenic trifluoride„ AsF^. This m a t e r i a l was supplied by 

Ozark-Mahoning and was stored i n a Pyrex bulb over NaF, being 

d i s t i l l e d therefrom before use. 

e) T r i f l u o r o a c e t o n i t r i l e o CF CW, Supplied by Ozark-Mahoning, t h i s 

was used d i r e c t l y from the c y l i n d e r . 

f ) T r i f l u o r m e t h y l h y p o f l u o r i t e ^ CF^OF, Supplied by P,C,R., t h i s 

was used d i r e c t l y from the c y l i n d e r . 

g) Hexafluorobut-2-yne(, CFgCCCFg, Supplied by P.C.R,, t h i s was 

used d i r e c t l y from the c y l i n d e r . 

h) CyanogenJ (CW)^" Supplied by Matheson, t h i s was used d i r e c t l y 

from the c y l i n d e r . 
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i ) Phosphor'^us t r i f l u o r i d e , PF . Supplied by Ozark-Mahoning, t h i s 

was used d i r e c t l y from the c y l i n d e r , 

j ) C h l o r i n e , Cl^^ Supplied by Matheson, f o r large-scale 

experiments t h i s was used from the c y l i n d e r and passed through a P̂ Ô ^ 

column p r i o r t o r e a c t i o n . For the experiments described i n Chapter 7 

small amounts of c h l o r i n e were condensed on P̂ O, „ and stored i n 
4 10 

t h i c k - w a l l e d Pyrex bulbs, equipped w i t h J, Young's Teflon stemmed 

valves, before use. 

k) S i l v e r , Ag. S i l v e r powder was supplied by B,D,H. and used 

d i r e c t l y from the b o t t l e . 

1) S i l v e r t e t r a f l u o r o b o r a t e , AgBF^, Supplied by B.D.H., t h i s 

m a t e r i a l was stored i n i t s black polythene container, i n a glove box. 

m) Boron t r i f l u o r i d e , BF^, Supplied by B.D.H., t h i s was used 

d i r e c t l y from the c y l i n d e r . 

n) F l u o r o b o r i c a c i d , HBF^ (aq)o Supplied by Koch-Light, t h i s 50% 

s o l u t i o n was used d i r e c t l y from the b o t t l e . 

o) Caesium f l u o r i d e , CsF= I t was found t h a t the powdered 

m i c r o c r y s t a l l i n e form supplied by Alpha was most s u i t a b l e f o r the 

re a c t i o n s discussed i n t h i s t h e s i s . Fresh CsF was heated i n vacuo t o 

200°C f o r 4h before use and was stored under dry n i t r o g e n i n a sealed 



32 

container, i n a glove box. 

p) Other a l k a l i metal fluorides. L i t h i u m , sodium, potassium, and 

rubidium f l u o r i d e s from various supplies were d r i e d by heating i n 

vacuo before use. 

q) Ammonium chloride, NH^Cl. Supplied by Hopkin and Williams, t h i s 

was d r i e d a t 100°C i n an oven before use. 

r ) Sulphur. Supplied by B.D.H., t h i s was d r i e d i n vacuo before 

use. 

s) Di-sulphur di-chloride, S^Cl^. Supplied by B.D.H. t h i s was used 

d i r e c t l y from the b o t t l e . 

t ) Iron ( I I I ) Chloride, FeClg. Supplied by B.D.H., t h i s was 

r e f l u x e d i n t h i o n y l c h l o r i d e before use. 

u) Lithium perchlorate, LiClO^. Supplied by B.D.H., t h i s was drie d 

by f u s i n g i t under an atmosphere of dry n i t r o g e n ; i t was stored i n a 

sealed container i n a glove box 

v) Tetrabutyl ammonium t e t r a f luorborate, Bu^NBF^. Supplied by 

A l d r i c h , t h i s was d r i e d by heating i n vacuo (3h, 100°C, 10 ̂  t o r r ) . 

w) Antimony pentachloride, SbCl^. Supplied by B.D.H., t h i s was 

d i s t i l l e d before use (68°C/14 t o r r ) . 
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2=7 P u r i f i c a t i o n o f Solvents: 

a) Sulphur dioxide;, SÔ - Sulphur d i o x i d e , supplied by B.D.H., was 

d i s t i l l e d from P^OJ^Q and stored over CaH^ before use. The d i s t i l l a t i o n 

and storage were conveniently performed using s t a i n l e s s s t e e l bombs 

(designed by Z.V. Hauptman) which could accommodate 5 0 0 ml batches of 

S0„, 

b) A c e t o n i t r i l e B CH CWo Two grades of a c e t o n i t r i l e were used. For 

electrochemical use, a lengthy p u r i f i c a t i o n according t o the method of 
(8) 

Walter and Ramaley was necessary; t h i s consisted of d i s t i l l a t i o n 

from AlClg ( t o remove a c r y l o n i t r i l e ) , d i s t i l l a t i o n from Li^CO^/KMnO^ 

( t o remove a c i d i c and aromatic i m p u r i t i e s ) , d i s t i l l a t i o n from KHSO^ 

( t o remove amines), and f i n a l l y d i s t i l l a t i o n from CaH^, The p u r i f i e d 

a c e t o n i t r i l e was stored under dry n i t r o g e n i n a Pyrex bulb f i t t e d w i t h 

a J , Young's Teflon stemmed valve and i t s p u r i t y was confirmed by UV 

spectroscopy and g a s - l i q u i d chromatography. I t was found t h a t 

s a t i s f a c t o r y r e s u l t s could only be obtained i f h i g h - p u r i t y 

a c e t o n i t r i l e (e,g, Fisons H,P.L.C. grade) was used t o begin w i t h . 

For general purpose use as a sol 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 from P^OJ^Q ^^'^ stored i n a Pyrex bulb f i t t e d w i t h a J . 

Young's Teflon-stemmed valve. 

c) Solvents d r i e d w i t h sodium w i r e . These were d i e t h y l ether, 

toluene, n-pentane. 

d) Solvents d r i e d by d i s t i l l a t i o n from P̂ Ô Ô" '^^ese were 

nitromethane, carbon t e t r a c h l o r i d e , methylene c h l o r i d e . 
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e) Thionyl Chloride, SOCl^. This was d i s t i l l e d from t r i p h e n y l 
(9) 

phosphite (10% by weight) i n an apparatus f i t t e d w i t h Teflon 

sleeves. I t was stored i n the dark i n a Pyrex bulb f i t t e d w i t h a J. 

Young's Teflon stemmed valve. 

f ) Sulphuryl chloride fluoride, SO^CIF. Supplied by A l d r i c h , t h i s 

s o l v e n t was stored over a c t i v a t e d molecular sieve i n a Pyrex bulb 

equipped w i t h a J. Young's Teflon stemmed value before use, 

g) Freon 11, CCl^F, Supplied by P.C.R., t h i s was stored over 

a c t i v a t e d molecular sieve i n a Pyrex bulb equipped w i t h a J. Young's 

Tefl o n stemmed valve before use. 
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CHAPTER 3 

THE PREPARATION, CHEMICAL REACTIONS AND STRUCTURE OF S^N^Cl 

3.1 INTRODUCTION 

The cyclopentathiazenium i o n (S^N^^) was f i r s t reported by 

Banister and Dainty. ̂'''̂  I t i s the l a r g e s t known binary sulphur 

n i t r o g e n r i n g and i s recognised t o be a 14-Tf member of the series of 
2+ (2 3) 

Hiackel-aromatic thiazenes (c.f. S^N^ and S^N^ 1 ' 

L i t t l e was and i s known of the chemistry of S s a l t s although 

t h e i r 1:1 sulphur:nitrogen r a t i o made them l i k e l y precursors t o the 

superconducting polymer, (SN)^.^^^ Several r e p o r t s of the s t r u c t u r e of 

the S(.N^ ion e x i s t ; an e a r l y d e t e r m i n a t i o n ^ d e s c r i b e s a heart-
(6 7) 

shaped conformation whereas more recent papers, ' describe an 
azulene-type s t r u c t u r e . The discrepancy has been explained i n terms of 

(8) 

c a t i o n d i s o r d e r i n the c r y s t a l ; t h i s theory has the advantage of 

being able t o account f o r the 'intermediate' s t r u c t u r e s which have 

also been found i n S(.N ""̂  compounds (see, f o r example, reference 28). 
o o 

(9) 

Recent t h e o r e t i c a l c a l c u l a t i o n s , however, p r e d i c t s i m i l a r energies 

f o r the two s t r u c t u r e s and thus genuine isomerism remains a 

p o s s i b i l i t y . 

Most known Ŝ N̂"*" s a l t s c o n t a i n l a r g e , s t a b i l i s i n g counter-ions 

such as SgN^O^",^^^ S n C l ^ O P C l ^ " , a n d A l C l ^ " ; ^ ^ ^ t h i s i s not so f o r 

the c h l o r i d e , Ŝ N̂ '*̂ C1 , f i r s t prepared i n an unstable form by 
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Zbo?ilova and Gebauer.^'^^^ This compound when prepared i n a stable 

form (see Section 3.2.1) t h e r e f o r e afforded an opportunity t o study 

the chemistry of the Ŝ N̂"*̂  i o n with o u t possible i n t e r f e r e n c e from 

m e t a l l i c species or other complex anions. The s c a r l e t - r e d colour 

of the c h l o r i d e compared t o the usual pale yellow colour of Ŝ N̂ ^ 

compounds ( c o n t a i n i n g c o l o u r l e s s c o u n t e r - i o n s ) , indicated e i t h e r 

s i g n i f i c a n t cation-anion i n t e r a c t i o n s i n the s o l i d s t a t e or a 

d i f f e r e n t c a t i o n conformation; hence a c r y s t a l of the pure, stable 

compound was submitted f o r s t r u c t u r a l a n a l y s i s . Further, the o r i g i n a l 

p r e p a r a t i o n of S^N^Cl frcoi a mixed melt of (NSCD^ and ŜN̂ "̂""*̂^ 

i n d i c a t e d t h a t the thermochemistry of S^N^Cl i t s e l f would be of 

i n t e r e s t . This chapter describes studies of the synthesis, chemistry, 

and thermochemistry of S^N^Cl together w i t h a discussion of both i t s 

c r y s t a l and e l e c t r o n i c s t r u c t u r e s . 

3.2 RESULTS AND DISCUSSION 

3.2.1 The Preparation of S^NgCl from SgN^FeCl^: 

The o r i g i n a l r e p o r t of Ŝ N̂ Cl̂ '̂ *̂ ^ described i t as a thermally 

unstable s o l i d which could be stored only a t low temperature (-20°C). 

The s i g n i f i c a n c e of the new route t o S^N^Cl, described below, l i e s i n 

the s t a b i l i t y of the product; i t can be stored f o r several months at 

room temperature i n a dry n i t r o g e n atmosphere without decomposition. 

This, together w i t h the a c c e s s i b i l i t y of the s t a r t i n g m a t e r ials, makes 

S^NgCl a u s e f u l reagent w i t h which t o i n v e s t i g a t e the chemistry of the 

S i o n i n the absence of other l a r g e or Lewis-acidic counterions; 
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i t i s also a p o t e n t i a l l y u s e f u l s t a r t i n g m a t e r i a l f o r the preparation 

of other Ŝ N̂"*̂  s a l t s by metathesis. 5 D 
The o v e r a l l r e a c t i o n i n the prepara t i o n from S(.N FeCl i s shown 

i n Equation 3.1. 

SgN^FeCl^ + 3CsF ^^s'^S^^ + 3CsCl + FeF^ Equ. 3.1 

Unlike the o r i g i n a l route (Equation 3.2, Reference 10), 

^4^4 + ^^(NSCDg >.SgNgCl Equ. 3.2 

i t r e q u i r e s p r i o r formation of the S^N^^ r i n g . The d i f f e r e n c e i n 

s t a b i l i t y of the product prepared by these two routes probably arises 

from the presence of other, more r e a c t i v e S-N-Cl compounds produced i n 

Equation 3.2. These may e i t h e r be formed i n the melt or i n the 

subsequent r e c r y s t a l l i z a t i o n from formic a c i d - a procedure which has 

been found t o adversely a f f e c t the s t a b i l i t y of S^N^Cl. ̂  ^ I n 
5 b 

attempted r e p e t i t i o n s of the prepara t i o n of S^N^Cl from Ŝ N̂  and 

(NSCl)^, the p u r i t y of s t a r t i n g m a t e r i a l s was found t o have a c r i t i c a l 

e f f e c t on the form a t i o n of the melt^of the y i e l d of product; very pure 

s t a r t i n g m a t e r i a l s d i d not melt homogenously and produced only low 

y i e l d s of S^N^Cl, whereas less pure s t a r t i n g m aterials melted more 

e a s i l y t o produce the crude, unstable m a t e r i a l . ̂'''̂^ 

The successful p r e p a r a t i o n of S N CI using the heavier a l k a l i 

metal f l u o r i d e s (K, Rb, Cs) compared w i t h the f a i l u r e of the r e a c t i o n 

using NaF and L i F , r e f l e c t s a general t r e n d i n the r e a c t i v i t y of 
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(12) a l k a l i metal f l u o r i d e s i n halogen exchange react i o n s . A more 

q u a n t i t a t i v e view may be obtained by considering the prototype 

r e a c t i o n . -

3MF + Feci -^3MC1 + FeF„ Equ. 3.3 

The change i n f r e e energy ^^298 r e a c t i o n , using d i f f e r e n t M, 
(13) 

can be c a l c u l a t e d from published values of AG^-^. The r e s u l t s are 

summarised i n Table 3.1 ( a l l values i n Kcal/mol). 

Table 3.1 

M ^^293 MCI ^0298^^ ^^298 r e a c t i o n 

L i 91.786 128.515 26.903 

Na 91.788 129.866 22.866 

K 97.506 139.746 44.063 

Cs 99.038 125.571 57.084 

Fe 81.9 219.0 

c l e a r l y shows the thermodynami c advantage of 

metal f l u o r i d e s . Note t h a t notwithstanding thermodynamic arguments, 

the i n s o l u b i l i t y of NaF and LiF i n SO^ may be responsible f o r t h e i r 

f a i l u r e t o r e a c t . 

The synthesis of S^N^Cl using a l k a l i metal f l u o r i d e s e s s e n t i a l l y 

c o n s i s t s of a chemical removal of FeCl from Ŝ N FeCl . This strategy 
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(14) has been extended by the group i n Durham who have developed an 

a l t e r n a t i v e r o u t e t o pure, stable S N CI by removal of AlCl from 

S^N^AICI^ by r e a c t i o n w i t h t e t r a h y d r o f u r a n (THF): 

S^N^AICI^ + THF >S^N^C1 + AlCl^.THF Equ. 3.4 

3.2.2 The Preparation o f Ŝ Ŵ BF.: 
b b 4 

As mentioned i n the i n t r o d u c t i o n , the ŜN-"*" ion has a favourable 

s t o i c h i o m e t r y f o r r e d u c t i o n t o the super-conducting polymer (SN)^. 

Electrochemical i n v e s t i g a t i o n s (Chapter 4) showed t h a t s o l u t i o n s of 

S N CI i n SO could be reduced t o give good q u a l i t y (SN) a t a 

platinum cathode. This route s u f f e r e d from the disadvantage of using 

80^ as so l v e n t , which i s not convenient f o r electrochemistry; other 

media such as anhydrous a c e t o n i t r i l e are much more desir a b l e . The 

almost t o t a l i n s o l u b i l i t y of S N CI i n a c e t o n i t r i l e meant t h a t other, 
s o l u b l e , S^N_^ s a l t s had t o be used, subject t o the r e s t r i c t i o n t h a t b b 

the counterion should be elec t r o c h e m i c a l l y i n a c t i v e and should contain 

no m e t a l l i c species t o contaminate the polymer. The BF^ ion f u l f i l l s 

these c r i t e r i a and the s o l u b i l i t y of the S^N^^ s a l t suggested t h a t 

S^N^BF^ would be s u i t a b l e . 5 5 4 
The synthesis of S^N^BF. was achieved by r e a c t i o n of S^N_C1 w i t h 5 5 4 5 5 

aqueous HBF^ a t low temperature (-15°C): 

S^N^Cl + HBF^(aq) ~^^°S>S^N^BF^ + HCl(aq) Equ. 3,5 

The p r e p a r a t i o n r e l i e s on the remarkable s t a b i l i t y of the S N ""̂  c a t i o n 
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i n s t r o n g l y a c i d i c media; the s o l v a t i o n of HCl probably provides a 

strong d r i v i n g f o r c e f o r the r e a c t i o n . The f a i l u r e of a s i m i l a r 

metathesis r e a c t i o n : 

en 
S^N^Cl + KBF^ ^2->S^N^BF. + KCl Equ. 3.6 
5 5 4 5 5 4 

i s probably a r e s u l t of the i n s o l u b i l i t y of KBF^ i n l i q u i d SÔ . 

3.2.3 Chemical Reactions of SgN^Cl: 

a) Reduction by Me SiN,. The production of (SN) from t h i s 

r e a c t i o n i s d i r e c t l y analogous t o the chemical synthesis of (SN) from 
X 

azides and sulphur-nitrogen chlorides.^'^^^ The h i g h l y r e f l e c t i v e 

nature of the golden f l a k e s i s o l a t e d . f r o m the r e a c t i o n was taken t o be 

an i n d i c a t i o n of the good q u a l i t y of the (SN)^ produced; these f l a k e s 

were probably formed by the mechanical beating of f i n e l y d i v i d e d , 

malleable (SN)^ by the magnetic s t i r r e r . The amorphous SiO^ i m p u r i t y 

probably o r i g i n a t e d from i m p u r i t i e s i n the Me^SiN^. 

b) Reaction with K„CS . The o r i g i n a l aim of t h i s r e a c t i o n was 

the synthesis of an S^-N^ s a l t w i t h a carbon-containing counter-ion 

which could be a possible precursor t o a carbon-containing conductive 

polymer. Such a polymer might be amenable t o m o d i f i c a t i o n , f o r example 

by the a d d i t i o n of f u n c t i o n a l groups t o the polymer back-bone, thus 

producing changes i n the phy s i c a l p r o p e r t i e s of the polymer (e.g. 

s o l u b i l i t y , super-conducting t r a n s i t i o n temperature). I n f a c t , the 

r e a c t i o n w i t h K̂ CS i s vigorous even a t low temperature and produces a 
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Figure 3.1. I n f r a r e d spectra of (SN)^ ( n u j o l m u l l , Csl p l a t e s ) . 
a) C l a s s i c a l (SN) contaminated w i t h a l i t t l e Ŝ N̂  (supplied 
by Dr Z.V. Hauptman) 
b) Product from the r e a c t i o n between S^N^Cl and K^CS^ 



43 

polymer d i r e c t l y . Exhaustive e x t r a c t i o n w i t h SO^ f a i l e d t o remove a l l 

traces of carbon and so i t i s q u i t e possible t h a t the product from 

t h i s r e a c t i o n contains carbon incorporated i n the chain; s l i g h t 

m o d i f i c a t i o n i n the i n f r a r e d spectrum compared w i t h (SN) (Fig,3.1) 

suggests t h a t t h i s may be the case. However, the e s s e n t i a l l y 

u n c o n t r o l l a b l e nature of the r e a c t i o n and the d i f f i c u l t i e s experienced 

i n o b t a i n i n g reproducable r e s u l t s from other chemical syntheses of 

(SN)^,^'''^^ i n d i c a t e d t h a t t h i s route d i d not mer i t f u r t h e r a t t e n t i o n . 

c) Reaction with gaseoxis BF . The aim of the re a c t i o n was t o 
o 

prepare S^N^BF^: 

3S^N^C1 ^ ^ 3 - » 3S^N^C1BF, ^^3-*.3S^N_BF . + BC1„ Equ. 3.7 
5 5 5 5 3 b b 4 o 

The s o l i d products of the r e a c t i o n were, however, i d e n t i f i e d by 

i n f r a r e d spectroscopy as a mixture of S^N^ and S^N^.BF^. Evidently, 

cleavage of the Sj-N/*^ r i n g had occurred, presumably w i t h l i b e r a t i o n of 

a gaseous species which would account f o r the bubbling of the s o l i d 

d u r i n g r e a c t i o n : 

S^N^Cl—^3->S^N^Cl.BF„—^S.N.,BF„ (s) + "NSCl" 5 5 5 5 o 4 4 d 

3 "NSCl"—^3-»3NSCl.BF„—3-»NSF(g) + BCl + BF„ 

Scheme 3.1 
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The adduct S^N^.BF^ e a s i l y loses BF̂ "̂*"̂ ^ which explains the 

presence of S^N^. Although NSF and BF^ or BCl^ may reasonably be 

expected t o form a s o l i d adduct, the BF adduct i s reported t o be 

st a b l e only a t low temperature (-60°C) and disso c i a t e s completely a t 
(17) 

room temperature. 

d) Reaction with BFg.Me^O. Apart from a small amount of decom­

p o s i t i o n , no r e a c t i o n took place. Presumably Mê O i s a stronger base 

than CI ion i n S^N^Cl, thereby preventing the i n i t i a l step of 

co o r d i n a t i o n . I n terms of bond energies: 

£ ( C l ^ S g N g "") + (Me^O-i-BFg) =*- ̂ ( C l ^ B F g ) + (Me^O^S^N^"") 

e) Reaction with Mel. The o r i g i n a l aim of t h i s r e a c t i o n was t o 

prepare a methylated d e r i v a t i v e of the S N r i n g as a precursor t o a 

methylated S-N polymer. The products i s o l a t e d , however, were mostly 

S^Ng"*"l2Cl~ ( i n s o l u b l e ) and Ŝ N̂ - The ̂ 2^^~ compound undoubtedly arises 
(18) 

from the r e a c t i o n of molecular i o d i n e w i t h S^N^Cl; the S N. i s 
5 5 4 4 

probably a r e s u l t of decomposition d u r i n g the course of the r e a c t i o n . 

The u l t i m a t e f a t e of the methyl groups i s unknown but they may be l o s t 

as hexane, though r e a c t i o n w i t h e i t h e r Ŝ N̂  or l i q u i d SO^ i s a 

p o s s i b i l i t y ; these side r e a c t i o n s may ex p l a i n the unassigned bands i n 

the i n f r a r e d . The r e a c t i o n scheme may be represented:-

2MeI >2Me. + I ^ Equ. 3.8 

S^N^Cl + I ^ ^S^Ngl^Cl Equ. 3.9 
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f ) Reaction with AgCN. Again, the desired product, S N CN, was 

intended t o be a precursor t o a carbon-sulphur-nitrogen polymer. The 

me t a t h e t i c a l r e a c t i o n of S^N^Cl w i t h AgCN, however, produced mostly 

S^N^ as the soluble product. The i n s o l u b l e product, a brown-purple 

m a t e r i a l which showed only the presence of CN~ i n the i n f r a r e d , was 

probably undissolved AgCN; the dark colour was probably produced by 

decomposition of Ŝ Î "̂*̂  on the surface of the AgCN granules. There are 

some unassigned bands i n the i n f r a r e d spectrum of the soluble 

products; these may o r i g i n a t e from the r e a c t i o n of CN w i t h the Ŝ N̂  

produced i n s i t u , since S^N^ and KCN are known t o form a mixture of 

products, which include S^N^ , SCN , and an u n i d e n t i f i e d CN~ con-
^ . . . (18) t a m i n g species. 

g) Hydrolysis of S^NgCl i n a i r . S^N^Cl decomposes slowly i n 

moist a i r t o give S^N^ and (NH^J^O^ as the major products. These are 

t y p i c a l h y d r o l y s i s products of sulphur-nitrogen compounds. 

Table 3.2 Tensimetric data for the SgN^Cl/SO^ system 

Wt of SO^ i n system/g Mole r a t i o SO^iS^N^Cl Pressure/mmHg 

0.0321 0.6901 5.08 

0.0372 0.8004 11.91 

0.0382 0.8219 16.88 

0.0403 0,8671 27.68 

0.0445 0.9575 156.33 

0.0446 0.9596 200.13 
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Figure 3.2. V a r i a t i o n of vapour pressure w i t h composition f o r 
the S^N^Cl/SO^ system tvfc Z'c . 
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3.2.4 The action of S0_ on S^N^Cl: 
2 5 5 

a) S^N^Cl i s r e a d i l y soluble i n l i q u i d SO^ (ca. 3g per lOOg of 

s o l v e n t ) . Other S^N^^ s a l t s e x h i b i t a s i m i l a r behaviour (e.g. FeCl^~, 

A l C l ^ , BF^ )', however, w h i l s t other S^N^^ s a l t s are also q u i t e 

s o luble i n a c e t o n i t r i l e , S^N^Cl i s v i r t u a l l y i n s o l u b l e i n t h i s medium. 

On pumping down s o l u t i o n s of S^N^Cl i n SO^, the f i r s t s o l i d s to 

p r e c i p i t a t e are yellow and only become red on pumping t o dryness; 

s i m i l a r l y i f S^N^Cl i s exposed t o an atmosphere (ca. 1 atm) of SÔ , 

the red s o l i d becomes yellow a f t e r a few minutes and furthermore seems 

t o e x e r t an almost constant vapour pressure of SO^ (ca. 20mm Hg). 

These observations can be r a t i o n a l i z e d by p o s t u l a t i n g the 

fo r m a t i o n of halosulphinate species (SO^Cl") i n s o l u t i o n and of a 

sol v a t e (S^N Cl.nSO ) i n the s o l i d s t a t e . Tensimetric measurements 

c l e a r l y show (Fig.3.2, Table 3.2) t h a t although the system: 

SgN^Cl + S02^=^ S^NgCl.SO^ Equ. 3.10 

does not e q u i l i b r a t e on a convenient timescale (and hence q u a n t i t a t i v e 

AH and E data are not a v a i l a b l e ) , the stoichiometry of the solvate i s a 
1:1. 

b) The products i s o l a t e d from SO^/S^N^Cl mixtures which had been 

l e f t standing f o r several months are an i l l u s t r a t i o n of the l a b i l i t y 

o f s u l p hur-nitrogen species. Two systems were i n v e s t i g a t e d , a 

saturated s o l u t i o n of S^N^Cl/SO^ (from which a yellow c r y s t a l l i n e 

s o l i d and an orange c r y s t a l l i n e s o l i d were obtained) and a sealed 
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ampoule c o n t a i n i n g approximately equal weights of S^N^Cl and SO2 (from 

which a yellow c r y s t a l l i n e s o l i d were obtained); see Section 3.4.13. 

The products from the saturated s o l u t i o n of S^N^Cl i n SO^, p o s i t i v e l y 

i d e n t i f i e d by i n f r a r e d spectroscopy, were ^4^/jP2^^'^'^ ^^'^ 

S^N^^SOgCl .̂ •̂'•̂  Scheme 3.2 shows a possible r e a c t i o n path. The 

format i o n of Ŝ N̂ Ô  was not observed i n the sealed ampoule which 

i n i t i a l l y contained s o l i d S^N^Cl and a saturated s o l u t i o n of S^N^Cl i n 

S0„; i n stead, S .N ""̂ SÔ Cl was i d e n t i f i e d as a major product together 

w i t h S^N^'^SO-Cl" and smaller q u a n t i t i e s of S_N.C1^ and 0SC1„, These 4 3 3 b 4 i£ ti 

d i f f e r e n c e s may have a r i s e n e i t h e r from the d i f f e r e n t i n i t i a l mole 

r a t i o s of S^N^Cl and SO^ or from the d i f f e r e n t temperatures a t which 

the mixtures were kept. Scheme 3,3 shows a possible r e a c t i o n path t o 

the products. I t should be said t h a t OSCl^ may have been a product 

from the saturated s o l u t i o n , but no gas phase i n f r a r e d spectrum of 

t h i s system was recorded. The rea c t i o n s observed i n these experiments 

were very obscure and the products were completely unpredictable. For 

example, S^N^ would be expected as a major decomposition product of 

S^N^Cl but none was detected whereas S.N.Ô  and S .N^'''S0„C1~ would seem 5 5 4 4 i : 4 b 3 -
t o be u n l i k e l y products from t h i s system. Such obscure reactions are, 

however, not without precedent i n the f i e l d of sulphur-nitrogen 

chemistry, as the temperature-sensitive i n t e r c o n v e r s i o n of S^N^Cl^ and 
(22) 

S^NgCl, sealed under l i q u i d SO^, demonstrates. 



49 

SCHEME 3.2 

a) S^N^Cl.SO^ 

b) SgN^Cl 

SNSCl + N̂ S-

S^N3C1S02-

SO, 

SO, 

SO, 

-j> SNSCl + Ŝ N̂ Ô * 

S^N^Cl + N̂ S 

^ 2 S^Ng SO3CI * 

= observed product 

SCHEME 3.3 

a) S5N5CI.SO2 

b) SgNgCl.SO^-

-^S^NgCl.SO^ + N̂ S 

SNSCISO2 + SgN^ 

SgN^ + SNSClSOg- -^-S^N^CISO^ + S 

S^N. + 2SNSC1 4 4 
SO, 

•^S.N. 4 4 
^ 2S^N3C1S02 

SNSCl 

2SN^- NSCl 

SNSCl + N̂ S SO, 

-5>NSC1 + S 

S^N^O^Cl 

S4N3O2CI 

S4'^3°2^^ ̂  S4'^3^^^°2-

S4'^5°2^^ ̂  V5^^^°2-

-^2S/3 SO3CI » 

•^2S^N^ SO3CI * 

c) 4SNSC1S0, Ŝ N .Cl_* + 2S0C1^* + 4S 

250^01• -£>0SC1_* + 2S0-

S^N^Cl . SO3- ^S^Ng SO3CI * 

S^N3C1 . SO3- ^4^3 2°3^^ * 
* = observed product 
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Table 3.2a Infrared data and assignments f or pale yellow c r y s t a l s 

S^Ng'^SOgCl /cm •'• S^N^'^FeCl^'/cm'^^^^ ̂  Mê N'̂ SÔ cr/cm"̂  ̂  

1320w,sh 

1 2 8 6 v s , s h 

1260VS 

1 2 5 0 v s , s h 

1170m 

1155m 

1055VS 

1 0 3 5 s , s h 

820m 

683m 

625m 

5 9 0 s 

5 8 0 s 

5 4 0 s 

5 3 0 s 

4 9 0 s 

450w 

360m,sh 

3 2 3 s 

1178m 

1138w,1094vw 

1 0 3 2 , 1 0 2 0 s , s h 

751VW 

723VW 

676s,670m,sh 

647VW 

616w 

570m 

564m,sh 

517m 

486VS,br 

4 6 9 s , b r 

1275 

1150 

1044 

585 

565 

535 
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Table 3.3b I n f r a r e d data and assignments f o r orange s o l i d 

^W2/%^^°3^^"^ 

Orange solid/cm -1 S^N2"^S03C1 /cm 

1 3 3 0 s 1330VS 

1280vs,sh 1286vs,sh 
1260VS 1260VS 

1250vs,sh 1250vs,sh 
1160m 1170m 1170m 
1140s 1155m 1138m 
1120s 1117US 

1045s 1055VS 1060m 

1035m,sh 1035s,sh 
980vw 982m 
810m 820m 
720m 719m 
705s 704m 
680m 683m *Spectrum not reported 

-1 
635s 625m below 700 cm 
590s 590s 
5 8 0 s 5 8 0 s 

555m,sh ? 
540m 540s 
530m 530s 
505m ? 
490s 490s 
455vw,sh 540w 
450s ? 
380s,sh 

360m,sh 

332s 

? 
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Table 3.3c Infrared data and assignments for dark red microcrystaUine 

s o l i d (S^Ng^SOgCl'/SgN^Cl^) 

Dark red solid/cm S N '^AsF^'/cm"'^^^^^ Me n'^SO CI /cm "̂ ^̂ ^̂  S^N.Cl, ̂ ^^^ 6 4 2 

1285VS 

1260VS 

1170s 

1050s 

1025vw,sh 

990s 

962w 

945w 

881w 

825s 

710m 

700w,sh 

625VS 

580w 

560w 

542m 

525s 

431m 

375VW 

360w 

340vw 

295w 

1165w 

1025W 

980s 

708sh 

629m 

587sh 

577s 

495w 

469m 

423vw 

1275 

1150 

1044 

585 

565 

535 

1018m 

962s 

944s 

707VS 

698VS 

585s 

433s 

371s 



53 

Table 3o3«i I n f r a i r e d data and assignments f o r gas phase from ampoule 

gas phase from ampoule/cm 

1350VS 

1255sh 

1245m 

1155VS 

1145VS 

528VS 

500vs 

-1 OSCl^/cm 

1251 

-1(26) -1(26) SO^/cm 

1359,1354 

1152 

519 

3 o 2 „ 5 Thermal st u d i e s o f SgW^Cl: 

Since S^N^Cl was f i r s t prepared from the r e a c t i o n of Ŝ N̂  and 

(NSCDg i n the melt/"*""^^ the a c t i o n of heat on S^N^Cl i s of i n t e r e s t 

w i t h respect t o the mechanism of t h i s r e a c t i o n . The thermolysis of 

S^NgCl was studied using Raman spectroscopy and also d i f f e r e n t i a l 

scanning c a l o r i m e t r y (D.S-C), i n sealed containers under dry 

n i t r o g e n . 

For pure S^N^Cl i n a sealed c a p i l l a r y , p a r t i a l melting occurred 

a t ~95°C f o l l o w e d by decomposition t o Ŝ N̂ , S^N^Cl ( i n v o l a t i l e ) and 

(NSCl) ( v o l a t i l e ) , the products being i d e n t i f i e d by Raman 

spectroscopy. This was confirmed by D.S.C, which c l e a r l y showed a 

small encbthermic event (melting) f o l l o w e d by a large exothermic event 

(decomposition). The exact onset and peak temperatures varied s l i g h t l y 

(t3°C) w i t h the sample (even from the same batch of S^N^Cl) and 
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appeared t o depend on f a c t o r s such as degree of c r y s t a l l i n i t y and 

e f f i c i e n c y of thermal contact. A t y p i c a l D.S.C. trace i s shovm i n 

Figure 3.3. The products of thermolysis from the D.S.C. experiment 

consisted of a yellow c r y s t a l l i n e mass ( i n v o l a t i l e ) i d e n t i f i e d by 

i n f r a r e d spectroscopy as a mixture of S^N^ and S^N^Cl, and a very 

small amount of a s t i c k y orange m a t e r i a l ( v o l a t i l e ) which coated the 

i n s i d e o f the aluminium cap. This orange m a t e r i a l could not be 

i d e n t i f i e d but was probably a product of r e a c t i o n between (NSCl)^ and 
(27) 

A l , p o s s i b l y S^N^AICI^ or S^N^AICI^, or a mixture of t h i s w i t h 

AlClg and S^N^. On cleaning the aluminium capsule and examining i t 

under a microscope, the p o r t i o n which had been i n contact w i t h S^N^Cl 

was found t o be s l i g h t l y etched, hence the observed AH f o r the 

thermolysis { & H = 16 KJmol ^) i s l i k e l y t o be too high, being 

d i s t o r t e d by exothermic r e a c t i o n w i t h aluminium. The D.S.C. also 

a f f o r d s an i n s i g h t i n t o the o r i g i n a l p r e p a r a t i o n of S^N^Cl from Ŝ N̂  

and (NSCDj Since S^N^Cl i s thermodynamically unstable w i t h respect 

t o thermolysis products, i t s f o r m a t i o n i n the melt i s a k i n e t i c a l l y 

c o n t r o l l e d process. This accounts f o r the observed dependence of 

S^NgCl forma t i o n i n the melt on p u r i t y ( h i g h p u r i t y of s t a r t i n g 

m a t e r i a l s r e s u l t s i n an unfavourably high m e l t i n g p o i n t ) and on other 

f a c t o r s such as r a t e of heating, degree of disper s i o n , and 

c r y s t a l l i n i t y of s t a r t i n g m a t e r i a l s . 
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Figure 3 . 3 . A t y p i c a l D.S.C, tra c e f o r S^N^Cl i n an aluminium 
capsule 
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3 o 2 . 6 S t r u c t u r e o f S^W^Cl: 

Perhaps the most s t r i k i n g example of S disorder was 
(28) 

described by G i l l e s p i e f o r S^N^SbClg, i n which the cation appears 

as a d i s t o r t e d azulene type r i n g . I n S N CI, however, there i s no such 

d i s o r d e r and i n c o n t r a s t t o the approximate non-crystallographic mm 
+ (28) symmetry of the S^N^ i o n i n previous s t r u c t u r e s , a 

c r y s t a l l o g r a p h i c Ĉ  a x i s passes through the a p i c a l atoms S ( l ) and N3). 

Bond distances and angles w i t h i n the c a t i o n are shown i n Fig.3.4. The 

distances o f the atoms from the mean plane are also i n d i c a t e d ; the 

ten-membered azulene type r i n g i s almost planar. Three of the f i v e 

unique S-N distances [ S ( l ) - N ( 2 ) , S(2)-N(2), and S(3)-N(2) f] have the 

same value w i t h i n the l i m i t s of e r r o r w h i l s t S(2)-N(2) and S(3)-N(3) 

are s i g n i f i c a n t l y below and above t h a t value r e s p e c t i v e l y . 

The packing of the ions i s shown i n Figures 3.5, 6, and 7; the 

ca t i o n s are disposed i n l a y e r s approximately p a r a l l e l t o (001), 

separated by c/2 w i t h the c h l o r i d e ions i n t e r l e a v e d . There are f o u r 

s h o r t S-Cl distances; S(2) makes contacts of 3.277(1) and 3.148(1) K 

t o CI a t {Yz, Yz, Yi) and {Yz, Yz, 0) r e s p e c t i v e l y and S(3), makes contacts 

t o the same CI of 3.243(1) and 3.279(1) A. The shortest distance t o 

S(3) i s 3.659(1) % t o CI a t (0, 0, 0 ) ; t h i s i s close t o the sum of the 

van der Waals r a d i i ( v i z . 3.6 ^) . The c a t i o n i s thus bound t o f o u r 

anions by e i g h t close contacts and i t i s these i n t e r a c t i o n s which are 

responsible f o r the prevention of disorder i n S^N_C1. 
5 5 

Recently, c o r r e l a t i o n f u n c t i o n s r e l a t i n g bond angles at nit r o g e n 
(29) 

t o adjacent bond lengths have been proposed. The relevant f u n c t i o n 
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f o r c ations i s : 

d(NS) = 187,03 - 0.2263N 

where d i s i n pm and N i s i n degrees. The c o r r e l a t i o n can be used t o 

r a t i o n a l i z e r i n g geometries and t o detect d i s t o r t i o n s a r i s i n g from 
(29) 

secondary i n t e r a c t i o n s . For the c a t i o n i n S^N^Cl, the observed 

mean bond le n g t h i s 1.582(2) K [l58.2(2)pm] and the observed mean 

angle a t n i t r o g e n i s 140.2(2)°, These values deviate from the 

c o r r e l a t i o n , the observed bond l e n g t h being longer than would be 

a n t i c i p a t e d f o r an angle of 140.2(2)°. The observed mean bond distance 

i s a l s o g r e a t e r than the c a l c u l a t e d value (1.544 K) obtained by MNDO 

method (see Section 3.27 below); the ca l c u l a t e d mean bond angle a t 

n i t r o g e n i s 143,9°. 'Comparison w i t h the S-N bond lengths found i n 

pr e v i o u s l y reported, disordered, Ŝ N̂"*" s a l t s i s not possible because 

disordered s t r u c t u r e s o l u t i o n s correspond t o a s t a t i s t i c a l model of 

the s o l i d s t a t e s t r u c t u r e . The ' r e a l ' bond lengths and angles would 

t h e r e f o r e need t o be ext r a c t e d by a s t a t i s t i c a l analysis procedure 

before meaningful comparisons could be made; i t has not been possible 

t o devise such a procedure. ̂"̂ "̂^ 

The d e v i a t i o n s observed i n S^N^Cl may be ascribed t o e l e c t r o n 

d r i f t from the c h l o r i d e i o n i n t o a low energy unoccupied Tf* o r b i t a l 

(see Figure 3.8), which causes a corresponding weakening and 

lengthening of the bonds. This mechanism may also account f o r the 

b r i g h t red colour of S^N^Cl compared t o the usual yellow, since the 

i n t e r a c t i o n of the C l ~ i o n w i t h the LUMO would p e r t u r b the If-system of 
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N1 ^ 247(2) 
(-00825) 

00545 
108-3(2) 

133-ft(1) 

(0-0375) 

Figure 3 . 4 . The geometry of the Ŝ N̂ . 
Bond lengths(X) and bone 
shown w i t h t h e i r e.s.d 
from the plane 1.38x + 
also shown 

ion i n S N^Cl. 
angles (°7 are 

, 's Distances (X) 
6.690Z = 1.745 are 
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o 

Figure 3 . 5 . P r o j e c t i o n of the u n i t c e l l of S^N^Cl on (010) 
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Figure 3 . 6 . P r o j e c t i o n of the u n i t c e l l of S^N^Cl on (001) 
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Figure 3 . 7 . P r o j e c t i o n of the u n i t c e l l of S^N^Cl approximately on (100) 
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Table 3 . 4 Crystal data amd f r a c t i o n a l co-ordinates (x 1 0 ) for S N 0 1 

S^N^Cl; Monoclinic, space group Ĉ ^̂  

a = 7.98(1), b = 14.37(1), c = 7.30(l)A,p= -. 97.15(5) 

z = 4, D = 2.12 
c 

X 

-3 
g cm 

y z 

01 0 0 5000 

S ( l ) 0 2207(1) 2500 

S(2) 2750(1) 3642(1) 2039(1) 

S(3) 1751(1) 5576(1) 2103(1) 

N ( l ) 1720(3) 2718(2) 2281(5) 

N(2) 1505(3) 4485(2) 2001(4) 

N(3) 0 6024(2) 2500 

Table 3 . 5 Thermal parameters for SgN^Cl (U.. X lO'*), f?. 11 

" l l "22 "33 "23 " l 3 " l 2 
01 284(4) 473(6) 428(4) -27(4) 65(4) 46(4) 

S ( l ) 343(5) 212(4) 1302(13) 0 270(7) 0 

S(2) 205(3) 287(3) 796(5) -5(3) 149(3) 18(2) 

S(3) 242(3) 254(3) 641(5) -6(3) 85(3) -50(2) 

N ( l ) 304(11) 294(12) 972(22) 7(14) 179(13) 13(9) 

N(2) 225(9) 252(10) 574(13) -18(10) 103(9) 6(7) 

N(3) 292(14) 241(14) 579(18) 0 56(14) 0 
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the c a t i o n . I f the HOMO-LUMO gap diminishes as a r e s u l t , the 

UV-visible absorption would s h i f t t o longer wavelengths and the 

compound would appear t o be more red. This i s what seems t o be 

happening i n S^N^Cl. On a d d i t i o n of S0_ t o the s a l t , the c h l o r i d e ion b b 2 
co-ordinates p r e f e r e n t i a l l y t o i t and the yellow colour of the Ŝ N̂"*" 

ion i s restored (see Section 3.2.4a). 

The lengthening of sulphur-nitrogen bonds i n Ŝ N̂"*" by 

i n t e r a c t i o n w i t h h a l i d e ions also accounts f o r the observed l a b i l i t y 

of S^NgF ; (Section 5.2.4) the greater donating power of the f l u o r i d e 

i o n probably d e s t a b i l i z e s the Ŝ Ng"*" r i n g s u f f i c i e n t l y t o render the 

compound unstable. On t h i s basis i t i s a n t i c i p a t e d t h a t the compound 

SgN^F may be v i r t u a l l y unpreparable a t room temperature. 

3 , . 2 o 7 E l e c t r o n i c S t r u c t u r e o f S^W^Cl: 
5 5 

The e l e c t r o n i c spectrum of the S^N^^ c a t i o n has previously been 
(31) 

i n v e s t i g a t e d a t the Tf - e l e c t r o n i c PPP l e v e l , and the Extended 

Hiickel l e v e l . ̂ "̂ ^̂  A b r i e f MNDÔ "̂ ^̂  study of the r e l a t i v e s t a b i l i t y of 

various S^N^^ isomers has also been p u b l i s h e d . T h e Ŝ N̂ ^ ion has 

been re-examined a t the MNDO l e v e l i n order t o cal c u l a t e i t s 

e l e c t r o n i c s t r u c t u r e and the geometry of the azulene type r i n g . 

Two c a l c u l a t i o n s were performed, (see Figures 3.8 and 9 ) , using 

the bond lengths and r i n g angles observed i n the s t r u c t u r e of S^N^Cl, 

( w i t h the t w i s t angles set t o ze r o ) , as an i n i t i a l geometry; i n the 

f i r s t c a l c u l a t i o n the r i n g was constrained t o a plane (C^^ symmetry) 

w h i l s t i n the second, the r i n g was allowed t o buckle out of plane. The 

r e s u l t s from the two c a l c u l a t i o n s were e s s e n t i a l l y the same. As the 
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l a r g e s t r i n g t o r s i o n angle c a l c u l a t e d i n the f u l l y optimised case was 

only 3.6° and the d i f f e r e n c e i n energy between the two c a l c u l a t i o n s 

was only 0.155 Kcal mol , the discussion w i l l be i n terms of the 

planar (C^^) molecule. 

I n Ŝ N̂ ,̂ the 54 valance electrons occupy ten tS^bonding o r b i t a l s 

and ten lon e - p a i r o r b i t a l s , l e a v i n g fourteen electrons t o be 

d i s t r i b u t e d amongst seven T f - o r b i t a l s . The f f - o r b i t a l s are shown i n 

Figure 3.8. The MNDO c a l c u l a t i o n p r e d i c t s a s l i g h t l y d i f f e r e n t 

ordering of o r b i t a l s than a previous Extended Huckel study;^^"^^ we 

f i n d t h a t the HOMO of the i o n i s a TT-type o r b i t a l , w i t h lone p a i r 

molecular o r b i t a l s l y i n g a t s l i g h t l y lower energies than the HOMO and 

HOMO-1 (-15eV compared t o -13eV), The MNDO program^^^^ allows 

c o n f i g u r a t i o n i n t e r a c t i o n c a l c u l a t i o n s f o r the excited s i n g l e t t o be 

performed; the M.O. energies computed can be used t o p r e d i c t the 

UV/visible spectrum of the species i n question. These c a l c u l a t i o n s f o r 

Ŝ N̂ ,̂ however, f a i l e d t o achieve self-consistence, although 
(28 33) 

su b s t a n t i a l agreement w i t h published c a l c u l a t i o n s ' i s 

an t i c i p a t e d since the PPP-CI c a l c u l a t i o n s of Bartetzko and Gleiter^"^"^^ 

p r e d i c t only minor changes i n the e l e c t r o n i c spectrum f o r d i f f e r e n t 

conformers of Ŝ N̂ .̂ 

The c a l c u l a t e d atomic charges and molecular geometry are shown 
© e 

i n Figure 3.9. The c a l c u l a t e d mean bnd length i s 1.544 A and the 

calc u l a t e d mean angle a t n i t r o g e n i s 143.9°. These values are i n 

strong agreement w i t h the c o r r e l a t i o n f u n c t i o n , since the f u n c t i o n 

p r e d i c t s a bond l e n g t h o f 1.545 K f o r a bond angle of 143.9°. The MNDO 

values are w i t h i n 0.2 of an e.s.d. of the c o r r e l a t i o n f u n c t i o n and 

thus the value of both approaches i n p r e d i c t i n g minimum energy 

conformations i s confirmed. 
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Figure 3 . 8 . MNDO c a l c u l a t e d T f - o r b i t a l energy scheme f o r Ŝ-N 5 5 
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Figure 3 . 9 . MNDO ca l c u l a t e d atomic charges and bond lengths (A) 
and angles (°) f o r S^N^ 
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3 . 3 CONCLUSIONS 

A simple synthesis of S^N^Cl has been devised and the p u r i t y of 

the product ensured i t s long term s t a b i l i t y ; t h i s synthetic strategy 

has been extended by the group i n Durham t o produce an even more 

convenient ro u t e . 3 3 CI i s a v e r s a t i l e s t a r t i n g m a t e r i a l f o r the 

preparati o n of other ŜN-"*" s a l t s by metathesis, i n p a r t i c u l a r Ŝ -N̂ BF. 
5 5 5 5 4 

which has proved t o be u s e f u l f o r the electrosynthesis of (SN) layers 
X 

(see Chapter 4 ) . Sj.N CI was also found t o be moderately r e a c t i v e , 

undergoing an i n t e r e s t i n g halogen exchange r e a c t i o n w i t h BF and some 

i n t r i g u i n g rearrangement r e a c t i o n s w i t h l i q u i d SO^; t h i s r e a c t i v i t y i s 

undoubtedly the r e s u l t of i t s having only a simple c h l o r i d e 

counter-ion r a t h e r than a l a r g e r , more i n e r t species. Chemical 

r e d u c t i o n o f Ŝ-N 01 r e s u l t s i n the formation of (SN) . The undertaking 

of t h i s work coincided w i t h a diminution of i n t e r e s t i n chemical 

preparations of (SN) and so the i n v e s t i g a t i o n s were not pursued. I n 

the event of a resurgence of i n t e r e s t , the chemical reduction of 

S N CI and i t s r e a c t i o n w i t h carbon-containing species would me r i t 

f u r t h e r a t t e n t i o n . 
The c r y s t a l s t r u c t u r e of S^N^Cl i s h i g h l y ordered, i n contra s t 

5 5 

t o p r e v i o u s l y reported s t r u c t u r e s , owing t o appreciable cation-anion 

secondary i n t e r a c t i o n s . These secondary i n t e r a c t i o n s r e s u l t i n 

d i s t o r t i o n s o f the c a t i o n , which may be detected both by the use of a 

bond angle - bond le n g t h c o r r e l a t i o n f u n c t i o n and by comparison w i t h 

MNDO c a l c u l a t i o n . The consequent perturb a t i o n s of the c a t i o n molecular 

o r b i t a l s account f o r the b r i g h t red colour of S^N^Cl; these 

p e r t u r b a t i o n s are removed on exposure of S^N^Cl t o SÔ  vapours (when 
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the c h l o r i d e ion p r e f e r e n t i a l l y coordinates t o SO^), which accounts f o r 

the observed colour change t o yellow. 

3.4 EXPERIMENTAL SECTION 

3.4.1 Preparation of SgN^Cl from SgNgFeCl^ and Metal Fluorides: 

a) Using CsF. S^N^FeCl^ (l.Og, 2.3 mmol) was ground together 

w i t h CsF (1.07g, 7.0 mmol) and the mixture placed, together w i t h a 

Teflon-coated magnetic s t i r r i n g bar, i n one bulb of a two bulb vessel. 

SO^ (approx. 10 ml) was condensed onto the mixture which was s t i r r e d 

a t room temperature f o r 16h. The mixture was f i l t e r e d and the 

i n s o l u b l e s were washed w i t h b a c k - d i s t i l l e d SO^ ( 2 x 5 ml). The SO^ was 

removed t o y i e l d yellow-orange c r y s t a l l i n e solubles (crude S^N^Cl) and 

grey powdery in s o l u b l e s '(CsCl/FeF^). The crude S^N^Cl was placed i n a 

closed e x t r a c t o r and extracted w i t h a c e t o n i t r i l e (48h) t o y i e l d S^N^Cl 

as a s c a r l e t m i c r o c r y s t a l l i n e i n s o l u b l e s o l i d and a mixture of Ŝ N̂ , 

S N FeCl , and CsCl as the soluble i m p u r i t i e s extracted by 

a c e t o n i t r i l e . 

Y i e l d , 0.43g (6 9 % ) . I n f r a r e d spectrum of Ŝ-N CI, \) = 1120s, 
o o m3.x 

1070s,sh, 1045s, 965m, 945m, 735w, 705vw, 670m, 625m, 585vw, 540s, 

460m, 410s cm"""". Raman spectrum of Ŝ N CI (6328 X), V = 730w, 695w, 

670w, 645s, 590w, 560vw, 465s, 415vw, 320w, 260m, 220s, 195m, 145s, 

100m,sh, 95m, 55vs, 45vs cm"'''. Powder p a t t e r n (CuK^), d = 7.04(5), 

4.68(3), 3.877 ( 2 ) , 3.575(10), 3.414 ( 5 ) , 3.213(3), 3.028(7), 

2.951(2), 2.810(4), 2,750(3), 2.647(2), 2.613(7), 2.558(3), 2.527(4), 

2.390(17, 2.275(3), 2.242(4), 2.178(1), 2.112(1), 1.964(4), 1.916(3), 
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l o 8 6 8 ( 4 ) , 1 . 7 8 3 ( 2 ) , 1 . 7 1 7 ( 2 ) , 1 . 6 9 1 ( 1 ) , 1 . 6 0 1 ( 5 ) , 1 . 5 4 4 ( 1 ) , 1 . 5 0 6 ( 5 ) , 

1 . 4 9 1 ( 3 ) , 1 . 4 3 5 ( 1 ) , 1 . 4 2 5 ( 2 ) , 1 . 3 3 7 ( 3 ) , 1 . 3 2 3 ( 2 ) Analysis: found S, 

5 9 . 9 3 ; N, 2 6 . 2 1 ; CI, 1 3 . 6 0 ; Ŝ N CI r e q u i r e s , S, 6 0 . 3 2 ; N, 2 6 . 3 5 ; CI, 

1 3 . 3 3 % . 

b) Using K F or RbF= The above experiment was repeated using 

S^N^FeCl^ (0.5g, 1.17mmol) and KF (0.2g, 3.45mmol) or S^N^FeCl^ 

(0.15g, 0.35mmol) and RbF ( O . l l g , 1.05mmol-)^ I n each case S^N^Cl was 

detected as the major soluble product. The RbF product was p u r i f i e d as 

i n a) above whereas the KF product was not p u r i f i e d . 

Y i e l d s : KF product (crude) approx. 0.3g, RbF product ( p u r i f i e d ) , 

0.05g (5 4 % ) . I n f r a r e d spectrum of KF product, ̂  = 1115m, br, 1070m, 

sh, 1040m, sh, 960w, 925m, (S^N^), 730m, sh, (S^N^), 700m, (S^N^) 680, 

sh, 530m, (S^N^) 460w,sh, 375m cm""̂ . I n f r a r e d spectrum of RbF product 

(CsCl disc),V? = 1120s, 1070s, sh, 1045s, 965m, 945m, 735w, 705vw, max 
670m 625m, 585vw, 540s, 510m, 410s cm"'''. 

c) Attempted r e a c t i o n using WaF or L i F o The above experiment was 

repeated using S N FeCl (0.5g, 1.17 mmol) and NaF or LiF (0.2g, 3.96 

mmol). The soluble r e a c t i o n product was i d e n t i f i e d as S^N^FeCl^ 

i . e . no r e a c t i o n had taken place. I n f r a r e d spectrum of orange-

yellow soluble product, \) = 1160-1120m, br, 1050vw, 61Ow, 530m, 
m3.x 

380vs cm"'''. 

3 o 4 o 2 Preparation o f SgW^BF^: 

S N CI (2.2g, 8.28 mmol) was placed i n a polythene f l a s k and 
3 S 
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cold (-15°C) HBF^ (a q , ) , (25 ml) was syringed on top. A f t e r shaking 

b r i e f l y a t room temperature i n an u l t r a s o n i c bath, the mixture was 

l e f t overnight a t -15°C and subsequently f i l t e r e d under reduced 

pressure i n a polythene f i l t r a t i o n apparatus using ZITEX e x t r a f i n e 

T eflon f i l t e r membranes. The r e s u l t i n g orange c r y s t a l l i n e s o l i d was 

washed (3 x 1 ml) w i t h cold ether and extracted (closed e x t r a c t o r ) 

w i t h pentane f o r 24h t o remove S^N^ ( O . l g ) . The remaining s o l i d was 

extracted b r i e f l y (30 min) w i t h a c e t o n i t r i l e and the soluble f r a c t i o n 

was r e c r y s t a l l i s e d from SO^ t o y i e l d orange c r y s t a l l i n e S^N^BF^. 

Y i e l d = l o 6 g (61.5%). I n f r a r e d spectrum, \̂  = 1285w, 1175m, 

sh, 1060-20VS, vbr, 925m, sh, 765w, 725s, 700w, 680m, 625m, 570m, 

540s, 520s, 490s cm""̂ . Raman spectrum, \? = 580m, 533vs, 482m, br, 
max 

422m, 262s, 238m, 195 vs cm"'̂ , (6328 X e x c i t i n g l i n e ) . Analysis: found 

S, 50.02; N, 21.4; B, 3.46; S^N^BF^ risquires S, 50.55; N, 22,08; B, 

3.41%. 

3 o 4 „ 3 Preparation o f S^W^AsF^s 
b 3 o 

S N CI (0.50g, 1,88 mmol) was placed i n one bulb of a two bulb 

vessel together w i t h a Teflon coated s t i r r i n g bar. AgAsFg (0.56g, 

1.88 mmol) was placed i n the other bulb. SO2 (ca. 10 ml) was condensed 

i n approximately equal q u a n t i t i e s i n each bulb. A f t e r warming t o room 

temperature the s o l u t i o n of AgAsF_ was added t o the s o l u t i o n of 

S^N^Cl. Immediate r e a c t i o n occurred producing a yellow s o l u t i o n and a 

white p r e c i p i t a t e (AgCl), A f t e r s t i r r i n g (2 h) the mixture was 

f i l t e r e d and the i n s o l u b l e s were washed w i t h SO^ d i s t i l l e d back from 

the solubles bulb ( 1 x 2 m l ) . The solvent was removal t o y i e l d a 
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yellow c r y s t a l l i n e s o l i d (S^N^AsF_) and a white powdery ins o l u b l e 
b b b 

s o l i d which turned grey a f t e r exposure t o l i g h t (AgCl). 

Yie l d s : S^N^AsF^, 0.7g ( 8 8 % ) ; AgCl, 0.26g (96%); weight losses a b b D 

r e s u l t of losses i n manipulation. I n f r a r e d spectrum, \̂  = 1155s, 

br, 1070 w, sh, 875 vw, 820w, 700vs, 685vs,sh, 625m, sh, 575m, 545s, 

400vs cm 

3 . 4 = 4 Reduction by Ue^Sm^i 

S Np-Cl (O.lg, 0.37 mmol) aind a Teflon coated magnetic s t i r r e r 

were placed i n a twin-necked f l a s k f i t t e d w i t h Rotaflo tap adaptors. 

A c e t o n i t r i l e (ca. 20 ml) was syringed i n against a counterflow of dry 

n i t r o g e n and the mixture was cooled t o -2°C i n an alcohol bath. A 

s o l u t i o n of Me SiN (0.25 ml, 0.22g, 1,85 mmol ) i n a c e t o n i t r i l e 

(10 ml) i n a pressure-equalized dropping funnel f i t t e d w i t h a Teflon 

needle valve was put i n place of one of the top adaptors and the 

s o l u t i o n was added dropwise (45 min) w i t h s t i r r i n g . The mixture, 

i n i t i a l l y orange, p r o g r e s s i v e l y darkened and a brown heterogenous 

s o l i d formed i n the f l a s k . A f t e r s t i r r i n g f o r 24h, a dark grey s o l i d 
(34) i d e n t i f i e d by i . r . spectroscopy as (SN) was separated from the X 

brown s o l u t i o n , which y i e l d e d a brown-orange s o l i d ( l a r g e l y S^N^) on 

removal of solvent. 

Y i e l d s : Brown-orange s o l i d , 0.02g; dark grey s o l i d , (SN) , 0.08g 
X 

(92 % ) . I n f r a r e d spectrum of dark grey s o l i d , ^ = 1020w, 935vw, 
in3X 

725w, sh, 700m, 635w, 510w cm~^. On examination under a microscope, 

the (SN) was found t o con t a i n h i g h l y r e f l e c t i v e golden f l a k e s and a 
X 

few amorphous lumps of SiO^o 
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3 o 4 = 5 Reduction by ^2'^^3° 

I n a t y p i c a l experiment, Ŝ-N CI (0.2g 0.75 mmol), K CS (0.07g, 

0.38 mmol) and a Teflon coated magnetic s t i r r e r were placed i n one 

bulb of a two bulb vessel. SO^ (10 ml) was condensed on the mixture a t 

l i q u i d n i t r o g e n temperature and as the mixture warmed t o -15°C, 

vigorous r e a c t i o n occurred producing orange, green and blue colours. 

A f t e r s t i r r i n g a t -15°C f o r 30 minutes the mixture was f i l t e r e d 

y i e l d i n g a brown s o l u t i o n and a black i n s o l u b l e s o l i d . Removal of 

solvent y i e l d e d on orange-brown c r y s t a l l i n e s o l i d and an insoluble 

black/purple powder. The powder was extracted exhaustively w i t h SÔ  

(72h) i n a closed e x t r a c t o r . The black powder was i d e n t i f i e d as (SN)^ 

by i n f r a r e d spectroscopy^^^^ and x-ray powder d i f f r a c t i o n ^ The 

brown-orange solubles were i d e n t i f i e d by i n f r a - r e d spectroscopy as a 

mixture of S^N.Cl and S.N_C1, 5 5 4 3 
Y i e l d : (SN) 0.08g ( 4 6 % ) . I n f r a r e d of (SN) (Csl p l a t e s ) ; \̂  

1250w, br, 1160w, br, 1040 w, sh, 1020m, 800vw, br, 700m, 625vw, sh, 

610w, 500m, 290w cm""*". Powder photograph (CuK<^) d = 3.76(5), 3.28 

( 1 0 ) , 2.88 (2) K ( a l l l i n e s d i f f u s e ) . Analysis; C, 2.49%. I n f r a r e d of 

brown-orange solubles,\? = 1150m, br (K„CS_), 1030sh(?), 1000sh(?), 
rn3.x d o 

910vs(K2CS2) , 755w, 680vs(?) 520vs(K2CS2) , 370sh cm~-^.c,f, K^CS^ i n 

Chapter 2, 

3 = 4 o 6 Reaction w i t h BF^{g)z 

SgN^Cl (O.lg, 0,38 mmol) was placed i n a Pyrex bulb equipped 

w i t h two v e r t i c a l limbs each f i t t e d w i t h a J. Young's Teflon stemmed 

valve and %" O.D. ground glass adaptor. 
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A c y l i n d e r of BF gas was connected t o one limb v i a a rubber o 

hose and O.D. copper tube which i n t u r n was connected t o one of the 

v e r t i c a l limbs w i t h a Swagelok compression f i t t i n g . The other limb was 

connected v i a a rubber hose t o an e x i t bubbler. BF was passed over 

the s o l i d S^N^Cl; almost immediately r e a c t i o n occurred w i t h darkening 

of the s o l i d . A f t e r 10 min the S^N^Cl had become a b r i g h t s c a r l e t 

colour and was bubbling slowly. The r e a c t i o n was stopped a f t e r 30 

minutes and the system was purged w i t h dry n i t r o g e n . An i n f r a r e d 

spectrum of the s c a r l e t product proved i t t o be a mixture of S^N^.BF^ 

and S.N̂ , 4 4 
I n f r a r e d spectrum,\7 = 1290vw, 1260w, 1180 w, sh, 1150sh, 

max 

1040 vbr, 960br, 925*m, sh, 890m, 840vw, 800vw, 770vw, 725s», 700s*, 

650s, 620s, 560w, sh, 545s*, 520s, 500m, 485vw, sh, 420m cm"'''. * bands 

assigned t o S N , C.f. S N .BF^-^^^V^ = 1171m, 1138m, 1117s, 1070s, 
^ ^ 4 4 o in3.x 

1040vs, 1014m, 949s, 908m, 888s, 840mw, 724vw, 697vw, 682vw, 658ms, 

623ms, 567w, 552w, 527s, 502m, 490w, sh, 420ms cm"'̂ . 

3 o 4 = 7 A c t i o n o f BF „Me 0 on S W C I : 

S^NgCl (O.lg, 0.38 mmol) was placed w i t h a magnetic s t i r r e r i n 

one bulb of a two bulbed vessel and BF .Me 0 (0.1 ml, 3x excess) was 

syringed i n t o the other bulb, the manipulation being performed i n a 

glove box under dry n i t r o g e n . SO^ (ca.lOml) was condensed onto the 

etherate and the s o l u t i o n was added t o the S^N^Cl (-7°C). The r e a c t i o n 

mixture was s t i r r e d a t -7°C, the temperature being maintained by an 

alcoho l bath. A f t e r 16h the r e a c t i o n mixture contained a small amount 

of a black i n s o l u b l e m a t e r i a l (decomposition p r o d u c t ) . F i l t r a t i o n and 
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subsequent prolonged pumping y i e l d e d red c r y s t a l l i n e product which 

i n f r a r e d spectroscopy showed t o be l a r g e l y S^N^Cl. 

I n f r a r e d spectrum, \> = 2100m, br, 1150 w, br, 1120m, 1070m, 
msix 

1040m, 960m, 940m, 730s 680m, 540s, 460m, 410s, 340vs cm""*", c.f. 

S^N^Cl, \̂  = 1120s, 1070s, sh, 1045s, 965m, 945m, 735w, 705vw, 670m, 5 5 max 
625m, 585vw, 540s, 460m, 410s cm"'''. 

3 o 4 o 8 Reaction of S^W^Cl w i t h Mel i n SO^ t 

Sj-N CI (O.lg, 0.38 mmol) was placed w i t h a magnetic s t i r r e r i n 

one bulb of a two-bulb vessel. Mel (2 ml, 3.08g, 21.7 mmol) was 

syringed on top of t h i s and SO^ (ca. 2 ml) was condensed on the 

mixture. The r e s u l t i n g orange s o l u t i o n was s t i r r e d (ca. 16h) by which 

time a purple-brown s o l i d had formed and the s o l u t i o n had become 

orange-red. F i l t r a t i o n and removal of solvent y i e l d e d a purple-brown 

i n s o l u b l e s o l i d and a heterogenous black/orange soluble c r y s t a l l i n e 

f r a c t i o n . This soluble f r a c t i o n contained black shiny c r y s t a l s which 

sublimed and had a purple vapour, i d e n t i f i e d as I ^ , I n f r a r e d spectra 

showed the soluble f r a c t i o n t o be l a r g e l y S^N^ and the ins o l u b l e 

f r a c t i o n t o be a mixture of S^N^I„C1 and S.N.. 
5 5 2 4 4 

Y i e l d s : soluble f r a c t i o n ca. 50 mg, i n s o l u b l e f r a c t i o n ca. 

50 mg. I n f r a r e d spectrum of brown-purple i n s o l u b l e s , V? = 1230m, br, 
ni3.x 

1130W, 1070m, 1040 sh, vw, 990w, sh, 955m, 930s*, 860w, sh, 770w 

730s, sh*, 700s*, 665m, 625m, 550s, 460m, 400s cm"'''. *assigned t o 
S^N^. c . f . SgN^I^Cl 1 8 ) ^ ^ 1135s, lOSOvs, br, 982m, 954s, 728m, 

ni3.x 
671m, 628m, 585vs, br 563vs, 541m, 549s, 403s cm"'''. I n f r a r e d spectrum 

of black/orange solubles, = 1160vw, 1060vw, lOOOw, 920vs, 770w, 
msLX 
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760w, 730vs, sh*, 700vs*, 545*, 530s, sh, 465vw cm '''. *assigned t o 

Ŝ N̂ . 4 4 

3 = 4 . 9 Reaction of SgW^Cl w i t h AgCW: 

SgN^Cl (O.lg, 0.38 mmol) was placed together w i t h AgCN (0.3g, 

2,2 mmol) and a Teflon coated magnetic s t i r r e r i n one bulb of a 

two-bulb vessel. SO^ (ca. 8 ml) was condensed on top and the mixture 

was s t i r r e d room temperature (16h). The i n i t i a l orange s o l u t i o n became 

o l i v e green a f t e r a few minutes and a f t e r 16h the r e a c t i o n mixture 

consisted of an orange s o l u t i o n and a brown-purple i n s o l u b l e s o l i d . On 

f i l t r a t i o n and removal of solvent, orange c r y s t a l s were obtained from 

the s o l u t i o n . 

Y i e l d s : Orange c r y s t a l s 50mg, brown-purple s o l i d 0.3g. 

I n f r a r e d spectrum of orange c r y s t a l s , \? = 2170 vw, 1190m, 1040m, 
Tn3,X 

930m*, 725w, sh*, 700m*, 550m* cm"'''. I n f r a r e d spectrum of brown purple 

s o l i d , \? = 2155 m, br cm""''. *assigned t o S.N. 
max ^ 4 4 

3=4.10 Hydrolysis o f SgW^Cl i n A i r : 

On exposure of a small amount of S^N^Cl t o moist a i r (24h), a 

black s o l i d r e s u l t e d . I n f r a r e d spectrum of black s o l i d , \? = 
msix 

3300-3000m], br, 1790-1610 w, br, 1400s], 1200m, 1090s3, 1015m, sh, 

960w°, 930m*, 725m*, sh*, 700s*, 665w, sh, 615s], 545s*, 460w°, 405m, 

sh°, 345s, sh cm ^. *assigned t o S^N^, ] assigned t o (NH^)2S0^, 

^assigned t o r e s i d u a l S^-N^Cl. 
b b 
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3 o 4 o l l Semi-quantitative S o l u b i l i t y Study of S ^ W ^ C l i n SÔ : 

An accurately weighed amount of S^N^Cl was placed i n a 5 0 ml 

round bottomed f l a s k f i t t e d w i t h a R o t a f l o valve, Liq u i d SO^ was 

condensed i n u n t i l the s o l i d d issolved; small amounts of SO^ were then 

removed u n t i l a t i n y amount of c r y s t a l l i n e m a t e r i a l was formed which 

would not d i s s o l v e a f t e r a l l o w i n g the system t o e q u i l i b r a t e . The f i n a l 

amounts used were 0 o l 0 2 5 g S^N^Cl i n 3.4811g SO^ or approximately 3g of 

S^N^Cl per lOOg of SO^. 

3 = 4 o l 2 Tensimetric T i t r a t i o n o f S^W^Cl and S 0 _ ; 

DO £. 

A small f l a s k , f i t t e d w i t h a R o t a f l o valve, containing S^N^Cl 

{0.1928g, 0.7252 mmol). connected v i a a T-piece and Whitey valves t o a 

mercury-in-glass manometer and a monel vacuum manifold. The f l a s k was 

maintained a t 2°C i n an alcohol bath. A l i t t l e l i q u i d SO^ was 

condensed i n . A f t e r a l l o w i n g 5 minutes f o r the S^NgCl to soak 

thoroughly, SO^ was c a r e f u l l y removed u n t i l no more l i q u i d was 

present. The pressure of the system was measured a f t e r a l l o w i n g 15 

minutes f o r e q u i l i b r a t i o n and the f l a s k was detached from the 

manometer and weighed. On re-attachment, a small amount of SO^ was 

removed and the process was repeated. I t was found t h a t f i n a l 

e q u i l i b r a t i o n was not achieved even a f t e r 4 hours and so a standard 

time of 15 minutes was allowed f o r each reading. Solvate formation 

r e q u i r e d i n i t i a t i o n by exposure t o an excess pressure of SO^; i t was 

not formed by a d d i t i o n of small a l i q u o t s of SO^ t o S^N^Cl. See Section 

3.2 and Figure 3.2. 
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3 .4.13 Reaction of S^N^Cl with l i q u i d SO^: 

a) The saturated s o l u t i o n of S^N^Cl i n SO^ prepared i n Section 

3.3.11 was l e f t standing a t room temperature. A f t e r several months, 

pale yellow n e e d l e - l i k e c r y s t a l s formed a t the meniscus of the 

s o l u t i o n and on the w a l l s of the bulb above the s o l u t i o n (which became 

orange). The c r y s t a l s continued t o grow very slowly. A f t e r 2 years, 

the solvent was removed t o y i e l d pale yellow need l e - l i k e crystals on 

the w a l l s of the f l a s k and a s l i g h t l y s t i c k y , orange, m i c r o c r y s t a l l i n e 

s o l i d from the s o l u t i o n . The c r y s t a l s and orange s o l i d were removed 

separately and i d e n t i f i e d by i n f r a r e d spectroscopy as Ŝ N̂"*̂  ̂ °3*^^ ° 

Yields: Pale yellow c r y s t a l s ca, 50mg, orange s o l i d ca. 50mg. 

I n f r a r e d spectrum of pale yellow c r y s t a l s (Csl p l a t e s ) , V?„^^ = 1375s, 

1320 w, sh, 1286 vs, sh, 1260vs, 1250 vs, sh, 1170m, 1155m, 1055vs, 

1035s, sh, 820m, 683m, 642w, 625m, 590s, 580s, 540s, 530s, 490s, 450w, 

360m, sh, 332s cm"^. For assignments, see Table 3.3a. I n f r a r e d 

spectrum of orange s o l i d , \? = 1330s, 1280vs, sh, 1260vs, 1250vs, 
msix 

sh, 1160m, 1140s, 1120s, 1045s, 1035m, sh, 980vw, 810m, 720m, 705s, 

680m, 635s, 590s, 580s, 555m, sh, 540m, 530m, 505m, 490s, 455vw, sh, 

450s, 380s, sh cm"'''. For assignments, see Table 3,3b. For discussion, 

see Section 3.2.4. 

b) I n the course of some attempted NQR work, S^N^Cl (ca. I g ) was 

sealed i n a Pyrex ampule w i t h S0„ (ca. I g ) . I n i t i a l l y the red S^N^Cl 

turned yellow on contact w i t h l i q u i d SO2 but d i d not a l l dissolve. 

A f t e r a few weeks, however, the yellow S^N^Cl solvate disappeared and 

was replaced by a dark s o l u t i o n , a dark m i c r o c r y s t a l l i n e s o l i d which 
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continued some l a r g e r red c r y s t a l l i n e f e a t u r e s , and some pale yellow 

r o d - l i k e c r y s t a l s . The ampoule was stored a t zero, 0°C i n the dark and 

over a few months the c r y s t a l l i n e f e a t u r e s slowly grew. A f t e r 12 

months the ampoule was opened by c a r e f u l g r i n d i n g w i t h a carborundum 

wheel. A gas phase i n f r a r e d spectrum of the v o l a t i l e s was-recorded and 

the v o l a t i l e s were removed t o y i e l d pale yellow r o d - l i k e c r y s t a l 

(S^Ng^SOgCl ) and a dark m i c r o c r y s t a l l i n e mass continuing l a r g e r dark 

red c r y s t a l l i n e f e a t u r e s , (S .N̂ '''SO„Cl" and S_N.C1„) both coated w i t h a 
4 5 3 6 4 2 

s l i g h t l y s t i c k y residue from the solubles. 

Y i e l d s : Pale yellow c r y s t a l s ca, 0.2g, dark m i c r o c r y s t a l l i n e 

mass ca, 0,4g, 

I n f r a r e d spectrum of pale yellow c r y s t a l s , \? = 1270 vs, 1180s, 

1050m, sh, 1045VS, 1035 vs, sh, 870w, 682s, 652m, 623s, (590, 590)vs, 

540s, 530s, 490s, 450vw, sh, 350m, sh, 330s cm"'̂ , c , f , S^N2'''S02Cl" 

above. I n f r a r e d spectrum of dark m i c r o c r y s t a l l i n e s o l i d (Csl p l a t e s ) , 
\? = 1285 vs, 1260VS, 1070s, 1050s, 1025vw, sh, 990s, 926w, 945w, max 
881w, 825s, 710m, 700w, sh, 625vs, 580w, 560w, 542m, 525s, 431m, 

375vw, 360w, 340vw, 295w, cm"^. For assignments see Table 3.3c, 

I n f r a r e d spectrum of gas phase from ampoule, \? = ca. 1350vs, 

1255sh, 1245m, 1155vs, 1145vs, 528vs, 500vs cm '''. For assignments, see 

Table 3.3d. 

3=4<,14 Thermal Studies o f S^W^Cl: 
b b 

a) Raman Studieso A small amount of S N CI was sealed under 

n i t r o g e n i n a c a p i l l a r y tube and heated t o 95°C f o r a few minutes. A 

Raman spectrum was recorded o f the red-orange i n v o l a t i l e m a t e r i a l a t 
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the bottom of the tube. The experiment was repeated, (heating t o 

127°) and Raman spectra were recorded of the r e s u l t i n g yellow 

i n v o l a t i l e s o l i d a t the bottom of the tube and the yellow v o l a t i l e 

s o l i d which had c o l l e c t e d a t the top of the tube. Raman spectrum of 

red-orange melt OS^C) , ̂  = 465m(?), 350w (S N ) , 285m, sh ( ? ) , 
m&x 4 4 

275m, sh( ? ) , 260m, sh (S^N^Cl) , 250m, sh (S^N^Cl), 220m (S^N^), 

115s, sh (NSCDg, S^NgCl, 70vs (NSCD^, S^N^Cl) , 45vs, sh (S^N^, 

S N C I ) , 35vs ( ? ) , 30vs ( ? ) , 15vs(?) cm"'''. Yellow i n v o l a t i l e s o l i d 
(127°C),V? = lOOOw 720w (S.N.), 605m (S.N-Cl), 560m (S.N.Cl), 450s max 4 4 4 d 4 J 
(S^NgCl), 250m (S^N^Cl) , 215s (S^N^), 200s (S^N^), 165vw(S^N2Cl), 150m 

(S^NgCl), 110s, sh (S^NgCl), 100s (S^NgCl), 80s (S^N^Cl), 45vs 

(S^NgCl, S^N^), 25w (?) cm Raman spectrum of yellow v o l a t i l e s o l i d , 

( A f t e r h eating t o 127°C), \̂  = 1125w, 700w, br, 620w, br, 485m, 
msx 

435w, 375m, 340s, 320m, 195m, 180s, 110s, 80vs, 40w, 25m cm""'' [ a l l 

modes assigned t o (NSCl)^], 

b) D i f f e r e n t i a l scanning c a l o r i m e t r y (D=S=C») st u d i e s . I n a 

t y p i c a l experiment, S^N^Cl (5.98 mg, 2.33x10 mmol), was he r m e t i c a l l y 

sealed under dry n i t r o g e n i n aluminium capsule by cold welding i n a 

press. The sample was then heated i n a thermal analysis c e l l ( r a t e = 

4°C/min, i n i t i a l temperature = 48°C, f i n a l temperature 120°C) and the 

D.S.C. tra c e recorded on a y - t c h a r t recorder. I n f r a r e d spectra showed 

t h a t the yellow residue was an S^N^ - S^N^Cl mixture. Typical weight 

changes du r i n g thermolysis were 0.03 mg. 
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3 o 4 o l 5 C r y s t a l Growth o f S^W^Cl: 

A small amount of S N CI was placed on the f r i t of a closed 

e x t r a c t o r and a c e t o n i t r i l e (10 ml) was d i s t i l l e d i n t o the bulb. The 

SgN^Cl was ext r a c t e d w i t h a c e t o n i t r i l e (4 days). Small t r a n s l u c e n t 

s c a r l e t p l a t e l e t s formed on the side of the solvent bulb and s u i t a b l e 

s i n g l e c r y s t a l s were selected by hand; they were sealed under n i t r o g e n 

i n quartz c a p i l l a r i e s f o r X-ray examination. 

The s t r u c t u r e determination was performed by R,W,H, Small 

( U n i v e r s i t y of Lancaster), I n t e n s i t y data from a c r y s t a l of dimensions 

0.25 x 0.2 X 0.15 mm were c o l l e c t e d on a Stoe STDI-2 automatic 

t w o - c i r c l e d i f f r a c t o m e t e r using g r a p h i t e monochromatised MoKjx. 

r a d i a t i o n . Absorbtion and e x t i n c t i o n c o r r e c t i o n s were not app l i e d , 

1758 r e f l e x i o n s were measured of which 1629 were unique w i t h an 

i n t e r n a l agreement of R=0.0086. For refinement of the s t r u c t u r e , 1366 

r e f l e x i o n s f o r which l>Kr~{l) were used. A l l c a l c u l a t i o n s were c a r r i e d 

out using the SHELX 76 s u i t e of programs. 

The c r y s t a l was found t o be monoclinic, space group C2/c, 

a= 7 . 9 8 ( l ) , b=14.37(l). c=7.30(l) A, ^ =97.15(5), U=830.6 K^, Z=4, 

D^=2.12g cm ̂ , F^^^=532, KMOK^, =0.7107 K. 
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CHAPTER 4 

The Electrochemical Preparation of Poly(Sulphur Nitride) 

4.1 INTRODUCTION 

The growth of i n t e r e s t i n sulphur-nitrogen chemistry i n recent 

years has, i n p a r t , been a r e s u l t of the intense i n t e r e s t i n the 

conducting polymer, poly(sulphur n i t r i d e ) . Poly(sulphur n i t r i d e ) i s a 
r e f l e c t i v e golden c r y s t a l l i n e s o l i d and i s a m e t a l l i c conductor ( = 
3 —1 —1 

10 ohm cm ) along the d i r e c t i o n of the S-N chains but a poorer 
2 —1 —1 

conductor (cr= ca. 10 ohm cm ) perpendicular t o the chains; i t has 

been c l a s s i f i e d as a h i g h l y a n i s o t r o p i c 3-dimensional metal and i s the 

best example of t h i s unusual class of m a t e r i a l s . The i n t e r - c h a i n 

i n t e r a c t i o n s are thought t o be responsible f o r preventing a P e i e r l s 

d i s t o r t i o n ^ "'"̂  t o a non-conducting s t a t e a t low temperature and the 

unique ( f o r a conducting polymer) t r a n s i t i o n t o a super-conducting 

s t a t e below 0.26K. The physical p r o p e r t i e s of (SN) have been w e l l 
X 

(2) 
reviewed. ^^'^^x ^ vacuum - sublimable s o l i d and can be deposited 

e p i t a x i a l l y on s u i t a b l e substrates (eg Mylar or T e f l o n ) T h i n f i l m s 

(ca. 1/um) of (SN)^ deposited on semi-conducting ZnS have been used t o 

f a b r i c a t e blue l i g h t - e m i t t i n g diodes, which have a quantum e f f i c i e n c y 

f o r the blue, high energy (2.815 eV) emission 100 times t h a t of the 

corresponding devices f a b r i c a t e d from gold; these devices are 
(4) 

considered t o be of p o t e n t i a l commercial importance. 

A major hindrance i n the development of t h i s area has been the 

r e l a t i v e i n a c c e s s i b i l i t y of the pure polymer. Early work^^^ reported 
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(SN) as having a 5-10% hydride i m p u r i t y , but l a t e r r e p o r t s ^^'^^ 
X 

disputed t h i s and described (SN) as being r e l a t i v e l y stable t o moist 
X 

a i r ; s i m i l a r l y , the e l e c t r i c a l c o n d u c t i v i t y of (SN)^ along the chain 

has been reported as 2-4 x lo""̂ ®̂̂ ' 600^"^^' and 10-1730^^^ ohm"'''cm"'''. 

The s y n t h e t i c route used t o prepare these samples of (SN)^ was by 

s o l i d - s t a t e polymerization of ̂ 2^2'^^^^ ^ process which takes up t o 8 

weeks; t r a c e residues of ^2^2 °^ other moisture-sensitive 

intermediates could account f o r the v a r i a t i o n s i n reported s t a b i l i t y 

and c o n d u c t i v i t y of (SN) , 
X 

C l e a r l y , the preparation of a n a l y t i c a l l y pure (SN) i s a 
X 

p r e - r e q u i s i t e f o r accurate physical measurements and f o r any p o t e n t i a l 

a p p l i c a t i o n s . Whilst the preparation of (SN)^ v i a the s o l i d - s t a t e 

p o l y m e r i z a t i o n of ^2^2 w i t h care, y i e l d pure c r y s t a l l i n e 

m a t e r i a l , the preparation time (ca. 8 weeks) and the laborious nature 

of the procedure makes t h i s an u n a t t r a c t i v e s y n t h e t i c route. Much 

e f f o r t has been spent i n developing a l t e r n a t i v e syntheses, such as the 

r e d u c t i o n of sulphur-nitrogen c h l o r i d e s w i t h a z i d e s , ' ^ ^ ^ but the 

products obtained have f o r the most p a r t been unsuitable f o r vacuum 

d e p o s i t i o n and hence f o r device f a b r i c a t i o n ; c o - c r y s t a l l i z a t i o n of 

i m p u r i t i e s such as elemental sulphur leads t o patchiness and 
(13) 

i n s t a b i l i t y i n the coatings. 

S^N^Cl was thought t o be p o t e n t i a l l y a p a r t i c u l a r l y s u i t a b l e 

s t a r t i n g m a t e r i a l f o r the preparat i o n of (SN) , since i n a d d i t i o n t o 
X 

i t s favourable S:N r a t i o , i t can be prepared and p u r i f i e d e a s i l y on a 

la r g e scale; t h i s would enable any successful preparation t o be scaled 

up i f r e q u i r e d . The simple counter-ion ensures t h a t no contamination 
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w i t h metal species (which could a f f e c t the physical p r o p e r t i e s of the 

polymer) i s possible. 

4.2 RESULTS MD DISCUSSION 

4.2.1 The Electrochemical Reduction o f SgW^Cl i n L i q u i d SO^: 

Although e a r l i e r work using SO^ as a solvent f o r electrochemistry 
(14) 

i n d i c a t e d t h a t problems arose from low s o l u b i l i t y of e l e c t r o l y t e s , 

more recent work^^^^ showed t h a t using s u i t a b l e e l e c t r o l y t e s , SÔ  i s a 

convenient solvent f o r the i n v e s t i g a t i o n of h i g h l y oxidised species. 

The s o l u b i l i t y o f S^N^Cl i n l i q u i d 50^ and the ease of p u r i f i c a t i o n 

and manipulation of the solvent made the S^N^Cl/SO^ system an 

a t t r a c t i v e one f o r a f i r s t experiment. 

The simplest experimental arrangement of a two-electrode (both 

b r i g h t Pt) undivided c e l l w i t h o u t background e l e c t r o l y t e was chosen t o 

t e s t the v i a b i l i t y of S N e l e c t r o r e d u c t i o n as a synth e t i c route t o 
o o 

-3 -3 

(SN)^. E l e c t r o l y s i s of a s o l u t i o n of 4.1 x 10 mol dm S^N^Cl i n SÔ  

i n t h i s c e l l y i e l d e d h i g h l y d i v i d e d m i c r o c r y s t a l l i n e (SN)^ as the 

cathodic product. The polymer formed as a loo s e l y adhering layer on 

the cathode; S^N^ was the major co-product and t h i s could be removed 

by high vacuum sublimation or by washing w i t h SO^. 

The powdered (SN) product was characterized by chemical 

a n a l y s i s , X-ray powder d i f f r a c t i o n , and i n f r a - r e d spectroscopy. Each 

of these techniques showed the product t o be of a high q u a l i t y w i t h 

none of the bulk chemical i m p u r i t i e s (such as SiO^) which have proved 

t o be a problem i n other 'wet' preparations of (SN) .(^^••^2) f u r t h e r , 

the product seemed t o be r e l a t i v e l y s t a b l e t o moist a i r which 
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i n d i c a t e d t h a t the concentration of moisture-sensitive i m p u r i t i e s had 

been reduced t o a low l e v e l . 

Examination of the p u r i f i e d product under an o p t i c a l microscope 

(x 40) revealed h i g h l y r e f l e c t i v e m i c r o c r y s t a l s of average size 1 0 ^ m 

and a very few needles up t o 0.5 mm i n l e n g t h . The microcrystals were 

stacked i n zig-zag chains arranged a t r i g h t angles w i t h respect t o the 

electrode surface. A scanning e l e c t r o n micrograph (S.E.M.) of the 

deposit i s shown i n Figure 4.1; the photograph shows the rounded 

c r y s t a l s viewed o b l i q u e l y down the c h a i n - l i k e stacks. Crystals of 

4-5^m w i t h almost i d e n t i c a l growth f e a t u r e s were obtained from an 

experiment performed under s l i g h t l y d i f f e r e n t conditions (current 
-2 -2 dens i t y = 7.5 mA cm c . f . 1 mA cm ) . 

D i f f e r e n t electrode m a t e r i a l s were t r i e d i n the S^NgCl/SO^ system 

t o see i f the nature of the cathode a f f e c t e d the mode of growth of the 

product. I n p a r t i c u l a r i t was hoped t h a t a s u i t a b l e electrode would be 

found f o r the growth of s i n g l e c r y s t a l s of (SN) from s o l u t i o n ; 

s i n g l e c r y s t a l s produced from the s o l i d s t a t e polymerization of Ŝ N̂  
(13) 

have always been found t o be disordered m u l t i p l e twins. Since 

s i n g l e c r y s t a l s of t h i s ' c l a s s i c a l ' polymer can be obtained as f a i r l y 

l a r g e (ca. 2 x 2 x 2 mm) blocks and since they have a pronounced 

f i b r o u s t e x t u r e , i t was thought t h a t a s u i t a b l y oriented c l a s s i c a l 

(SN) c r y s t a l electrode might be a favourable substrate f o r 

e l e c t r o c r y s t a l l i z a t i o n of (SN) from Ŝ-N CI i n SO^. However, when a 

s u i t a b l e c r y s t a l was mounted i n platinum jaws the (SN)^ deposited from 

s o l u t i o n was again i n i t s f i n e l y d i v i d e d form; no preferred growth 

appeared t o have occurred on the c r y s t a l . Although i n d i c a t i v e t h a t 
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Figure 4.1 An S.E.M. photograph of the cathodic deposit of (SN)^ from 

SgN^Cl i n SO^; m a g n i f i c a t i o n 5000x 
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e p i t a x i a l growth would be d i f f i c u l t t o achieve i n t h i s system, the 

r e s u l t could have ar i s e n e i t h e r from using an unfavourable current 

density or from chemical m o d i f i c a t i o n s of the (SN) c r y s t a l surface 

(e.g. S=NH end groups). I n a s i m i l a r experiment, an (SN) -coated 

platinum wire was i n s e r t e d as the cathode; the vapour-deposited l a y e r 

peeled away from the wire on contact w i t h s o l u t i o n . 

This problem of mechanical f r a g i l i t y of vapour deposited (SN) 
X 

coatings i n s o l u t i o n has been encountered by other workers i n the 
{16) 

f i e l d ; presumably stresses induced by the polymer s w e l l i n g i n 

s o l u t i o n are responsible, since t h i n compact layers deposited 

e l e c t r o c h e m i c a l l y from s o l u t i o n (see below) are q u i t e robust w h i l s t 

immersed i n e l e c t r o l y t e . 
As the q u a l i t y of (SN) samples i s of paramount importance i n 

X 

determining t h e i r physical p r o p e r i t e s such as c o n d u c t i v i t y (and hence 

s u i t a b i l i t y f o r device f a b r i c a t i o n ) , a t e s t was c a r r i e d out t o see how 

the e l e c t r o c h e m i c a l l y prepared (SN)^ from SO^ s o l u t i o n compared w i t h 

c l a s s i c a l (SN)^ as a source m a t e r i a l f o r vacuum deposited f i l m s . 
(4) 

A vacuum d e p o s i t i o n procedure developed by Z.V. Hauptman was 

used t o deposit t h i n l ayers of e l e c t r o c h e m i c a l l y prepared (SN)^ on 

plane glass substrates. O p t i c a l r e f l e c t i v e and transmittance spectra 

of these gold-bronze samples were recorded by R. Friend (Cambridge 

U n i v e r s i t y ) and these were compared w i t h l i t e r a t u r e data f o r c l a s s i c a l 

(SN) . The measured spectra were, w i t h i n experimental e r r o r , i d e n t i c a l 
X 

t o those p r e v i o u s l y reported,^^"^^ which i m p l i e s t h a t electrochemically 

prepared (SN) would be a s u i t a b l e source m a t e r i a l f o r the f a b r i c a t i o n 
X 

of e l e c t r o n i c devices such as l i g h t e m i t t i n g diodes. This contrasts 
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w i t h the (SN) prepared from (NSC1)_ and Me„SiN̂ '̂ -'"'"'"̂ ^ from which i t 
(13) 

was not even possible t o prepare u n i f o r m l y coated samples. 

The f a i l u r e of the s i n g l e c r y s t a l cathode t o i n i t i a t e p r e f e r r e d 

growth and the h i g h l y d i v i d e d nature of the cathodic deposit of (SN) 

on both the s i n g l e c r y s t a l and b r i g h t platinum cathodes raised the 

p o s s i b i l i t y t h a t r e d u c t i o n of the S^N^^ c a t i o n occurred not on the 

electrode surface but i n the bulk s o l u t i o n . Although sulphur-nitrogen 
(18) 

heterocycles are good e l e c t r o n acceptors and sulphur n i t r o g e n 
c a t i o n s are expected t o be e s p e c i a l l y so, i t i s known t h a t SO^ i s also 

"(19) 

reduced very e a s i l y t o form the r a d i c a l anion which can 

subsequently form Ŝ Ô .̂ ^̂ ^ Thus, the re d u c t i o n of Ŝ N̂ "̂  t o (SN)^ may 

not have occurred on the electrode surface but may have been mediated 

by SO^; t h i s would e x p l a i n the h i g h l y d i v i d e d , loosely adherent nature 

of the cathodic deposit and also the t u r b i d i t y of the e l e c t r o l y t e 

observed d u r i n g e l e c t r o l y s i s . I n order t o i n v e s t i g a t e t h i s 

p o s s i b i l i t y , the e l e c t r o r e d u c t i o n process was examined using c y c l i c 

voltammetry. 

4<.2<.2 C y c l i c Volatammetric Studies o f the Ŝ Ŵ  I o n : 

a) I n l i q u i d SÔ - Although several e a r l i e r attempts were made t o 
(14) 

apply c y c l i c voltammetry t o SO^ s o l u t i o n s , i t was not u n t i l recent 

years t h a t Bard and co-workers developed successful procedures f o r 

o b t a i n i n g c y c l i c voltammograms i n t h i s solvent. ̂'''̂^ They used t e r t i a r y 

b u t y l ammonium s a l t s as background e l e c t r o l y t e s , and a quasi-reference 

e l e c t r o d e , Ag^/Ag, which was r e - f i l l e d each time the c e l l was f i l l e d ; 

the d i f f i c u l t y i n reproducing the exact volume of s o l u t i o n i n the c e l l 



90 

r e s u l t e d i n a r e p r o d u c i b i l i t y of only i 50 mV i n the p o t e n t i a l of the 

reference electrode. An a d d i t i o n a l inconvenience was t h a t the 

electrochemical c e l l was constructed w i t h cone and socket j o i n t s which 

necessitated a low (-40°C) experimental temperature i n order t o reduce 

the vapour pressure of SÔ -

The experiments described i n t h i s Chapter (developed i n 

c o l l a b o r a t i o n w i t h Z.V. Hauptman) have overcome some of the 

d i f f i c u l t i e s experienced by other workers. The c e l l was constructed 

w i t h Swagelok f i t t i n g s which enabled i t t o withstand pressures of up 

t o three atmospheres and thus enabled i t t o be used a t ambient 

temperatures i f r e q u i r e d . The reference electrode was completely 

f i l l e d w i t h a c e t o n i t r i l e s o l u t i o n and hence (because of the 

inc o m p r e s s a b i l i t y of l i q u i d s ) i t could also be used i n pressurized 

s o l u t i o n s ; the porous plug helped reduce i n t e r - d i f f u s i o n of the 

d i f f e r e n t s o l v ents. Since the electrode was not r e - f i l l e d between each 

experiment, i t s p o t e n t i a l remained remarkably stable ( - 5mV) and 

although some p o t e n t i a l d r i f t (vs S.C.E.) over periods of several 

months was observed (see Chapter 2 ) , measured values could be compared 

by conversion t o the S.C.E. scale. A f t e r a considerable time had been 

spent i n s o l v i n g the above mentioned problems, i t was possible t o 

study the system of i n t e r e s t . 

A t y p i c a l c y c l i c voltammogram of S^N^Cl i n SO^ i s i l l u s t r a t e d i n 

Figure 4,2. I n Figure 4,2 and i n a l l subsequent discussions, the 

p o t e n t i a l scale, although measured against the Ag/Ag"*" electrode 

described i n Chapter 2, has been converted t o the S,C.E, scale. The 
r*6cl 

major r e d u c t i o n peak a t Ep/2 = 0.34 V can be assigned t o the 
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r e d u c t i o n of the Ŝ N̂ "̂  i o n ( c . f . Ep/a^^*^ = +0.46 V f o r S^N^FeCl, i n 
5 o 5 5 4 

(21) 
methylene c h l o r i d e ) . Unlike the e a r l i e r study by F r i t z and 

(21) 

Bruchhaus of S^N^FeCl^ i n methylene c h l o r i d e , however, the 

red u c t i o n of S^N^Cl i n SO^ was found t o be a r e v e r s i b l e process w i t h 

Ep/2°^ = +0.30 V, a half-peak p o t e n t i a l d i f f e r e n c e of 40 mV, compared 
(22) 

t o the 56 mV allowed f o r a r e v e r s i b l e process. The f u r t h e r large 

o x i d a t i o n peak a t Ep/2''°^ = +1.32 V was assigned t o ox i d a t i o n of C l ~ 

( c . f . +1,3 V vs Ag/AgCl).^-"-^^ The very small o x i d a t i o n peak a t Ep/2°^ 

= +1,08 V cannot be unambiguously assigned but may a r i s e from anodic 

breakdown o f a microlayer of (SN)^ formed i n the i n i t i a l reduction 

process since the anodic breakdown p o t e n t i a l of (SN) electrodes has 

been reported as +1 V,̂ '̂ ^̂  

Anodic breakdown on the c y c l i c voltammogram occurred a t ca, 

+2,5 V and i s assigned t o the o x i d a t i o n of the BF^ io n , presumably 

w i t h f o r m a t i o n of BF^ and SO^F^ (by r e a c t i o n w i t h s o l v e n t ) . The anodic 

breakdown observed i n t h i s system i s a t less p o s i t i v e p o t e n t i a l s than 

have been reported f o r BF^~ c o n t a i n i n g e l e c t r o l y t e s i n l i q u i d S02;^^^^ 

i t i s not c l e a r why t h i s should be the case. The cathodic breakdown 

occurs a t ca. -0.16 V and can be assigned t o the reduction of 80^ t o 

SO^".^^^'^^^ The p r o x i m i t y o f the Ŝ N̂"*" reduc t i o n t o the SÔ  reduction 

i m p l i e s t h a t , using a n o n - p o t e n t i o s t a t i c c u r r e n t source, the bulk 

e l e c t r o r e d u c t i o n of Ŝ N̂"*" i s probably mediated by SO^" or Ŝ Ô ". I n 

a d d i t i o n t o accounting f o r the powdery nature of the c a t h o l i c deposit 

and t u r b i d i t y o f the e l e c t r o l y t e s o l u t i o n , t h i s mechanism would also 

account f o r the observed constancy of curre n t and p o t e n t i a l , even when 

a non-galvanostatic c u r r e n t source was used. Since a major research 
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Cyclic voltammograms f o r S N^^BF^ i n a c e t o n i t r i l e (a-d) 
' " N CI i n l i q u i d sulphur dioxide (e) a t platinum electrode, 

t a - d ) : S^N^^BF^", l G ~ \ o l dm~^, Bu^NBF 0.2mol dm"^ i n 
MeCN,(a) 15.5°C, (b)_ 0°C (c) -6°C, (d) -IS.S^Q, 
Curve ( e ) : Ŝ N +C1, 10 , Bu^NBF , 0j2mol dm i n l i q u i d SO 
a t 0°C. P o t e n t i a l sweep r a t e lOOmV s 
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aim was t o achieve e l e c t r o c r y s t a l l i z a t i o n of (SN)^, i t was decided t o 

i n v e s t i g a t e the S N ""̂  e l e c t r o r e d u c t i o n i n an e l e c t r o - i n e r t solvent 

(such as a c e t o n i t r i l e ) , This would ensure t h a t discharge of the c a t i o n 

occurred a t the cathode surface, enabling more precise c o n t r o l of 

c o n d i t i o n s . 

b) I n a c e t o n i t r i l e o I n order t o examine the e l e c t r o r e d u c t i o n of 

S(.N t o (SN) i n an e l e c t r o c h e m i c a l l y i n e r t solvent and more 

e s p e c i a l l y , t o i n v e s t i g a t e the p o s s i b i l i t y of e l e c t r o c r y s t a l l i z a t i o n 

and d e p o s i t i o n of compact l a y e r s , a c y c l i c voltammetric study of 

S^NgBF^ i n a c e t o n i t r i l e was undertaken as a prel i m i n a r y t o bulk 

e l e c t r o l y s i s . Both a c e t o n i t r i l e and the BF^~ i o n are recognized t o be 
(22) 

p a r t i c u l a r l y e l e c t r o - i n e r t . A t y p i c a l c y c l i c voltammogram i s 

i l l u s t r a t e d i n Figure 4.3 and voltammograms recorded a t d i f f e r e n t 

temperatures are i l l u s t r a t e d i n Figure 4.2, A mechanism f o r the 

e l e c t r o r e d u c t i o n of S^-N^ i n a c e t o n i t r i l e i s proposed on the basis of 

the voltammograms obtained and published data; peak numbers r e f e r r e d 

t o i n the t e x t correspond t o those i n Figure 4,3 and the half-peak 

r e d u c t i o n p o t e n t i a l s are summarised i n Table 4,1. 

The f i r s t peak (number 1, Ep/2 = +0.23 V) i s assigned t o the 

re d u c t i o n of the Ŝ N̂ "̂  i o n ( c . f . Ep/2^®'^ = +0.46 V f o r S^N^FeCl. i n 
5 5 b b 4 
(21) 

methylene c h l o r i d e ) although i n t h i s system no corresponding 

o x i d a t i o n peak i s observed and hence the process i s i r r e v e r s i b l e 

( u n l i k e a) above). 
red 

The height of the second peak (number 2, Ep/2 = -0.08 V) 

depends s t r o n g l y on temperature; a t room temperature, i t i s present 
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E/V vs SCE 

Figure 4.3. A t y p i c a l c y c l i c voltammogram f o r Ŝ :̂ 
S N BF ~, 10 mol dm . Bu NBF , 0 
= Ô C, scan r a t e = 100 mVS-1. 

N̂ "̂ BF ̂ i n ^ a c e t o n i t r i l e . 
mol dm . Temperature 
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Table 4.1 C y c l i c voltammetric data for S^N_BF^ i n 0.1 M LiClOj 
5 5 4 4 

a c e t o n i t r i l e 

Ep/2 / V o l t s 

Peak Number 

Temperature/°C 1 2 3 4 5 6 7 

15.5 +0.28 -0.06 - -0,54 -0.55 +0.10 +0.94 -

0.0 +0.23 -0.08 -0.47 -0,59 -0.59 +0.13 +0.94 +1.90 

-6.0 +0.21 -0.12 -0.46 -0.58 -0,58 +0,18 +0.96 -

-18.5 +0.19 -0.19 -0.51 -0.59 -0.61 +0.19 +0.98 

A l l data recorded a t scan r a t e = 100 mV/S, s e n s i t i v i t y = 20^A/V 

only as a weak, broad f e a t u r e but a t lower temperatures the peak 

becomes p r o g r e s s i v e l y sharper and more intense, u n t i l a t -18.5°C i t i s 

the same heig h t as peak 1. A small shoulder appears on the cathodic 

side o f the peak a t 0 and -6°C but i s not present a t 15.5 and -18.5°C. 

These observations may be r a t i o n a l i z e d by assigning peak 2 t o the 

r e d u c t i o n of a s h o r t - l i v e d n e u t r a l species produced by fragmentation 

of the S N ' r a d i c a l (see below). The cathodic shoulder i s probably 

c l o s e l y r e l a t e d , but since i t shows a non-linear dependence on 

temperature, i t i s d i f f i c u l t t o speculate f u r t h e r on i t s o r i g i n . 

The r e d u c t i o n peaks 3 and 4 (Ep/2 = -0.46 and -0,59 V 

r e s p e c t i v e l y ) and the o x i d a t i o n peak 5 (Ep/2°^ = -0.59 V) may a l l be 

assigned t o the r e v e r s i b l e r e d u c t i o n of Ŝ ^̂ - Peak 3 corresponds t o 
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the pre-wave observed by Chivers and Hojo i n t h e i r i n t h e i r 
(18) 

polarographic study of S^N^. They found t h a t the height of the 

pre-wave increased a t low temperature and depended on the supporting 

e l e c t r o l y t e , but not on the concentration of S^N^ and so concluded 

t h a t the pre-wave arose from adsorption phenomena. Peaks 4 and 5 
correspond t o the r e d u c t i o n o f S^N^ t o S^N^ and i t s r e - o x i d a t i o n 

(18) 

r e s p e c t i v e l y . A d d i t i o n of a small q u a n t i t y of Ŝ N̂  t o the system 

r e s u l t e d i n a marked increase i n the heights o f peaks 4 and 5. The 

very small o x i d a t i o n peaks (6,7 and 8) presumably correspond t o 

o x i d a t i o n o f species formed i n the r e d u c t i o n processes. As before, 

peak.7 (Ep/2°^ = +0.94 V) may correspond t o the anodic breakdown of an 

(SN) microlayer,^^^^ but more s p e c i f i c assignments are not possible. 
X 

These data u s e f u l l y complement those reported by F r i t z and 
(21) 

Bruchhaus f o r the e l e c t r o r e d u c t i o n o f S^N^FeCl^, who found 

r e d u c t i o n peaks a t Ep/2 = +0.46 and -0.5 V vs S.C.E. (corresponding 

t o peaks 1 and 4 i n the present work). The f i r s t , i r r e v e r s i b l e peak 

was assigned t o the r e d u c t i o n of S^N_^ and the second, r e v e r s i b l e peak 
b b 

was assigned t o the r e d u c t i o n o f other, u n s p e c i f i e d , sulphur-nitrogen 

species. Intermediate peaks i n t h a t system were masked by the 

r e v e r s i b l e r e d u c t i o n o f FeCi^ , 
4 

The o v e r a l l r e a c t i o n scheme i n f e r r e d from the c y c l i c voltammetric 

data and subsequent bulk e l e c t r o l y s e s (see below) i s i l l u s t r a t e d i n 

Scheme 4.1. 
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(SN). 

(peak 1) 

•^[S^N^-] S.N. 4 4 

[S N + S N ] ' n n mm 

e (peak 2) 

[S N ] ~ or [S N ] n n mm 
n + m = 5 

Scheme 4.1 

The SgN̂ '*' i o n i s discharged t o form the t r a n s i e n t S^N^° r a d i c a l . 

This may e i t h e r cleave i ) t o form (SN) , or i i ) cleave t o form two 
X 

n e u t r a l species (denoted S N and S N ) ; these could be SN° and S.N 
n n m m 4 4 

( l i n e a r ) or S^N^ ( l i n e a r or c y c l i c ) and S^N^ ( l i n e a r or c y c l i c ) . One 

of these species i s s t a b i l i z e d a t low temperatures and i s 

subsequently reduced t o an anion (peak 2 ) ; the other may rearrange t o 

form e i t h e r an (SN) deposit or S N ( c y c l i c ) . At higher temperatures, 
X ^ M' 

no s t a b i l i z a t i o n occurs and both species rearrange without s i g n i f i c a n t 

f u r t h e r reduction. Since the observed c u r r e n t y i e l d of (SN).^ i n bulk 

e l e c t r o l y s i s experiments i n t h i s system i s i n the region of 40-50% and 
since S^N^" i s a s t a b l e species, the cleavage of the Ŝ N̂ " r a d i c a l t o 

l i n e a r S^N^ and c y c l i c S^N^' seems t o be the most l i k e l y path. Cyclic 

S^Ng does not seem t o be an intermediate i n the reduction process 
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since no peak corresponding t o i t s reduction (Ep/2^^^ = 0.9 V^Ep/2 °^ 
(13) 

= +0.1 V) i s present i n the voltammograms. F i n a l l y , i t i s worth 

n o t i n g t h a t processes i ) , and i i ) may occur simultaneously, w i t h 

temperature determined r a t e constants. I n p r i n c i p l e i t i s possible t o 

confirm the mechanism by i n s i t u e,s.r. experiments but i n p r a c t i c e 

these may be d i f f i c u l t t o achieve, since no r a d i c a l species were 
(21) 

detected i n the S^N^FeCl^/methylene c h l o r i d e system and no 

r a d i c a l s were detectable i n an i n s i t u e l e c t r o l y s i s of S^N^Cl i n 

l i q u i d SÔ .̂ ^̂ ^ 

Since the r e d u c t i o n p o t e n t i a l of the Ŝ N̂ ^ c a t i o n was known, i t 

was then possible t o attempt e l e c t r o c r y s t a l l i z a t i o n of (SN) by 
X 

p o t e n t i o s t a t i c e l e c t r o l y s i s . 

4.2.3 Potentiostatic E l e c t r o l y s i s of S N BF i n Acetonitrile: 

P o t e n t i o s t a t i c e l e c t r o l y s i s o f a s o l u t i o n of S^N^BF^ i n 0,1 M 

LiClO^/MeCN using b r i g h t platinum electrodes a t a p o t e n t i a l of -0.26 V 

vs the s p e c i a l l y constructed (see Chapter 2) Ag/Ag^ reference 

e l e c t r o d e (which i n t u r n had a p o t e n t i a l of +0.26 V vs S.CE) yielded 

a bronze coloured compact deposit. The cathode was removed a f t e r 

e l e c t r o l y s i s , r i n s e d w i t h a c e t o n i t r i l e and drie d i n vacuo; during 

d r y i n g , the bronze deposits f l a k e d away from the platium electrode 

surface. Examination of the f l a k e s under a scanning el e c t r o n 

microscope revealed m i c r o c r y s t a l l i n e nodules (Figure 4.4). The burst 

bubble - l i k e s t r u c t u r e s i n the deposit were probably caused by the i n 

vacuo r a p i d e v o l u t i o n of solvent molecules trapped w i t h i n the deposit. 
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Figure 4.4. (SN)^ deposit on platinum cathode ex S^^^VF^ i n O.IN LiClO^/NeCN 

Figure 4.5. (SN) deposit 6n (SN) coated cathode ex S-N BF. i n O.IM 
LiCl5^/MeCN. The thin\apour deposited layer and thick 
electrodeposited layer have separated 
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I n a f u r t h e r experiment using the same e l e c t r o l y t e and 

experimental arrangement, the b r i g h t platinum cathode was replaced by 

a sheet of glass, coated w i t h vacuum-deposited (SN) (prepared by 
X 

s o l i d - s t a t e polymerization of S^N^). The l a y e r was ca. l.SyUm t h i c k 

and had a b r i g h t gold m e t a l l i c l u s t r e . Examination of the cathode 

under a p o l a r i s i n g microscope (x 400) showed randomly oriented 

c r y s t a l l i t e s ca. Synm average siz e and r e f l e c t i o n e l e c t r o n miscrocopy 

(RED) produced a d i s t i n c t arc p a t t e r n w i t h p e r i o d i c i t i e s of 3.26 X 

( t h e distance between the (T02) planes ) and hence confirmed t h a t the 
c r y s t a l l i t e s had t h e i r (702) planes o r i e n t e d p a r a l l e l w i t h the glass 

(12,13,17) 
surface. 

The (SN) -coated electrode was used t o attempt an e p i t a x i a l 
X 

e l e c t r o c r y s t a l l i z a t i o n . w i t h the p o t e n t i a l a t the cathode set a t 0 V 

vs S.C.E. the c u r r e n t q u i c k l y steadied a t 0.221 0.02/KmA. For 

approximately ten minutes the o p t i c a l appearance of the electrode 

remained unchanged, i n d i c a t i n g t h a t e p i t a x i a l growth occurred. 

However, a f t e r t h i s period the electrode surface darkened suddenly 

presumably due t o a secondary n u c l e a t i o n . An a l t e r n a t i v e explanation 

could be t h a t the cathode surface was being 'cleaned' by the discharge 

of Ŝ N̂"*" ions and t h a t growth occurred only a f t e r t h i s i n i t i a t i o n 

p e r i od. The de p o s i t i o n continued a t 0.22 mA f o r a t o t a l of Ali hours. 

The f i n a l deposit was washed w i t h MeCN and d r i e d i n vacuo. Under an 

o p t i c a l microscope (x 40) i t appeared m i c r o c r y s t a l l i n e w i t h a 

gold-bronze sheen. Portions of the l a y e r were l i f t e d from the glass 

substrate by gen t l e heating i n vacuum. Once removed, the small 

fragments buckled w h i l s t the l a r g e r ones (several mm) s c r o l l e d up. 
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Figure 4.6. (SN) deposit on (SN) -coated cathode ex S^N BF in O.IM 
LiCl$./MeCN. i l l u s t r a t i n g the s c r o l l i n g of the layers. 

Figure 4 . 7 . C l a s s i c a l (SN) , i l l u s t r a t i n g the fibrous nature of the c r y s t a l ; 
magnification $50x. 
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A scanning e l e c t r o n micrograph (Figures 4.5 and 6) shows a f r a c t u r e 

face perpendicular across both l a y e r s . I t i s apparent t h a t mechanical 

s t r e s s was responsible f o r the p a r t i a l separation of the 

vacuum-deposited and electro-deposited l a y e r s . I t seems l i k e l y t h a t 

a f t e r a short i n i t i a l e p i t a x i a l growth phase, new nu c l e i are formed. 

Those w i t h d i r e c t i o n s of the polymeric S-N chains (and thus w i t h 

d i r e c t i o n s of f a s t e s t growth) o r i e n t e d away from the electrode 

surface, took over the c o n t r o l of f u r t h e r growth (note the d i r e c t i o n 

of the g r a i n boundaries i n Figure 4.5). As a consequence, a l a t t i c e 

mis-match generated mechanical s t r e s s . The average thickness of the 

electrodeposited l a y e r , which was nearly uniform over the t o t a l 

conducting area (ca. 2 cm̂  ) of the (SN)^ electrode, was 8 /<m. A 

thickness of 16yU.m would have corresponded t o 100% current y i e l d f o r 

the cathode r e a c t i o n : 

S N V e — f 5 / x (SN) 

Thus, an approximate 50% c u r r e n t y i e l d was achieved. 

The l a y e r deposited on the (SN) -coated electrode had a higher 
X 

degree o f c r y s t a l l i n i t y than t h a t deposited on b r i g h t platinum; the 

mi c r o c r y s t a l s on the coated electrode had dimensions of approximately 

8 X 4^m compared t o 5 x 5yUm on the b r i g h t platinum. The influence of 

electrode surface on the polymer c r y s t a l l i n i t y i n d i c a t e s t h a t w i t h an 

appropriate choice of electrode m a t e r i a l , i t should be possible t o 

grow s i n g l e c r y s t a l s of (SN) e l e c t r o l y t i c a l l y from t h i s , or a 
X 

s i m i l a r , system. The more compact nature of electrochemically 
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deposited (SN) i s i l l u s t r a t e d by comparison w i t h the loosely packed 
X 

f i b r o u s s t r u c t u r e of ' c l a s s i c a l ' (S'^)jj prepared by the s o l i d - s t a t e 

p o l y m e r i z a t i o n of ^2^2° ^ scanning e l e c t r o n micrograph of the 

c l a s s i c a l m a t e r i a l i s shown i n Figure 4.7. 

As an i l l u s t r a t i o n of the s u i t a b i l i t y of t h i s system f o r 

de p o s i t i n g compact layers of (SN) a simple one-compartment, 
X 

two-electrode c e l l was devised i n which the anode was a c o i l e d 

platinum wire and the cathode was a sheet of glass coated w i t h 

conductive t i n oxide, clamped i n platinum jaws; t h i s electrode was 

o p t i c a l l y transparent. E l e c t r o l y s i s of a s o l u t i o n of S^N^BFyMeCN 

(ca. 0.01 M) using a simple d.c. b a t t e r y source produced a t h i n dark 

blue l a y e r of (SN)^ on the cathode. The q u a l i t y of the lay e r was 

i n d i c a t e d by i t s s t a b i l i t y i n a i r and the uniform blue appearance of 

the deposited f i l m i n t r a n s m i t t e d l i g h t . 

4 o 2 o 4 The E l e c t r o l y s i s o f S^W^BF^ i n A c e t o n i t r i l e : 

I n a p r e l i m i n a r y study, Ŝ N2'*̂ BF̂ ~ i n aceton i t n l e (MeCN) was 

e l e c t r o l y s e d i n a divided c e l l w i t h o u t a reference electrode, using a 

platinum sheet cathode and an i r o n rod anode. A current of ca. 1 mA 

(r e g u l a t e d t o the nearest 0.05 mA by a d j u s t i n g the c o n t r o l s of the 

cu r r e n t source) was passed f o r 3 h during which time the yellow 

s o l u t i o n i n the cathode compartment became s t e a d i l y darker u n t i l i t 

was a deep red-brown and a bronze l a y e r formed on the cathode. Some 

bronze deposits were also observed on the i r o n anode - these dissolved 

immediately on immersion i n aqueous NaOH; t h i s l a y e r could conceivably 

have been a r e s u l t of the discharge of some sulphur n i t r o g e n anion 
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(formed by the c a t a l y t i c a c t i o n of the s i l v e r i m purity mentioned 

below)but was not observed on other occasions. Pumping away the 

solven t l e f t a dark green s t i c k y s o l i d i n the cathode compartment from 

which a small amount (a few mg) of S^N^ could be sublimed; S^N^ was 

the other major co-product. I t was discovered t h a t the s t a r t i n g 

m a t e r i a l contained a small amount of s i l v e r (from i t s i n i t i a l 

p r e p a r a t i o n from AgBF^ and S^N^Cl) and as s i l v e r i s known t o catalyse 

r e a c t i o n s i n v o l v i n g sulphur-nitrogen compounds and may thus account 

f o r the somewhat complicated nature o f the products, t h i s system was 

not studied i n f u r t h e r d e t a i l . A p r e l i m i n a r y study of the e l e c t r o l y s i s 

of S^NgBF^ i n SO^ using m a t e r i a l prepared from HBF^(aq) and S^N^Cl 

produced an i l l - d e f i n e d black cathode deposit and S_N.C1„, which again 

was a r e s u l t o f using impure s t a r t i n g m a t e r i a l , 

4 „ 3 COWCLUSIOWS 

E l e c t r o r e d u c t i o n of Ŝ -N/*̂  compounds proved t o be a good method 

f o r producing (SN) of comparable q u a l i t y t o t h a t obtained by the 

s o l i d s t a t e polymerization o f S^N^; i t i s the only a l t e r n a t i v e route 

t o (SN) of t h i s grade since e l e c t r o - o x i d a t i o n of S N i s reported t o 
X *j o 

(18) 

produce only S^N^. Cyc l i c voltammetric studies have helped t o 

c l a r i f y the mechanism of re d u c t i o n and thus helped t o i n d i c a t e b e t t e r 

approaches t o e l e c t r o c r y s t a l l i z a t i o n . D i f f e r e n t cathode materials 

r e s u l t e d i n d i f f e r e n t c h a r a c t e r i s t i c s f o r the deposited layer and i t 

i s hoped t h a t a s u i t a b l e choice of cathode (e.g. an oriented s i n g l e 

c r y s t a l ) w i l l r e s u l t i n the de p o s i t i o n of h i g h l y c r y s t a l l i n e (SN) ; 

d e f e c t - f r e e s i n g l e c r y s t a l s would be of great i n t e r e s t f o r t h e i r 
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phy s i c a l p r o p e r t i e s . F i n a l l y i t i s worth remarking t h a t e l e c t r o ­

chemical techniques, although r a r e l y applied t o sulphur-nitrogen 

chemistry i n the past, are becoming i n c r e a s i n g l y important research 

t o o l s i n t h i s area and throughout s y n t h e t i c inorganic chemistry; 

f u r t h e r i n t e r e s t i n g r e s u l t s are a n t i c i p a t e d . A systematic 

i n v e s t i g a t i o n of the e l e c t r o - r e d u c t i o n of the Ŝ N̂"*" ion should prove 

worthwhile. 

4 o 4 EXPERIIOTTAL SECTION 

A general d e s c r i p t i o n of electrochemical c e l l s and electrodes i s 

given i n Chapter 2. 

4 o 4 = l The Electrochemical Reduction o f S W C I i n L i q u i d SO : 

I n a t y p i c a l experiment, a two-limbed undivided c e l l was used. 
2 

The cathode was a sheet of platinum f o i l (area ca. 4 cm ) and the 

a u x i l i a r y electrode was a c o i l e d platinum w i r e , S^N^Cl (0.160g, 

0.60 mmol) was placed i n the c e l l together w i t h a Teflon coated 

s t i r r i n g bar. A f t e r reassembling the c e l l , l i q u i d SO2 (21g) was 

condensed i n , and the mixture was warmed t o room temperature t o give a 
-3 -3 

yellow s o l u t i o n of ca, 4,1 x 10 mol dm concentration. The c e l l was 

placed i n an a l c o h o l bath maintained a t -1°C, above a magnetic s t i r r e r 

and was connected t o a g a l v a n o s t a t i c (constant current) current 

source. The c e l l c u r r e n t was adjusted t o 4,0 mA ( i . e . a nominal 
_2 

c u r r e n t d e n s i t y of 1.0 mA cm ) ; the p o t e n t i a l measured across the 

electrodes was 2,6 V, For the f i r s t 10 min the r e a c t i o n proceeded 

with o u t s t i r r i n g and an even black f i l m formed almost immediately on 

the surface of the cathode which faced the anode ( f r o n t ) ; a brown 
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t u r b i d cloud appeared i n the e l e c t r o l y t e . A f t e r 10 min, the s t i r r e r 

was switched on, the t u r b i d i t y disappeared and a steady growth ensued. 

Throughout the e l e c t r o l y s i s ( 4 h ) , the c u r r e n t and p o t e n t i a l remained 

remarkably s t a b l e ( f l u c t u a t i o n ca, 2%) and no gas ev o l u t i o n occurred. 

The c e l l residue was i d e n t i f i e d by i n f r a r e d spectroscopy as S^N^Cl 

(major component) and 

The deposit on the f r o n t of the cathode was m i c r o c r y s t a l l i n e 

(SN)^ in t e r s p e r s e d w i t h minute S^N^ c r y s t a l s . The reverse side of the 

electrode was coated w i t h a t h i n continuous blue layer of (SN)^. 

The S^N^ could be removed from the product by vacuum sublimation 

(60°C, 1 0 ~ ^ t o r r ) , Y i e l d , 0.020g, (14.5%). I n f r a r e d spectrum (Csl 

p l a t e s ) , V? 1010 m, 698m, 627w, 505w, 287s cm""""̂ ^̂ ^ Found S, 69.17; max 

N, 30.85; (SN)^ r e q u i r e s S, 69.60; N, 30.40%. Powder photograph (CuK^) 

3.6(s), 3.26 ( v s ) , 2.94 I s ) X. ' I d e n t i c a l procedures were 

f o l l o w e d f o r experiments i n which d i f f e r e n t cathode materials were 

used C(SN)^ coated w i r e , (SN)x s i n g l e c r y s t a l ] . These cathodes were 

clamped i n platinum jaws and suspended i n the e l e c t r o l y t e . 

4 o 4 = 2 Preparation o f Vapour Deposited Films: 

The coated electrodes described i n the discussion section were 
(4) 

prepared using a method developed i n Durham by Z.V. Hauptman, A 

s u i t a b l y clean s u b s t r a t e , such as plane glass or platinum wire, was 

coated w i t h (SN) which had been prepared by the ' c l a s s i c a l ' route^^^^ 

t o form the electrode surface. 

A s i m i l a r procedure was fo l l o w e d t o prepare the samples used f o r 

r e f l e c t a n c e spectroscopy measurements. A q u a n t i t y of ca. 80mg of SO2-

washed (SN) prepared by the electrochemical reduction of S N CI i n 
X o ^ 

l i q u i d SO^ was sublimed a t 120-130°C on t o clean glass substrates. A 
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uniform (SN)^ c o a t i n g ca. l ^ m t h i c k w i t h a golden bronze colour was 

obtained a f t e r about 16h, 

4.4.3 C y c l i c Voltammetric Studies: 

a) S^N^Cl i n S0„. T e r t i a r y b u t y l ammonium f l u o r o b o r a t e , Bu.NBF. 
5 5 *i 4 4 

(0.47g) was placed together w i t h S^N^Cl (ca. 5mg) i n a three-limbed 

undivided c e l l equipped w i t h Swagelok compression f i t t i n g s ; a platinum 

disc microelectrode and a c o i l e d platinum wire counter-electrode were 

introduced through two of the limbs and the t h i r d was sealed w i t h a X" 

O.D. glass plug. SO^ (18.8g) was condensed i n t o the c e l l ; f i n a l 

concentrations were: S^N^Cl, ca. 0.001 M; Bu^NBF^, ca. 0,2M. The 

s o l u t i o n was cooled t o 0°C and, against, a counter-flow of dry 

n i t r o g e n , the s p e c i a l l y contructed Ag/Ag^ reference (see Chapter 2) 

was i n s e r t e d i n place of the glass plug. Cyclic voltammograms were 

then obtained using the c o n t r o l box and x-y recorder described i n 

Chapter 2. 

b) SgNgBF^ i n a c e t o n i t r i l e . The procedure described i n a) above 

was f o l l o w e d using Bu^NBF^ (0.47 g ) , S^N^BF^ (ca. 5 mg) , and aceto­

n i t r i l e (15 ml); the r e s u l t i n g concentrations were: S^N^BF^, ca, 0,001 

M; Bu^NBF^, ca, 0.2 M. 

4.4.4 Potentiostatic E l e c t r o l y s i s of SgN^BF^: 

a) At a platinum electrode. A three-electrode c e l l equipped w i t h 

Swagelok f i t t i n g s was used. The reference electrode ( s p e c i a l l y 

constructed Ag/Ag^) and working elecrode (platinum sheet; area, 
2 

4.0 cm ) were separated from the counter-electrode ( c o i l e d platinum 
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wire) by a porous glass f r i t . The p o t e n t i a l of the reference electrode 

was +0.26 V vs S.C.E. S^N^BF^ (0.25g, 0.79 mmol) was dissolved i n 

40 ml of 0.1 M L i C l O ^ / a c e t o n i t r i l e and electrodes were in s e r t e d 

against a flow of dry n i t r o g e n . The whole apparatus was maintained 

under an atmosphere of dry n i t r o g e n a t 0°C. The electrodes were 

connected t o the p o t e n t i o s t a t i c c u r r e n t source and a p o t e n t i a l of 

-0.26 V V vs S.C.E) was maintained a t the working electrode w h i l s t a 

cu r r e n t of approximately 0.3 mA passed through the c e l l . A compact 

bronze l a y e r was deposited on the cathode. E l e c t r o l y s i s was stopped 

a f t e r ZY^h and the deposit was r i n s e d w i t h a c e t o n i t r i l e and dr i e d i n 

vacuo. On d r y i n g , the l a y e r f l a k e d away from the electrode and i t was 

not possible t o weigh the deposit; a sample was mounted f o r 

examination under an e l e c t r o n microscope (see Section 4.2.3). 

b) At an (SN)^-coated e l e c t r o d e . Using the same c e l l and s o l u t i o n 

as i n a) above, but using an (SN)^-coated glass sheet clamped i n 

platinum jaws as the working electrode, a p o t e n t i a l of 0 V vs S.C.E 

was maintained f o r A^h. The c u r r e n t remained steady at 0.22 0.02 mA 

throughout. The r e s u l t a n t deposit was ri n s e d w i t h a c e t o n i t r i l e and 

mounted f o r examination under an e l e c t r o n microscope. The current 

y i e l d was estimated from the l a y e r thickness as 50% (see Section 

4.2.3). 

4.4.5 E l e c t r o l y s i s o f S^N^BF^: 

a) I n a c e t o n i t r i l e . S^N^BF^ (ex AgBF^ + S^N^Cl, 0.2g, 0.8 mmol) 

was placed i n a two-compartment c e l l and a c e t o n i t r i l e (40 ml) was 

syringed on top. Two electrodes ( i r o n rod anode and platinum cathode) 
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were introduced i n t o the c e l l v i a Q u i c k f i t thermometer screw f i t t i n g s 

and the c e l l was cooled t o -1°C, A c u r r e n t of 2.0 mA was passed 

through the c e l l (nominal cathodic c u r r e n t density, 1.5 mA cm ) and 

the p o t e n t i a l drop across the c e l l was 2.5 V. On passing c u r r e n t , the 

pale yellow cathodic s o l u t i o n became blue-green and a dark layer 

formed on the anode, l a t e r becoming gold; a s i m i l a r black deposit 

formed on the anode a f t e r 15 min. The beginning of cathodic deposition 

was accompanied by the r e t u r n of the o r i g i n a l yellow colour of the 

cathodic s o l u t i o n which, while remaining c l e a r , gradually darkened t o 

orange-brown. 

The darkening o f the cathodic s o l u t i o n was a t t r i b u t e d t o the 

forma t i o n of S^N^ which was i s o l a t e d as a v o l a t i l e red c r y s t a l l i n e 

s o l i d from the residue s i f t e r e l e c t r o l y s i s (and i d e n t i f i e d by i t s 

c h a r a c t e r i s i t c i o d i n e - l i k e smell and i t s appearance). The 

gold-coloured c o a t i n g [presumably of (SN) ] was removed from the anode 
X 

w i t h a l c o h o l i c KOH s o l u t i o n ; examination of the i r o n electrode surface 

under an o p t i c a l microscope showed no sign of corrosion. Only 

m i l l i g r a m q u a n t i t i e s of a l l products were formed. 

b) I n SOg. S^NgBF^ (ex S^N^Cl and aqueous HBF^, 0.2g 0.8 mmol) 

was placed i n a simple two-limbed c e l l equipped w i t h Swagelok pressure 

f i t t i n g s . The working electrode was a platinum sheet and the 

counter-electrode was a c o i l e d platinum w i r e . SO^ (ca. 20g) was 

condensed i n t o the c e l l which was subsequently maintained a t -4''C and 

a curr e n t of 5 mA was passed through the c e l l f o r a t o t a l of 100 min 

before c e l l r e sistance necessitated s w i t c h i n g t o a c y c l i n g mode of 

operation (2.5 mA, 1 min on, 2 min o f f ) , A f u r t h e r increase i n c e l l 
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resistance r e s u l t e d i n the c e l l being l e f t t o stand overnight 

(unelectrolysed) followed by a f u r t h e r 100 min a t 2.5 mA and a f i n a l 

64 min of c y c l i n g mode (2.5 mA, 1 min on, 4 min o f f ) . A t o t a l of 53.3 

coulombs was passed through the c e l l . 

Green c r y s t a l s p r e c i p i t a t e d from the e l e c t r o l y t e (which became 

red-brown) during e l e c t r o l y s i s and a black deposit formed on the 

cathode, but subsequently f e l l o f f . The c e l l was placed i n a c y c l i n g 

temperature bath (0 i i l C C , 1 cycle i n I h ) t o enlarge the green 

c r y s t a l s . A f t e r 4 days the s o l u t i o n had become pale brown and the 

solvent was removed t o y i e l d a mixture of c r y s t a l l i n e s o l i d s . 

E x t r a c t i o n o f these s o l i d s w i t h l i q u i d SO^ yie l d e d a yellow soluble 

s o l i d ( i d e n t i f i e d by i n f r a r e d spectroscopy as S^N^BF^) and a green 

i n s o l u b l e s o l i d ( i d e n t i f i e d by x-ray powder d i f f r a c t i o n as 
(25) 

S_N.C1^) • together w i t h a t i n y amount of an ins o l u b l e white powdery 
o A d 

s o l i d ( u n i d e n t i f i a b l e owing t o t i n y amount, possibly s u l p h u r ) . Only a 

few m i l l i g r a m s of SgN^Cl^ were i s o l a t e d . 
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CHAPTER 5 

Some I n v e s t i g a t i o n s o f Sulphiir-Witrogen-Fluorine Compounds: 

Preparation and Reactions o f Thiaz y l F l u o r i d e 

and the Attempted Preparation o f S.W F 

5 o l INTRODUCTION 

The f i e l d o f s u l p h u r - n i t r o g e n - f l u o r i n e chemistry has been 

developed over the past t h i r t y years, l a r g e l y by Glemser and 

co-workers a t Gottingen. The f i r s t compound t o be reported was t h i a z y l 

f l u o r i d e , NSF, i n 1955^'^^ and t h i s compound together w i t h the S(VI) 

d e r i v a t i v e , NSF has subsequently been of c e n t r a l importance i n 
o 

sulphur-nitrogen f l u o r i n e chemistry; nearly a l l known sulphur-nitrogen 

f l u o r i n e compounds may be derived from NSF or NSF^. The chemistry of 
(2) 

these two key substances has been w e l l reviewed. Many preparative 

routes t o NSF have been described i n the l i t e r a t u r e i n c l u d i n g the 

f l u o r i n a t i o n of a mixture of ammonia and sulphur w i t h AgF^,^"^^ the 
r e a c t i o n o f ammonia w i t h SF̂ ,̂ "̂ ^ and the f l u o r i n a t i o n of Ŝ N̂  w i t h 

(3) 

AgF^. These routes are summarised i n Scheme 5.1. The major problem 

w i t h these syntheses i s t h a t they produce a mixture of products, 

i n c l u d i n g NSF , (NSF) , and (NSF) , The thermal decomposition of 
I A) 

compounds which already contain the N-S-F group e.g. FCONSF^ ' or 
(5^ 

Hg(NSF2)2 ' produces NSF as the only s u l p h u r - n i t r o g e n - f l u o r i n e 

c o n t a i n i n g product i n good y i e l d ; however, as can be seen from Scheme 

5.1 the prepara t i o n of s t a r t i n g m a t e r i a l s i s , i n i t s e l f , an expensive 

and arduous procedure. 
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i ) S^N^ + AgF^- cel. NSF + other products 

i i ) S i C l ^ + KNCO—>Si(NCO)^- SF 
4 — » F2S=NC0F 

HgF^/ -OCF^ 

Hg(NSF2)2-

20°C 
110°C -> NSF 
-HgF. 

i i i ) <|> P=NH + SF ->NSF + HF + (J> PF 3 2 

Scheme 5.1 
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Recent developments i n sulphur-nitrogen chemistry have led t o the 

synthesis of small cations and t h e i r use as b u i l d i n g blocks i n f u r t h e r 

s y n t h e s i s . T h e convenient synthesis of the SN^ ca t i o n as i t s AsF_~ 
6 

s a l t was r e c e n t l y achieved by r e a c t i o n of the well-known compound 

(NSCl)^ w i t h AgAsFg;^^^ pr e v i o u s l y the SN^ c a t i o n had been prepared by 
+ (8) 

r e a c t i o n of NSF w i t h Lewis acids such as AsF_ t o produce SN AsF^. 
D 6 

The f a c i l e p r e p a r a t i o n of SN'''AsFg~ raise d the p o s s i b i l i t y of 

conveniently generating NSF by r e a c t i o n of the SN^ ca t i o n w i t h 

f l u o r i d e i o n : 

SN'*"ASF_~ +CSF >NSF + CsAsF- Equ.5.1 
D b 

T h i a z y l f l u o r i d e i s a r e a c t i v e gas and has been used i n 
(9) c y c l o - a d d i t i o n r e a c t i o n s as a diene. 

N 
III + , , s i n ' A J:F 

CF „ 

cf ^'\{ 
Equ. 5.2 

(2) 

Reaction w i t h a l k y l butadienes was found t o be uncon t r o l l a b l e and 

r e s u l t s i n i g n i t i o n . The aim of the work described i n t h i s section was 

t o devise a convenient method of producing NSF and then react the gas 
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under mi l d c o n d i t i o n s w i t h s u i t a b l e substrates t o produce new 

heterocycles. 

At an e a r l y stage i t was thought t h a t thermolysis of a sulphur 

- n i t r o g e n s a l t c o n t a i n i n g a s u i t a b l e f l u o r i n a t e d anion would be a 

convenient method of preparing s u l p h u r - n i t r o g e n - f l u o r i n e compounds and 

so the preparation and thermoysis of S^N^BF^ was studied; i t was also 

thought t h a t S^N^BF^ could be useA t o prepare the compound Ŝ N̂ F 

which had pr e v i o u s l y only been reported as i t s HF solvate. ̂ ^^^ These 

experiments are described a t the end of the chapter. 

5.2 RESULTS AND DISCUSSION 

5.2.1 Small Scale Preparation of NSF: 

a) Solution prepeirations. I t was found t h a t the r e a c t i o n between 

CsF and SN''"ASF_~ i n l i q u i d SO^ could be followed conveniently by 
D d-
19 

monitoring the F nmr spectrum. By making up r e a c t i o n mixtures of 

known mole-ratios c o n t a i n i n g known weights of reactants and adding a 

known amount of Freon 11 as an i n t e r n a l standard, i t was possible t o 

estimate an approximate y i e l d f o r Equation 5.1 i n SO^. Working on a 

ca. 1 mmol scale, approximately 50% conversion t o NSF was achieved, 

and the NSF i n s o l u t i o n appeared t o be stable f o r up t o 36h; detected 
19 

decomposition products were OSF^ ( i d e n t i f i e d by F nmr and gas phase 
19 

i n f r a r e d spectroscopy) and (NSF)^ ( i d e n t i f i e d by F nmr 

spectroscopy). The (NSF)^ s i g n a l was only observed f o r the system 

c o n t a i n i n g 1:1 mole r a t i o of SNAsFg:CsF. Although the p a r t i a l 

conversion t o NSF could have been a r e s u l t of performing the reactions 
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i n s i t u i n a 10mm nmr tube where s t i r r i n g was impossible, i t was 

decided t h a t , from a s y n t h e t i c p o i n t of view, i t would be more useful 

t o produce q u a n t i t i e s of gaseous NSF r a t h e r t h a t NSF i n s o l u t i o n . 

Since the nmr experiments proved t h a t the r e a c t i o n between CsF and 

SNAsFg i n SO^ d i d indeed produce NSF, the s o l i d s t a t e r e a c t i o n between 

these two compounds was chosen f o r study. 

b) S o l i d s t a t e preparation„ The extremely hygroscopic nature of 
(2) 

NSF i s well-documented and experience gained during the nmr 

experiments i n d i c a t e d t h a t great care i n handling procedures was 

e s s e n t i a l f o r ^ a successful p r e p a r a t i o n . Thus i n i t i a l small-scale 

experiments were performed using a s t a i n l e s s s t e e l gas c e l l , f i t t e d 

w i t h a side-arm and AgCl windows, which could be r i g o r o u s l y d r i e d 

using a combination of heat and scrubbing w i t h SF^, The generation of 

NSF could be induced i n the side-arm and the gaseous products could be 

monitored immediately by i n f r a r e d spectroscopy. The dryness of the 

system was gauged by the amount of OSF^ present when an atmosphere of 

SF^ (ca, 1 atm) was allowed t o s i t i n the apparatus; less than 5% OSF^ 

was considered t o be s u f f i c i e n t l y dry. At l e a s t three cycles of 

scrubbing w i t h SF^ were re q u i r e d t o achieve t h i s l e v e l and a gas phase 

spectrum i l l u s t r a t i n g the acceptable standard i s i l l u s t r a t e d i n Figure 

5.1a, 

A molar r a t i o of 5:1 CsF:SNAsFg was chosen t o ensure complete 

conversion t o NSF. Moderate heating of t h i s i n t i m a t e l y ground mixture 

r e s u l t e d i n the steady e v o l u t i o n of NSF (monitored by observing the 

655 cm ''" S-F s t r e t c h i n g mode i n the gas phase i n f r a r e d spectrum) and a 

gas-phase i n f r a r e d spectrum of the products showed NSF t o have been 

the major product. 



118 

100 r Tronsmittance (%) 

(b) 
Cell NSF 

NSF+OSF 

WQvernjnber {an^) 
Figure 5.1o (a) Gas phase, i n f r a r e d spectrum of ca, 1 atm SF i n an acceptably 

dry gas c e l l . 
(b) Gas phase i n f r a r e d spectrum of NSF generated i n s i t u . 
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TransmittancG (%) 
100 I-

50 

Temperatures in *C 

min. 

Figure 5.2. Ev o l u t i o n of NSF w i t h i n c r e a s i n g temperature 
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Comparison w i t h published spectra showed t h a t the r e l a t i v e amounts 

of products i n the gas phase were NSF, SStB'/'^'^'^ and OSF^, 5t2.5%^'^^^ 

corresponding t o an 80% y i e l d of NSF. An i n f r a r e d t r a c e of the 

e v o l u t i o n of NSF w i t h temperature i s shown i n Figure 5.2 and an 

i n f r a r e d spectrum of the gas phase products i s shown i n Figure 16. 

5.2-2 Larger scale prepeu?ation o f NSF: 

Since the small-scale r e a c t i o n proved successful i n producing good 

q u a l i t y NSF under m i l d c o n d i t i o n s , a l a r g e r scale r e a c t i o n designed t o 

produce ca. I g o f NSF was t r i e d . The r e a c t i o n vessel was a monel can 

and the apparatus was c a r e f u l l y scrubbed w i t h F^ and SF^ t o remove 

traces of moisture. This time a temperature of 110°C was required t o 

induce production of NSF which was monitored on a pressure gauge. 

Comparison of the gas phase i n f r a r e d spectrum of the products w i t h 

published spectra showed the products t o be approximately 80% NSF,̂ '̂ '̂ ^ 

10% SF̂ -̂"-̂ ^ and 10% OSF̂ .̂ """̂ ^ Co-condensation of the gas phase 

products w i t h AsF^ enabled the NSF t o be recovered as SN^AsF^" and b 6 
from the weight of SN^AsF_ recovered, an approximate y i e l d of 50% NSF 

b 
was deduced. 

4NSF » + SF^ + %SQ 

SF^ + Ĥ O -» 2HF + OSF^ 

Scheme 5.2 
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The lower y i e l d of NSF i n the l a r g e r scale r e a c t i o n can be 

accounted f o r by Scheme 5,2. Weight measurements on the r e a c t i o n and 

produci cans i n d i c a t e d t h a t 0.85g was l o s t from the r e a c t i o n can, but 

only 0.67g of v o l a t i l e s were condensed i n t o the product can. Gas phase 

i n f r a r e d showed the v o l a t i l e s t o be a mixture of NSF (80 ± 1 0 % ) , SF^ 

( 1 0 ^ 5 % ) , and OSF^ (10"^ 5%) > Assuming the OSF^ detected was l a r g e l y a 

product of SF^ h y d r o l y s i s , 0.16±.0.07g (1.5 mmol) of SF^ was produced 

by thermal decomposition of NSF. According t o Scheme 5.2, 0,16± 0.07g 

of SF^ would be produced by 0.391 0.04g (6 mmol) of NSF and thus the 

expected y i e l d o f NSF i s : 

(0.85 - ( 0 . 3 9 i 0.04)) = 0,46£0,04g (7,0 mmol) 

Wi t h i n experimental e r r o r , t h i s i s the weight of NSF i s o l a t e d i n the 

pre p a r a t i o n , based on i t s recovery as SN'''AsFg~ and so Scheme 5,2 

provides a v a l i d explanation of the modest y i e l d of NSF observed i n 

the scale-up experiment. The weight loss of 0.18g between r e a c t i o n and 

product cans i s accounted f o r i n terms of loss of N^ from the system 

and d e p o s i t i o n of elemental sulphur i n the vacuum manifold. 

A comparison of the high y i e l d small scale experiment and the 

lower y i e l d scale-up experiment u s e f u l l y pointed t o the f a c t o r s 

a f f e c t i n g the y i e l d of NSF i n t h i s r o u t e . Most i m p o r t a n t l y , the degree 

of mixing of the s t a r t i n g m a t e r i a l s seems t o determine the temperature 

a t which NSF generation commences; i n the more i n t i m a t e l y mixed small 

scale experiment r e a c t i o n proceeded a t 40-55''C whereas the l a r g e r 

scale experiment re.t^d.\re.k. a temperature of 110°, w i t h possible l o c a l 

super-heating and consequent decomposition of product. I t should be 

added t h a t the temperature of the e l e c t r i c furnace (as measured by 
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a mercury-in-glass thermometer) d i d not necessarily i n d i c a t e the 

temperature of the reactants i n s i d e the apparatus, since heat-flow 

through the metal w a l l s and s o l i d reactants w i l l not have been 100% 

e f f i c i e n t . Nevertheless, i t seems f a i r t o say t h a t the l a r g e r - s c a l e 

experiment r e q u i r e d a s u b s t a n t i a l l y higher temperature f o r r e a c t i o n 

than d i d the small-scale experiment. The compact waxy nature of 

SN'^^ASF." makes e f f e c t i v e g r i n d i n g d i f f i c u l t ; r e c r y s t a l l i z a t i o n from 

SO^ improves the ease of g r i n d i n g and hence should improve the y i e l d . 

S i m i l a r l y , o p t i m i s a t i o n of heating r a t e s and heat t r a n s f e r i n the 

r e a c t i o n vessel i n l a r g e r scale r e a c t i o n s should improve the y i e l d of 

NSF t o the 80% a t t a i n a b l e i n small scale r e a c t i o n s . 

5=2 .,3 Gas Phase Reactions o f WSFi 

I n s p i t e of the d i f f i c u l t i e s encountered i n de v i s i n g a gram-scale 

pr e p a r a t i o n of NSF, i t was found possible t o i n v e s t i g a t e reactions i n 

the gas phase using the small-scale procedure t o generate NSF i n a gas 

c e l l ; a s u i t a b l e amount of a gaseous reagent could then be i n j e c t e d 

v i a a vacuum manifold and the course of r e a c t i o n could be followed by 

monit o r i n g the gas phase i n f r a r e d spectrum. Several such experiments 

were performed and the r e s u l t s are discussed below. 

a) Reaction w i t h CS^. I t was hoped t h a t NSF would react w i t h an 

unsaturated species l i k e CS^ t o produce h e t e r o c y c l i c species such as I 

which would be a f o r m a l l y e-ff system. I n f a c t , only NSF, OSF^ and SF^ 

(which were a l l present i n i t i a l l y ) were detected i n the gas phase 

i n f r a r e d together w i t h the CS^ which had been i n j e c t e d . Over a period 
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of lOh the NSF peaks l o s t i n t e n s i t y w h i l s t the OSF^ peaks gained 

i n t e n s i t y , i n d i c a t i n g t h a t slow decomposition took place. 

F CF3^/N^ 

<oi 
N-S 

I 

II 

in 

b) Reaction w i t h CF CN. I t was hoped t h a t NSF would react w i t h 

OF CN t o produce a species such as I I . Again, monitoring the gas 

i n f r a r e d showed no s i g n i f i c a n t d i m i n u t i o n of the NSF modes on 

i n t r o d u c t i o n of CF CN and no s i g n i f i c a n t changes even a f t e r 24h. 

Ev i d e n t l y NSF and CF^CN do not r e a c t under these conditions. 

c) Reaction o f NSF w i t h (CN)^. I t was hoped t h a t species of the 

type I I I would be formed i n t h i s reaction,' however, as before no 

r e a c t i o n was observed on monitoring the gas phase i n f r a r e d spectrum. 

d) Reaction o f NSF w i t h CF^OF. The preceding experiments which 

were designed t o study r e a c t i o n s i n v o l v i n g s u b s t i t u t i o n or reactions 

i n v o l v i n g the IT-system of NSF a l l f a i l e d ; e v i d e n t l y these types of 
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r e a c t i o n s are not favoured under such mild c o n d i t i o n s . I n a f u r t h e r 

attempt t o achieve room temperature r e a c t i o n of NSF, an a d d i t i o n 

r e a c t i o n w i t h CF OF was t r i e d . 

Changes i n the gas phase i n f r a r e d spectrum occurred almost 

immediately on i n t r o d u c t i o n of CF^OF t o the system containing NSF, I n 

general, the spectra i n d i c a t e d the appearance and gradual increase of 

peaks belonging t o SF^ and OCF^ and the gradual decrease i n i n t e n s i t y 

of peaks belonging t o NSF and CF^OF. Whilst the presence of so many 

species i n the gas phase obscured a f a i r l y large proportion of the 

i n f r a r e d spectrum and gave r i s e t o some coincidences of bands, some 

peaks which were not assignable t o NSF, CF^OF, SF^, or OCF^ were also 

detected. 

These unassigned peaks were observed a t 1468, 1280, 1165, and 

825 cm~^ and reached maximum r e l a t i v e i n t e n s i t y a f t e r 6h. The band a t 

1468 cm~^ i s i n the c o r r e c t region f o r the SN s t r e t c h i n g v i b r a t i o n 

( c , f , NSFg, Sm 1515cm"-^,^^ NSF, SsN = 1372 cm""^^^ and the 

band a t 1280 cm i s i n the C-F s t r e t c h i n g region. Since the unknown 

species appears t o cont a i n both an Ŝ N t r i p l e bond and a C-F 

co n t a i n i n g group, i t s probable s t r u c t u r e i s proposed t o be t h a t of IV, 

CF-.0-SS 
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D e r i v a t i v e s of the type RSF^N and RR'SFN̂ '̂"'''̂ ^ have been reported 

p r e v i o u s l y and s p e c t r a l data are summarised i n Table 5.1. Thus, the 

band a t 825 cm""*" may be assigned e i t h e r t o V S-F or t o ̂  C-0 ( c . f . 

CF20F,\?C-0 = 882 cm"""-)̂ -̂ ^̂  

The band a t 1165 cm ̂  i s more d i f f i c u l t t o assign since, although 

i t i s i n the C-F s t r e t c h i n g region, molecules c o n t a i n i n g a simple CF 

group e.g. CF^OF^^^' do not e x h i b i t strong absorbtions i n t h i s region; 

the 1165 cm band may t h e r e f o r e belong t o another, u n i d e n t i f i e d C-F 

co n t a i n i n g species. Since the compound (CF )„CFSF N i s known t o 

isomerise a t 60°C according t o Equation 5,3.̂ "''̂ ^ 

^1 50° : -
(CF, LCFSsN ^.S=NCF(CF-,), 

Equ. 5.3 

I t i s possible t h a t CF^OSF^N undergoes a s i m i l a r rearrangement t o 

produce F̂ Sr̂ NOCF̂  a t room temperature; the 1165 cm"'̂  band could then 

be assigned t o the N=S band of F S=NOCF . The reported N=S mode of 

compound V I i s , however, reported as being 1300 cm ̂ ^^^^ which i s 

appreciably higher than 1165cm ^. I t was not possible t o e x t r a c t any 

f u r t h e r i n f o r m a t i o n from the i n f r a r e d data since so much of the 

spectrum was obscured by SF^ and OCF^; the only unassignable 

absorptions were two very weak bands a t 2050 and 2070 cm A 

suggested r e a c t i o n sequence i s shown i n Scheme 5=3. 
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Table 5.1 I n f r a r e d spectra o f RSF_N and R SFN compounds 

a) COMPOUND . SN/cm~^ S-F/cm~'^ REFERENCE 

(CF3)3CSF2N 1516,1488 755,722 (2) 

(CF3)2CFSF2N 1504,1479 746,719 (14) 

1500 795,701 (14) 

1475 750,700 (14) 

^SF^N 1468 750,690 (14) 

p-FCgH^SF^N 1461 728,688 (14) 

^^SFN 1428 740,600 (14) 

-1 b) (CF3)2CFSF2N/cm 

1504mw (OSN) 

1479mw (\;SN) 

1279s (VC-F) 

1263VS (VC-F) 

1194mw (\?C-F) 

1158mw (SJC-F) 

977m (V;c-C) 

950mw (Oc-C) 

764m,sh (OC-F) 

746m (V?as S-F) 

719s (l?as S-F) 

624w (deformation) 

542w (deformation) 

520m (deformation) 

502mw,sh (deformation) 

(CF2)2CSF2N/cm 

1516m 

1488m 

1340s 

1280VS 

1216VS 

1179m 

976s 

926s 

769m 

755s 

727s 

572s 

541m 

493s 

CF OSF̂ N/cm"""" and 
Tentative Assignment 

1468m (OSN) 

1280s (Oc-F) 

1165, (\)C-F) 

<l^ S-F 
825s or 

N?C-0 
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NSF + CFgOF i> .i^^SF^oCf^ ^ — ^ Ĵ N̂  + SF^ + 2 O C F 2 

Scheme 5.3 

Although t h i s r e a c t i o n i s i n t e r e s t i n g i n t h a t i t proceeds under 

very m i l d c o n d i t i o n s , the f a c t t h a t RSF^N d e r i v a t i v e s may be prepared 
(14) 

from the more e a s i l y handled NSF^ and organo-lithium reagents 

makes i t of l i m i t e d s y n t h e t i c i n t e r e s t and so no f u r t h e r i n v e s t i g a t i o n 

was undertaken. 

5<.2o4 The Preparation and Thermolysis o f Ŝ Ŵ B̂F̂  5 the Attempted 

Preparation o f S-W-V": if J 
I t i s w e l l known t h a t various S^N^^ s a l t s may be prepared from 

S^NgCl by metathesis w i t h a s u i t a b l e a c i d such as HNÔ '̂̂ ^̂  or 

HSOgF,̂ '''®̂  I t was thought t h a t an Ŝ N̂ "̂  s a l t w i t h a s u i t a b l e f l u o r i n e 

c o n t a i n i n g counter-ion might serve as a convenient s t a r t i n g m a t e r i a l 

f o r s u l p h u r - n i t r o g e n - f l u o r i n e compounds which could be generated by 

ther m o l y s i s . Accordingly, S^N^^BF^" was synthesized f i r s t by 

metathesis of S^N^Cl w i t h AgBF^ Equation (5,4) and secondly by 

metathesis of S^N^Cl w i t h aqueous HBF^ Equation (5,5) : 

S^NgCl + AgBF^ 5>S^N2BF^ + AgCl Equ,5,4 

S^NgCl + HBF^ (aq) 5>S^N^BF^ + HCl (aq) Equ,5.5 

When thermolysed i n vacuo, S^N^BF^ (prepared from AgBF^) darkens; 
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a t 80°C a small amount of v o l a t i l e m a t e r i a l (SO , BF and an 

u n i d e n t i f i e d species) was evolved and f u r t h e r heating t o 180°C 

r e s u l t e d i n the f o r m a t i o n of a uniform h i g h l y r e f l e c t i v e coating of 

(SN) on the cool p a r t of the vacuum l i n e . Subsequent elemental 

a n a l y s i s found a s i l v e r i m p u r i t y of 0.5% i n the s t a r t i n g m a t e r i a l and 

examination of the sublimation residue ( l a r g e l y S^N^BF^) under an 

o p t i c a l microscope revealed t i n y black spots on the c r y s t a l s . These 

black spots were presumably Ag^S, which, l i k e Ag^Se, i s known t o 
(19) 

c a t a l y s e the s p l i t t i n g of sulphur-nitrogen r i n g s . A repeat 

r e a c t i o n using S .N BF. f r e e of s i l v e r d i d not produce an (SN) layer. 
4 O 4 X 

Since p y r o l y s i s o f sulphur-nitrogen c a t i o n s has pr e v i o u s l y been found 

t o o f f e r no s i g n i f i c a n t advantage over other methods of making (SN) 

and since the r e a c t i o n o f SNAsF_ and CsF had been found t o be a 
D 

convenient method of preparing NSF, no f u r t h e r work was done on t h i s 

system. 

S^N^BF^ produced according t o Equation (5.5) was used f o r the 

p r e l i m i n a r y electrochemical studies described i n Chapter 4. I t was 

found t h a t most of the c h l o r i d e i m p u r i t y ( a r i s i n g from incomplete 

conversion of S^N^Cl t o S^N^BF^) could be eliminated by b r i e f 

e x t r a c t i o n w i t h SO^; the more soluble S^N^BF^ dissolved w h i l s t the 

less s o l u b l e S^N^Cl remained behind. This p u r i f i e d S^N^BF^ was used i n 

the attempted synthesis of S^N^F. 

The s t r a t e g y adopted was t h a t of i o n i c displacement: 
S^NgBF^ + CsF 5>CsBF^ + Ŝ N̂ F Equ.5.6 
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This approach has been t r i e d s u c c e s s f u l l y i n the synthesis of Ŝ N̂ F 

from S.N_AsF_ using S0„ as s o l v e n t , Preliminary nmr tube 
4 D D d. 

19 

experiments, monitoring the F spectrum of a 1:1 mixture of CsF and 

S^N^BF^ i n SO^ detected a f t e r 48h only s i g n a l s belonging t o BF^~ and a 

very weak s i g n a l assignable t o (NSF) , As a t h i n blue layer of (SN) 
o X 

was also formed on the w a l l s of the tube, i t was decided t o 

i n v e s t i g a t e t h i s r e a c t i o n on a p r e p a r a t i v e scale, but w i t h a short 

r e a c t i o n time t o minimise decomposition. When S^N^BF^ and CsF were 

reacted i n SOg (1:1 mole r a t i o ) on a p r e p a r a t i v e scale, an i o n i c 

displacement occurred p r e c i p i t a t i n g the expected s t o i c h i o m e t r i c weight 

of CsBF^, The soluble product was c r y s t a l l i n e but s t i c k y ; i n f r a r e d 

spectroscopy i n d i c a t e d the presence of Ŝ Ng"*̂  and Ŝ N̂  but d i d not 

i n d i c a t e the presence of the BF^~ i o n . The p r e c i p i t a t i o n of the 

c o r r e c t s t o i c h i o m e t r i c amount of CsBF^, combined w i t h the detection of 

S^N^^ and non-detection of BF^ i n the i n f r a r e d spectrum of the 

soluble product, suggested t h a t the soluble product was impure Ŝ ^̂ F 

Attempts t o p u r i f y the crude Ŝ N̂ F by f i r s t removing the Ŝ N̂  w i t h 

pentane and then r e c r y s t a l l y z i n g the remainder from SÔ  d i d not 

succeed; massive decomposition t o S^N^ occurred on r e d i s s o l v i n g the 

Ŝ N̂ F i n SO^, This behaviour r e c a l l s t h a t of S^N^Cl i n SO^ which has 
been found t o decompose t o give a w h i t i s h product of unknown 

(19) 

composition. I t should be added t h a t decomposition probably also 

occurs d u r i n g the i n i t i a l r e a c t i o n since a t h i n transluscent layer of 

(SN) was deposited on the w a l l s of the r e a c t i o n bulb, A f u r t h e r 

attempt t o remove the S^N^ i m p u r i t y from crude Ŝ N̂ F by high vacuum 

su b l i m a t i o n r e s u l t e d i n decomposition and r e a c t i o n of Ŝ N̂ F w i t h the 
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r e s i d u a l SO^; Ŝ N̂ SÔ F was i s o l a t e d as the major i n v o l a t i l e product 

w h i l s t SO^, OSF^, NSF, SiF^, and a minute q u a n t i t y of another 

u n i d e n t i f i e d species were detected as v o l a t i l e products. I n a d d i t i o n a 

small q u a n t i t y of h i g h l y coloured v o l a t i l e m a t e r i a l containing Ŝ N̂  

was evolved. A possible r e a c t i o n scheme i s shown i n Scheme 5.4; the 

SiF^ was presumably a r e s u l t o f h y d r o l y s i s , causing the formation of 

HF which subsequently attacked the Pyrex apparatus. 

3S^li^F + 2 S 0 2 - ^ S^NgSOgF + OSF^ + 3/2S^N^ + 1/4SQ 

S^N2F-A3>NSF + l/2S^N^ + l/8Sg 

Scheme 5,4 

Attempts t o avoid r e a c t i o n w i t h solvent by using a c e t o n i t r i l e d i d 

not succeed as i n f r a r e d spectra of the products indicated 

decomposition and incomplete r e a c t i o n ; a t h i n layer of (SN) also 

formed i n the r e a c t i o n vessel. Since these apparently f a c i l e reactions 

were not proceeding i n a simple way, attempts t o prepare Ŝ N̂ F were 

discontinued. 

5.3 COWCLUSIOWS 

The i n i t i a l aim of d e v i s i n g a more convenient route t o NSF was 

achieved, although f u r t h e r o p t i m i z a t i o n i s required f o r large scale 
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preparations. The gas phase r e a c t i o n s of NSF were disappointing and 

e v i d e n t l y e i t h e r more severe r e a c t i o n conditions must be applied 
(2) 

which may r e s u l t i n the formation of complex mixtures or 
d i f f e r e n t substrates must be chosen. Since many of the obviously 

(2) 

s u i t a b l e reagents have already been st u d i e d , i t seemed more 

i n t e r e s t i n g t o explore the chemistry of the SN^ or Ŝ N̂  ions r a t h e r 

than NSF; the use of thiazene cations as ' b u i l d i n g blocks' i n 

synthesis has already been demonstrated, 

Although S^NgF was not i s o l a t e d i n a pure s t a t e , i t seems l i k e l y 

t h a t i t was the primary product from the r e a c t i o n of S^N^BF^ and CsF, 

Ev i d e n t l y i t i s a r e a c t i v e m a t e r i a l which, although somewhat 

s t a b i l i z e d i n SO^ s o l u t i o n , decomposes r e a d i l y on p r e c i p i t a t i o n . As 

a n t i c i p a t e d , thermolysis of Ŝ N̂ F y i e l d e d NSF but a mixture of other 

products was also detected. 

5 ,.4 EXPERIMMTAL SECTIOW 

5 o 4 o l S o l u t i o n Preparation o f WSF i n an mUR Tube: 

CsF (0.120g, 0,792 mmol) and SNAsF^ (0.186g, 0,792 mmol) were 
6 

placed together i n a 10mm nmr tube f i t t e d w i t h a J, Young's Teflon 

stemmed bleed valve, Freon 11 (CCl^F, 0.3273g, 2,383 mmol) was 

condensed i n fo l l o w e d by SO^ (ca, 5g), The mixture was allowed t o warm 

t o room temperature and shaken v i g o r o u s l y ; a f t e r standing a t room 
19 

temperature f o r 2h the F nmr spectrum a t -75<'C was recorded. The 
sample was kept a t room temperature f o r a f u r t h e r 12h and then cooled 

19 

t o -80° f o r 20h; the F spectrum was re-recorded, again a t -75°C, For 

a 100% r e a c t i o n , the mole r a t i o of CCl^FiNSF would be 3,01:1 and the 
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19 i n t e g r a t e d peak i n t e n s i t i e s of the F nmr spectrum would be expected 

t o be i n the same r a t i o . The ac t u a l i n t e g r a t e d peak i n t e n s i t i e s were 

i n the r a t i o CCl2F:NSF, 9,56:1.35 i n d i c a t i n g a 42.5% y i e l d o f NSF, 

A f t e r 12h a t room temperature followed by 20h a t -80° the r a t i o was 

1:6 i n d i c a t i n g a 50.2% y i e l d of NSF, NMR spectrum a f t e r 2h, S F (200 

MHz, solvent SO^, reference CCl^F) 230,6 [ I F , s, NSF], 0 [ I F , s, 

CCl^F ], and -60 [6F, vbr s, AsF^~]. NMR spectrum a f t e r 36h, S F 3 6 
(200MHZ, solvent SO^, reference CCl^F), 233,72 [ I F , s, NSF], 0 [ I F , s, 

CC1„F ], and -50 [6F, vbr s, AsF_~], I n s i m i l a r ( b u t non-quantitative) o b 
experiments, molar r a t i o s o f 1:1 and 2:1 CsF:SNAsF_ were used. A f t e r 

being kept a t -70°C f o r 6 days, the samples were allowed t o warm t o 
19 

room temperature f o r several hours before recording the F nmr 
spectrum a t -75°C, NMR spectrum of 1:1 mixture, S F (200MHZ, solvent 

SOg, reference CCl^F) 231,1 [lF,s,NSF^^M 70,7 [2F,s, OSF̂ ^̂ ''̂ ,̂ 41.21 

[3F, s,vw, (NSF)_ ^^^h, and -65 [6F, s,br, AsF_"^^''"^] . NMR spectrum 3 6 
of 2:1 mixture, 6 F (200 MHz, solvent SO , reference CCl F) 233.4 [ i F , 

s, N S F ] , 72.4 [2F, S, OSF„ ], and -60 [6F, s,br, AsF_~]. 
2 b 

5 o 4 o 2 Preparation o f WSF by S o l i d State Reaction o f SWAF_ and CsF: 

a) Small Scale Preparation. I n a t y p i c a l experiment, a 

ri g h t - a n g l e d closed tube (O.D, Ve, i n c h , w a l l approximately 1mm, length 

approximately 25 cm) was coupled t o a s t a i n l e s s s t e e l gas c e l l , f i t t e d 

w i t h AgCl windows, v i a a Teflon Swagelok compression f i t t i n g and 
3 

Whitey valve; the t o t a l volume of the system was 190 cm . The 

apparatus was evacuated and SF^ was c a r e f u l l y admitted ( 1 atm). The 

apparatus was then i s o l a t e d from the gas c e l l and flamed f o r a few 
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minutes. A f t e r c o o l i n g , the SF^ was pumped away. This process was 

repeated (3-4 times) u n t i l a gas phase i n f r a r e d spectrum of SF^ i n the 

apparatus showed 5% OSF^. 

The apparatus was taken i n t o the glove box and, w h i l s t keeping 

the gas c e l l under vacuum, the side-arm was uncoupled and loaded w i t h 

an i n t i m a t e l y ground mixture of SNAsF_ (0.123g, 0.523 mmol) and CsF 

(0o237g, 1.56 mmol) ( s l i g h t d i s c o l o u r a t i o n occurred on g r i n d i n g the 

m i x t u r e ) . A f t e r re-connection of the side-arm and re-evacuation, the 

side-arm was heated i n on e l e c t r i c furnace t o 65°C a t a r a t e of 

14°C/min. The steady e v o l u t i o n of NSF between 40 and 50°C, monitored 

by observing the 655 cm ^ S-F mode i n the gas phase i n f r a r e d 

spectrum, ceased a f t e r ca. 3 min. The p a r t i a l pressures of the 

products (NSF, OSF^) were estimated from the f i n a l i n f r a r e d spectrum 

by comparing i n f r a r e d i n t e n s i t i e s w i t h published spectra. I n f r a r e d 

spectrum,\? 1382m (NSF), 1372m (NSF), 1360s (NSF), 1340m (OSF^), max 2 
1330m (OSF^), 1270w (NSF), 810m (OSF^), 760m (OSF^), 750m (OSF^), 

655vs (NSF), 645VS (NSF), 630vs (NSF), 535w (OSF^)cm"'''. From published 

spectra of OSF̂ '̂̂ ^̂  and NSF̂ '̂ '̂ ^ the pressures of NSF and OSF^ were 

estimated as 40 t o r r (9515)% v/v and 2 t o r r ( 5 i 2 , 5 ) % v/v re s p e c t i v e l y . 

b) Larger scale p r e p a r a t i o n . Two Monel cans and the gas c e l l used 

i n a) above were connected v i a Swagelok T e f l o n compression f i t t i n g s 

and Whitey valves t o a monel vacuum manifold. Elemental f l u o r i n e (1 

atm) was c a r e f u l l y passed i n t o the evacuated apparatus, and a f t e r 

f l a m i n g and re-evacuation, SF^ ( 1 atm.) was enclosed i n the apparatus 

overn i g h t . Spent SF^ was removed and f r e s h SF^ was condensed i n t o the 
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cans w i t h f l a m i n g u n t i l a gas phase i n f r a r e d spectrum showed 5% OSF^. 

One of the cans was detached and taken, under vacuum, i n t o the 

glove box where oyi i n t i m a t e l y ground mixture of CsF (7.0g, 46.08 mmol) 

and SNAsFg (3.6g, 15.32 mmol) was packed i n t o the bottom. A f u r t h e r 

char.ge of CsF (2,94g, 19.35 mmol) was packed on top of the mixture. 

A f t e r re-attachment t o the vacuum manifold and re-evacuation, the can 

c o n t a i n i n g the r e a c t a n t s was heated i n an e l e c t r i c furnace t o 110°C 

(1.5°C/min). Reaction occurred a t 110°C when a r a p i d e v o l u t i o n of gas 

was observed. Gas phase i n f r a r e d spectroscopy showed the products t o 

be NSF (80±10)%, 0.54 t 0.07g , SF^ (10±5)%, 0.07±0.03g , and OSF2 

(1015)%, 0.07 ± 0.03g , the r e l a t i v e amount of each product being 

estimated from the published spectra of NSF,̂ ''"̂ ^ SF^,^^^^ and 
(12) 

OSF^. The r e a c t i o n v o l a t i l e s were condensed i n t o the empty can and 

AsFg (3.8g, 22.4 mmol) was condensed on top. Some non-condensible 

gases (Ng) were pumped away. Weight measurements on the r e a c t i o n and 

product cans showed t h a t 0.85g was l o s t from the r e a c t i o n can and 

0.67g was condensed i n t o the product can. A f t e r standing overnight, 

the v o l a t i l e s (OSF^, AsF^) were removed from the product can and the 

SNAsF_ produced (1.76g) was i d e n t i f i e d by Raman spectroscopy. A Raman 
D 

spectrum of the r e a c t i o n can residues showed only the presence of 

AsF^~, The 1.76g of SNAsF_ (from the r e a c t i o n between NSF and AsF^) 
D O b 

corresponds t o an NSF y i e l d of 0.48g (48%) which matches the estimate 

(see above) of 0.54-0.07g, Raman spectra (5145 K): SNAsF_ recovered, 
D 

^max •̂ ^̂ ^ (NS"^), 1062W, vbr ( ? ) , 679 vs (AsFg"), 558m, br (AsFg") 
cm""*". Reaction residue, \? 682m (AsF_~), 578w, br (AsF^~)cm~'^. 

max D 6 
I n f r a r e d spectrum of gas phase products, ^ 2220w ( ? ) , 1380m (NSF), 
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1365m (NSF), 1352s (NSF), 1342s (OSF^), 1332s (OSF^), 895m, sh (SF^), 

885s, sh (SF^), 870s, sh (SF^), 860vs (SF^), 802s (OSF^), 750s, sh 

(OSFg, SF^), 730VS (OSF^, SF^), 650vs (NSF, SF^), 640vs (NSF, SF^) , 

625VS (NSF, SF^), 530s (OSF^) cm"^. 

5=4=3 Gas Phase Reactions of WSF 

a) With CSg. A small q u a n t i t y (ca. 0.5 mmol) of NSF was generated 

i n a s t a i n l e s s s t e e l gas c e l l , f i t t e d w i t h AgCl windows, using the 

procedure described above. I n t h i s case a small contamination of the 

NSF w i t h SF^ was observed, p o s s i b l y because i n s u f f i c i e n t g r i n d i n g of 

the reactants necessitated a high r e a c t i o n temperature (70°C) w i t h 

r e s u l t i n g thermolysis of NSF. Approximately two line-inches 

(corresponding t o 0.3 mmol) of CS^ was introduced i n t o the gas c e l l 

by c o o l i n g the side-arm. The i n f r a r e d spectrum of the gas c e l l 

contents was recorded a f t e r 5 min, 40 min, and lOh; only peaks 

belonging t o SF^, OSF^, NSF, and CS^ were observed. The NSF peaks l o s t 

a l i t t l e o f t h e i r i n t e n s i t y over lOh w h i l s t the OSF^ peaks gained a 

l i t t l e . 

b) Reaction w i t h CF CW, The procedure described i n a) was 
3 

f o l l o w e d and approximately 0.5 mmol of NSF was generated; OSF^ was the 

only conta^lnment. Approximately 3.5 li n e - i n c h e s (corresponding t o 0.5 

mmol ) of CF CN was i n j e c t e d i n t o the gas c e l l v i a the vacuum 

manifold. Gas phase i n f r a r e d spectra were recorded a f t e r 5 min, 5h, 

and 24h. The spectra simply showed a mixture of OSF^, NSF, and CF̂ CN 

although again the NSF peaks l o s t a l i t t l e of t h e i r i n t e n s i t y w h i l s t 
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the OSF^ peaks gained a l i t t l e . I n f r a r e d spectrum a f t e r lOh, \? 2460 
d max 

m, sh (CFgCN), 2420m (CF^CN), 2270vs (CF^CN), 2020m (CF^CN), 2010w, 

sh (CFgCN), 1420m, br (CF^CN), 1385m, sh (NSF), 1370s (NSF), 1361s 

(NSF), 1340VS ( 0 S F „ , CF_CN) , 1330vs (OSF„, CF„CN), 1320s (OSF., 

CFgCN), 1225VS (CF^CN), 1140vw (CF^CN), 1080vw (CF^CN), 920vw 

(CFgCN), 865VW (CF^CN), 805vs (OSF^, CF^CN), 795vs (OSF^, CF^CN), 

755s (OSF^), 745s (OSF2) , 650vs (NSF), 640vs (NSF), 630vs (NSF) cm"-̂ . 

c) Reaction w i t h CCW)^. Following the procedures described above, 

approximately 0.15 mmol of NSF, contaminated s l i g h t l y w i t h OSF2, was 

generated i n the gas c e l l . Approximately 1 l i n e - i n c h of cyanogen 

(corresponding t o 0,15 mmol) was i n j e c t e d i n t o the gas c e l l . I n f r a r e d 

spectra were recorded a f t e r 10 min, 12h, and 20h. No new bands were 

observed but since so l i t t l e NSF was generated i n i t i a l l y , complete 

decomposition of NSF t o OSF^ and a trace of SO2 occurred. I n f r a r e d 

spectrum a f t e r 20h, V 2160w (CN) , 2140w, sh (CN) 1370m 
nicix ^ c. 

(SO^), 1360m, sh ( S O 2 ) , 1340s (OSF^), 1330m, sh (OSF^), 805s (OSF^), 

755m, sh (OSF^), 740s OSF^, (CN)^ , 725m, sh OSF, (CN)^ , 530w 

(OSF^) cm"-"-. 

d) Reaction w i t h CF^OF. The procedure described above was used t o 

generate approximately 0,5 mmol of NSF, contaminated w i t h a l i t t l e 

OSF , i n the gas c e l l . Approximately 0.5 mmol CF OF was i n j e c t e d i n t o 

the c e l l v i a the vacuum manifold and i n f r a r e d spectra of the mixture 

were recorded a f t e r lOmin, 6h, 16h and 40h. The gas c e l l pressure was 

reduced t o approximately 30 t o r r before recording the 40h spectrum. 
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The spectra and assignments are l i s t e d below; the new bands observed 

are discussed i n the f i r s t p a r t of the chapter. I n f r a r e d spectrum 

a f t e r 10 mins,^ 2510w (CF„OF), 2490w (OCF„), 1955vs (OCF^), 1840vs 

(OCF^), 1935 (OCF^), 1550vw, br (OCF^), 1470m (new species), 1380m sh 

(NSF), 1370m, sh (NSF), 1360s (NSF), 1340m, sh (OSF^), 1250v.vs 

(CFgOF, OCF^), 1170m, sh (new species), 975m (OCF^), 945s (CF^OF), 

890m, (CFgOF, SF^), 880m (CF^OF, SF^), 868m (SF^), 825m (new species), 

808, (OSFg), 795m (OSF^), 775m (OCF^), 760m, sh (OCF^, SF^), 739s 

(SF^), 729s (SF^), 720m, sh (SF^), 690m, sh (CF^OF), 680m (CF^OF), 

655vs (NSF), 641vs (NSF), 630vs (NSF), 590vw (CF^OF, OCF^), 532w 

(OSF^) cm"""". I n f r a r e d spectrum a f t e r 6h, V? 2940w (OCF^), 2920w 2 max 2 

(OCF^), 2485W, sh (OCF^), 2350vw (OCF^), 2210w (OCF^), 2180w (OCF^). 

1930V.VS (OCF^), 1560w, br (OCF^), 1475m, sh (new species), 1468s 

(new species), 1385w (NSF), 1340m, sh (OSF^), 1330m, sh (OSF^), 1250 

v.vs (CFgOF + OCF^), 1165m (new species), 975vs (OCF^), 960vs (OCF^), 

948vs (OCF^, CFgOF), 890s (SF^, CF^OF), 875vs (SF^, CF^OF), 865vs 

(SF^), 825s (new sp e c i e s ) , 820s (OSF^), 808vs (OSF^), 798s, sh (OCF^, 

OSF^), 775s (OCF^), 755s, sh (OCF^, SF^), 725vs (SF^), 655vs (NSF), 

638vs (NSF), 630vs (NSF), 535m (OSF^), 480m, sh (?)cm~'''. I n f r a r e d 

spectrum a f t e r 16h, \? 2940w (OCF„), 2920w (OCF„), 2205w (OCF.), 
msx d. c. d. 

2180w (OCF^), 2070VW ( ? ) , 2040vw ( ? ) , 1930v.vs (OCF^), 1560w, br 

(OCF^), 1480m, sh (new species), 1470s (new species), 1455m, sh (new 

species), 1380w, sh (NSF, CF^OF.SO^) 1370w, sh (NSF, CF20F,S02), 1240m 

(OSF^). 1330m (OSF^), 1280vs (new species), 1240v.vs (CF^OF, OCF^), 

1165m (new species), 975vs (OCF^), 960m (OCF^), 945vs (OCF^), 900w, sh 

(SF.), 890m, sh (CF,OF, SF^), 875m, sh (CF^OF, SF^), 865s (SF^), 825s 
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(new species), 808, (OSF^), 796m, sh (OSF^, OCF^), 774m (OCF^), 755m, 

sh (OCF^, SF^), 747vs (SF^, OSF^), 727vs (SF^), 655m (NSF), 640m 

(NSF,0CF2), 630s (NSF, OCF^) , 595vw (OCF^, CF^OF), 531m (OSF̂ )cm"-"-. 

I n f r a r e d spectrum a f t e r 40h, pressure reduced t o 30 t o r r , V? 2490 vw 
max 

(OCF^), 2210VW (OCF^), 2070w ( ? ) , 2050vw(?), 1955vs (OCF^), 1942vs 

(OCFg), 1925VS (OCF^), 1470w (new species), 1370w (SO^), 1360m, sh 

(SO^), 1340m (OSF^), 1330m (OSF^), 1280s (new species), 1240 (OCF^), 

1165W (new species), 975s (OCF^), 960s (OCF^), 950s (OCF^), 890w 

(SF^), 875w, sh (SF^), 865w (SF^), 820m, sh (SF^), 808s (OSF^), 795m, 

sh (OSF^, OCFg), 774m (OCF^), 755m, sh (OCF^, SF^), 740s (SF^, OSF^), 

728s (SF^, OSF^), 655w (NSF), 645m (NSF, OCF^), 630m (NSF, OCF^), 532w 

(OSFg) cm"''". 

5=4=4 The Preparation o f S.Ŵ BF. from S^W^Cl and AgBF^s 
4 3 4 4 3 4 

S^N^Cl (0.5g, 2.4 mmol), AgBF^ (0.47g, 2.4 mmol) was placed w i t h 

a Teflon-coated magnetic s t i r r i n g bar i n one bulb of a two-bulb 

v e s s e l . A c e t o n i t r i l e (9 ml) was syringed i n t o the other bulb; a f t e r 

degassing by successive f r e e z i n g and pumping, the solvent was 

t r a n s f e r r e d t o the r e a c t i o n bulb and the mixture was s t i r r e d a t room 

temperature (16h), A black polythene sheet was placed over the 

r e a c t i o n vessel t o prevent photodecomposition. A white s o l i d (AgCl) 

p r e c i p i t a t e d and the mixture was f i l t e r e d t o give a clear yellow 

s o l u t i o n ; removal of solvent y i e l d e d yellow t a b u l a r c r y s t a l s . 

Y i e l d , 0.47g (6 9 % ) ; I n f r a r e d spectrum, \> 1300w, 1200w, 
max 

1060vbr, vs (BF^"), 780w, 687m, 580m, 530m (BF^"), 500s, 345s, 
247w cm"''', Raman spectrum (5145 A) , 1190w, 1150vw, 1020w, 720w, 

max 
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620m, 575w, 430s, 265, 200s, 105m, 60w, 25vw cm . S F, (90MHZ, CD CN 
o 

s o l v e n t , CCl^F reference) -150.3 t4F, brvs, BF^" reference (23)J, m.p. 

(sealed tube under N^) , 245°C (decomp.); found: N, 16.30; B, 4.3; 

S^N^BF^ requ i r e s N, 16.35; B,4.2%. Subsequent a n a l y s i s found Ag, 0.5%. 

5.4.5 Preparation of S^N^BF^ from S^N^Cl and HBF^(aq): 

An i d e n t i c a l procedure t o Section 3.4.2 was followed using S4N CI 

(8.8 g; 43 mmol) and aqueous HBF^ (342 m l ) . The crude product (8.04 g) 

was e x t r a c t e d w i t h l i q u i d SO^ t o give an intermediate product as the 

s o l u b l e f r a c t i o n (8.04 g) and a p o r t i o n of t h i s (0.6g) was extracted 

again w i t h a c e t o n i t r i l e t o give p u r i f i e d S^N^BF^ as the soluble 

product (0.44g) and S^N^Cl as the i n s o l u b l e product (0.13g), 

Y i e l d ; since 0.6g of the intermediate product gave 0.44g of 

S^N^BF., the o v e r a l l y i e l d was 48%. I n f r a r e d spectrum of S.N„BF., \) 4 3 4 4 3 4 max 

= 1300w, 1200w, 1060vbr, vs, 780w, 687m, 580m, 530m, 500s, 345s, 247w, 

cm"'''. Analysis of soluble product, found: S, 51.2; N, 15.97; B, 4.99; 

CI, < 0.5; S^NgBF^ r e q u i r e s S, 49.8; N, 16.3; B, 4.21%. Analysis of 

i n s o l u b l e product: S, 61.5; N, 19,9; CI, 16.7; S^N^Cl requires S, 

62.4; N, 20.42; CI 17.3%. 

5.4.6 Thermolysis of S^N^BF^Cex S^NgCl/AgBF^): 

A few hundred m i l l i g r a m s of S^N^BF^ were heated i n vacuo (10~^ 

t o r r ) 60-80°C i n an e l e c t r i c furnace. The yellow c r y s t a l s became o l i v e 

coloured and a small amount of a col o u r l e s s v o l a t i l e m a t e r i a l was 

evolved, being trapped a t l i q u i d n i t r o g e n temperature. Gas phase 

i n f r a r e d spectra (10 cm Pyrex c e l l , KBr windows, 70 t o r r ) showed the 
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presence of traces of S0„, BF , and an u n i d e n t i f i e d species (V? , 
c. o msix 

1450, 1445m, 690w cm""''). The c e l l windows become coated w i t h BF^~ ion 

a f t e r 70h. 
On f u r t h e r heating t o 180°C, a h i g h l y r e f l e c t i v e coating of (SN) 

X 

was deposited on the cooler p a r t of the vacuum manifold. Coloured 

v o l a t i l e m a t e r i a l s , which polymerised on warming t o room temperature, 

c o l l e c t e d i n the cold t r a p . A Raman spectrum of the olive-green 

residue from the thermolysis proved i t t o be l a r g e l y S^N^BF^. 

Examination of the residue under an o p t i c a l microscope showed t h a t the 

o l i v e - g r e e n c r y s t a l s were dotte d w i t h black specks (presumably Ag^S). 

5,4.7 Thermolysis of S^N^BF^ (ex S^NgCl/HBF^): 

S.N BF (0.1420g, 0.6 mmol) was placed i n a small vessel equipped 
—4 

w i t h a R o t a f l o Teflon stemmed valve and was heated i n vacuo (10 t o r r ) 

t o 180° by an e l e c t r i c furnace. A very t h i n grey-brown f i l m formed on 

the cool p a r t of the r e a c t i o n vessel; a gas-phase i n f r a r e d spectrum of 

the v o l a t i l e s evolved showed only the prese/ict of SÔ . An i n f r a r e d 

spectrum o f the s o l i d residue showed only S^N^BF^ w h i l s t an i n f r a r e d 

spectrum of the t h i n grey-brown f i l m proved i t t o be a mixture of 

S^N^BF^ -^rZ"^ wi'th e x t r a bands '̂̂ '̂  970s, sh, 870m, 

br, and 375s, sh cm~^. The t o t a l weight loss from the r e a c t i o n vessel 

was 0.0030g ( 0 . 2 % ) . 

5.4.8 The Reaction Between S.N„BF. and CsF i n SO^: 
4 3 4 2 

a) NMR tube reaction. CsF (0.089g, 0.6.mmol) and S^N^BF^ (O.lSOg, 

0.6 mmol) were placed together i n a 10mm nmr tube equipped w i t h a J. 
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Young's Teflon-stemmed bleed valve. SO^ (ca. 5 ml) was condensed i n 

and a f t e r a l l o w i n g the mixture t o warm t o room temperature w i t h 
19 c shaking, the F nmr spectrum was recorded a t -70°C. « F (200MHZ; 

so l v e n t SO^; reference CCl^F) 41.6 [3F. s, N^S^F^^^^^J and -137.0 f4F, 

s, BF^~]Note: the BF^~ s i g n a l i s s h i f t e d s l i g h t l y downfield compared 

t o a s o l u t i o n c o n t a i n i n g BF^ ions as the only f l u o r i n a t e d species; 

t h i s e f f e c t may be a r e s u l t of exchange phenomena. 

b) Preparative scale reaction. S^N^BF^ (0.38g, 1.48 mmol) was 

placed i n one bulb of a two-bulb vessel, equipped w i t h Teflon stemmed 

valves and a No.4 p o r o s i t y f r i t . CsF (0.23g, 1.48 mmol) was placed 

together w i t h a Teflon-coated s t i r r i n g bar i n the other bulb; SO^ 

(10.903g) was condensed, i n approximately equal q u a n t i t i e s , i n t o both 

bulbs. On warming t o room temperature, the yellow s o l u t i o n of S^N^BF^ 

was added t o the CsF/SO^ mixture. The s o l u t i o n immediately became 

orange and the mixture was s t i r r e d a t room temperature f o r 5h. 

F i l t e r i n g and washing w i t h b a c k - d i s t i l l e d SO^ y i e l d e d an orange-brown 

s o l u t i o n and grey powdery i n s o l u b l e s (CsBF^). Removal of SO2 yi e l d e d a 

s t i c k y yellow/orange c r y s t a l l i n e s o l i d , which could not be completely 

removed ffttw the r e a c t i o n vessel. A gas phase i n f r a r e d spectrum of the 

r e a c t i o n mixture showed only SO^. Yi e l d s : yellow/orange s o l i d , 0.23g 

(expected f o r a 1:1 r e a c t i o n . 0.28g); grey powdery ins o l u b l e s (CsBF^), 

0.31g (expected f o r a 1:1 r e a c t i o n , 0.33g). The r e a c t i o n products 

contained 0.036g o f absorbed SO^. 

The yellow/orange solubles were placed i n a sublimation tube and 
_7 

heated (65°C/ 6x10 t o r r ) f o r 3 days. Orange c r y s t a l l i n e Ŝ N̂  sublimed 
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out and a mixture of h i g h l y coloured v o l a t i l e s c o l l e c t e d i n the cold 

t r a p s ( l i q u i d N^). When the sub l i m a t i o n had f i n i s h e d a gas-phase 

i n f r a r e d of the c o l d - t r a p v o l a t i l e s was recorded. The yellow 

c r y s t a l l i n e residue from the sub l i m a t i o n was i d e n t i f i e d ( i , r , ) as 

S^N2''"S02F" Wt of S^N^ sublimed out, 0.067g; wt. of residue, 0,12g; 

t h e r e f o r e wt, of v o l a t i l e s i n t r a p , 0,04g, I n f r a r e d spectrum of grey 

powdery i n s o l u b l e s from r e a c t i o n , ^̂  1285m (BF. ) , lOSOvs, br 

(BF^"). 920w, sh (S^N^), 762vw, sh ( ? ) , 720w (S^N^), 570w, br ( ? ) , 

540w (S^N^), 515s (BF^"), 485w, br (?) cm"'''. I n f r a r e d spectrum of 

residue from sublimation, V 1290vs (SO^F"), 1260vs, sh (S0_F"), 
max 3 3 

1182m (S^Ng"^), 1090sh ( S O ^ F " ) , 1070VS (SO^F"), 1035S (S^N"^), 930VW, 

sh, ( ? ) , 740VS ( S O 3 F " ) , 700VS (S^N^"*"), 685sh, 660m, sh CS^N^"^), 620vw, 

578s (S^Ng"^, SOgF"), 560sh (SO^F") , 520w, 490s (S^N^"*") cm"''' c . f . 
KSO^F,^^^^ 1280s, 1080s, 750s, 580s, 570sh cm""''. Gas phase 3 max 
i n f r a r e d spectrum of v o l a t i l e s i n c o l d t r a p , \? 2500m (SO ) , 2230vw 

rn3.x ^ 

( ? ) , 1350VS (SOg, NSF), 1265vw ( ? ) , 1165vs (SO^), 1145vs (SO^), 

1025VS ( S i F ^ ) , 908vw(?), 809s (OSF^), 760s (OSF^), 750s, sh (OSF^), 

712m ( ? ) , 655VS (NSF), 630vs (NSF), 530vs (SO^) 500vs (SO^) cm""'". 

I n f r a r e d spectrum of s o l i d residue i n c o l d t r a p , \7 1165 w, br ( ? ) , 
ni3.x 

1030W, br ( ? ) , 920m (S^N^), 790vw(?), 720m (S^N^). 690m (S^N^), 540m 

(S^N^) cm"\ 

5.4=9 The Reaction of S.N_BF. and CsF i n MeCN: 
4 3 4 

The procedure d e t a i l e d above was fo l l o w e d using S N BF (0.5g, 

1.85 mmol), CsF (0.3g, 1.95 mmol), and a c e t o n i t r i l e (10 m l ) . The 

mixture was s t i r r e d a t room temperature f o r 16h; f i l t r a t i o n and 
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removal of solvent y i e l d e d yellow/orange s t i c k y soluble c r y s t a l s and a 

powdery grey i n s o l u b l e s o l i d (CsBF^), A weight loss of 0.103g was 

in c u r r e d during removal of solvent and a r e f l e c t i v e bronze f i l m formed 

on the vessel w a l l d u r i n g the r e a c t i o n . Yields: yellow/orange 

s o l u b l e s , 0.17g (expected f o r a 1:1 r e a c t i o n , 0,37g); CsBF^, 0.44g 

(expected f o r a 1:1 r e a c t i o n , 0.43g). Gas phase i n f r a r e d spectrum of 

r e a c t i o n mixture, \̂  1370m (S0„), 1345m (S0„), 1160vw, br (S0„), 

810w (OSF^), 740w, br (OSF^) 525vw (SO^) cm""*". I n f r a r e d spectrum of 

grey powdery i n s o l u b l e s (mostly CsBF^),V?^^^ 1285w (BF^~), 1050vs, 

vbr (BF^"), 920m, sh (S^N^), 800vw(?), 760vw(?), 720m (S^N^), 700m 

(S^N^), 540m (S^N^), 520s (BF^~)cm~"''. I n f r a r e d spectrum of red-brown 

s o l u b l e s , \7 1290m (BF " ) , 1270w, 1185w, sh (S.N " ^ ) , lOOOvs, v.bvr 

(BF^"), 930m, sh (S^N^), 770m(?), 720m (S^N^), 700m, sh (S^N^), 675s 

(S^Ng"^), 630w, sh ( ? ) , 570m (S^N^"^), 540m (S^N^), 520m ( ? ) , 485s 

(S^Ng"^), 380vs, sh (?) cm"-"-. 
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CHAPTER 6 

Chemical Reactions of S,N-̂ '̂ (AsFr)„ 
3 d. 6 2 

and Synthetic Applications of L a b i l i t y i n Sulphiir-Nitrogen Rings 

6.1 INTRODUCTION 

The S^N^ r i n g i s a f a m i l i a r s t r u c t u r a l u n i t i n sulphur-nitrogen 

chemistry. I t i s present i n both n e u t r a l compounds such as S N 0̂"*"̂  

and c a t i o n i c species such as S^N^Cl"*^,Although the n e u t r a l molecule 

3̂'̂ 2 never been prepared, the c a t i o n S^N^^' i s known, ̂ "̂ ^ being a 

7-'Tf r a d i c a l species, present i n S_N.^^ s a l t s ( s o l i d and i n s o l u t i o n ) 
D 4 

and i s a member of the series of binary monocyclic thiazenes which 

a l s o contains the f o r m a l l y Huckel-aromatic species Ŝ N̂ ,̂̂ ^̂  Ŝ N̂ "̂ ,̂ ^̂  

and S N .^^^ Although an e a r l y r e p o r t o f the preparation and i n f r a r e d 

spectrum of the missing 6-Tf c a t i o n ^^^^^ existed i n the l i t e r a t u r e ^ ^ ^ 
(8) 

more recent r e s u l t s i n d i c a t e d t h a t a v i r t u a l l y q u a n t i t a t i v e 
p r e p a r a t i o n of the compound S„N-^'''(AsF_") _ had been achieved v i a the 

3 d o d 
symmetry allowed c y c l o - a d d i t i o n of SN^^^^ and Ŝ N̂ ;̂ "̂ ^̂  the compound 

was characterized by i n f r a r e d and Raman spectroscopy and elemental 
T . (8) an a l y s i s . 

This chapter describes some i n v e s t i g a t i o n s of the chemistry of 

SgN^ (AsFg")^ which i l l u s t r a t e the l a b i l e nature of the r i n g , the 

r e a c t i o n of S„N^^^(AsF_ )„ w i t h f l u o r i d e ion t o produce the new 3 d o d 

d e r i v a t i v e S_N-F"'^( AsF_~), and MNDO studies of t h i s r e a c t i o n and r i n g 
3 d D 
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cleavage/closure i n 3̂'̂ 2̂ ''̂ ° during attempted c r y s t a l growth 

experiments on S„N^^^(AsF_ ) ^ , a c r y s t a l of S„N^AsF_ was i s o l a t e d . 3 Z o d d o 

I t s s t r u c t u r e , determined by J. Johnson ( U n i v e r s i t y of New Brunswick) 

i s reported here»The i n s i g h t gained i n t o the s o l u t i o n e q u i l i b r i a of 

sulphur-nitrogen systems was used t o devise a more convenient 

synthesis of S-N„^^(AsF_~)^ and a new and more convenient synthesis of 3 2 6 2 
S„N'*'SbCl^", 
2 6 

6.2 RESULTS AND DISCUSSION 

6.2.1 Reaction of S_N_^*(AsF_ )_ with Fluoride Ion: 
d d. b d. 

The prepara t i o n of S„N_^''^(AsF_~)„ mentioned above makes the 
3 d o d 

2+ f S^N^ i o n an accessible s t a t i n g m a t e r i a l f o r f u r t h e r chemical 

i n v e s t i g a t i o n o f t h i s r i n g system. I n p a r t i c u l a r , the preparation of 

the f l u o r i n e d e r i v a t i v e s o f the r i n g , Ŝ N̂ F"*̂  and S^N^F^ were thought 

t o be of s p e c i a l i n t e r e s t since Ŝ N̂ F"*̂ , the analogue of the w e l l known 

SgN^Cl"''^^^ had not been reported i n the l i t e r a t u r e and ̂ ^^2^2^^^^ 

been reported as a v o l a t i l e green c r y s t a l l i n e s o l i d which formed i n 

very low y i e l d during the decomposition of NSF i n a glass f l a s k . An 

u l t r a v i o l e t / v i s i b l e spectrum and elemental analyses had been 

reported^"'•^^ but no s t r u c t u r a l data were a v a i l a b l e ; i t should be noted 

t h a t w h i l s t both l i n e a r and c y c l i c s t r u c t u r e s are possible f o r S^N^F^, 

the c y c l i c s t r u c t u r e I i s more l i k e l y , by analogy w i t h the known 

(1) covalent l i q u i d Ŝ N̂ O, I I . 
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be: 

II I II 
S = N S = N 

I I 

A l i k e l y s y n t h e t i c s t r a t e g y t o both Ŝ N̂ F and Ŝ N̂ F̂  seemed t o 

S3N2^"^(AsFg")2 + CsF S^N^F^'AsFg + CsAsFg Equ.6.1 

.S,N-F"^ASF_" + CsF >S-N^F- + CsAsF. Equ.6.2 
3 2 6 3 d d b 

I n order t o t e s t t h i s hypothesis, small scale reactions were 

performed i n 10mm nmr tubes using SO^ as solvent. For a 1:1 mole r a t i o 
2+ - 19 of CsF:S^N- (AsF_ )„, the F nmr spectrum showed the immediate 3 2 6 

format i o n of a s i n g l e t a t S = 38.5ppm, together w i t h a broad si g n a l a t 

8»-58ppm assigned t o the AsFg i o n . The s i n g l e t was assigned t o the 

S^N^F"^ i o n [ c . f . ( N S F ) ^ , S = 44.5 and ( N S F ) ^ , 6= 32.8 ppm ]. 

A f t e r a week a t room temperature, the Ŝ N̂ F"*" sig n a l had diminished 

w h i l s t the growth of a s i g n a l a t 71.6 ppm indi c a t e d the formation of 

OSF^, presumably as a h y d r o l y s i s product. Thus the f i r s t stage of the 

stepwise s t r a t e g y seemed l i k e l y t o succeed and i n order t o pursue the 

sy n t h e t i c s t r a t e g y f u r t h e r , p r eparative reactions were undertaken. 
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The 1:1 r e a c t i o n , using both AsF and SO as solvent, produced a 

brown c r y s t a l l i n e product i d e n t i f i e d by i n f r a r e d spectroscopy, nmr 

spectroscopy, and elemental analysis as "S,^^^k^Y ~, The weights of 

"S)^^^ksF ~ and CsAsFg i s o l a t e d from the reactions corresponded 

c l o s e l y t o the expected weights from a 1:1 r e a c t i o n (Equation 6.1), 

thus S N F''"ASF ~ i s prepared q u a n t i t a t i v e l y from S„N„̂ ''"( AsF_~)- and o £1 D o c 6 2 

CsF i n a 1:1 mole r a t i o , w i t h only s l i g h t i n s i t u h y d r o l y s i s 

( i n d i c a t e d by traces of OSF^ i n the r e a c t i o n v o l a t i l e s ) . 

A compound i d e n t i f i e d c r y s t a l l o g r a p h i c a l l y as S„N„F^AsF_~ has 
3 2 6 

been i s o l a t e d from a r e a c t i o n between S„N''"ASF_~ and CsF.^^^^ The 
2 D 

i n f r a r e d spectrum of t h i s m a t e r i a l i s compared w i t h t h a t of the 

S2N2F''"AsFg~ prepared from 2>^^k^Y^^ i n Figure 6.1a; the two spectra 

are e s s e n t i a l l y the same. The c r y s t a l l o g r a p h i c i n v e s t i g a t i o n shows the 

Ŝ N̂ F"*" i o n t o have the expected c y c l i c s t r u c t u r e , analogous t o 

SgN^Cl^,^^^ but c a t i o n disorder prevented s a t i s f a c t o r y s t r u c t u r a l 

r e f inement. ̂ •'•̂^ C r y s t a l s of S„N-F'''ASF_~ prepared from S„N„(AsF_)„ were 
o 2 6 3 2 6 2 

grown from SO^ s o l u t i o n and sent f o r s t r u c t u r a l analysis; although 

these c r y s t a l s were shown t o belong t o a d i f f e r e n t space-group and 

were thought t o be a more ordered form, c r y s t a l twinning prevented a 
(14) 

s t r u c t u r e determination. 
The f u r t h e r r e a c t i o n of S-N„F'''ASF_~ w i t h f l u o r i d e i o n yielded 

3 2 D 
only decomposition products. These were S.N„^AsF_~ and OSF„ 

4 3 6 2 
( i d e n t i f i e d by i n f r a r e d spectroscopy), and an u n i d e n t i f i e d red 
v o l a t i l e m a t e r i a l which was t e n t a t i v e l y supposed t o be a decomposition 

(13) 
product of Ŝ N̂ Ô  by comparison w i t h the products reported from 
the r e a c t i o n of S^N"^ASF^~ and CsF (S^N^'^AsF ", OSF^, and S^N^O^, 

2 D 4 3 D 2 3 2 2 
reference 13). The fo r m a t i o n of CsAsF_ during the course of the 

6 
r e a c t i o n i n d i c a t e s t h a t a t l e a s t i n i t i a l l y , Ŝ N̂ p formed* a 
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po s s i b l e route by which S^N^F^ reacts w i t h SÔ  t o give the observed 

products i s i n d i c a t e d i n Scheme 6.1. The use of AsF as an a l t e r n a t i v e 

s o l v e n t f o r the preparat i o n of S N F was thought t o be inappropriate 
O ̂  ̂  

because of the almost c e r t a i n r e a c t i o n w i t h solvent t o give 

S3N2F^ASF^-: 

SgN^F^ + AsFg SgN^F'^AsF ° Equ.6.3 

SgN^F'^AsFg" + CsF > CsAsFg + S^N^F^ 

SgN^F^ > NSF + Ŝ NF 

ZS^NF + SO^ ^^3'^2 + ̂ ° + °^^2 

NSF + SO 5> OSNSF 

NSF + S3N2 ^^4^3^ 

S3N2 ^J^S^N^ + S 

S3N2 + ^S3N202 . S 

NSF + S 5>S2NF 

OSNSF + Ŝ NF S3N2 + OSF2* 

S^N3^F- . S3N2F^sFg- ^ S3N2F2 . S^N3^AsFg-* 

* = observed product 

Scheme 6.1 
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Trcmsmittonce (%) 

100 

100 

(b) 

400 crri 

Figure 6.1a. I n f r a r e d spectra of S^M^F^/ISF," \ ^ ̂  r, , •n 
^ '•'̂n a) prepared from S_N+AsF ' 

and CsF. b) prepared from 83^. 2+{ASF and CsF. 
6 2 



1200 1000 500 400 250cm-i 

Figure 6=lb. I n f r a r e d spectra ( n u j o l mulls) of a) S N^''"(AsF ) ; 
b) SgN^FWg . c) SgN^Cl'^Cr. 
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The i n f r a r e d spectra of S„N_^'^(AsF_ ) _ , S„N-F'*'ASF.", and 

S3N2Cl''"Cl~ are i l l u s t r a t e d i n Figure 6.1b and c l e a r l y show the 

s t r u c t u r a l s i m i l a r i t y of these three compounds, es p e c i a l l y absorptions 

i n the S-N bending region (400-600 cm"'^). The S-N s t r e t c h i n g and 

bending modes (900-1050 cm~^) have been s h i f t e d t o higher wavenumber 

i n S3N2F^ compared t o S3N2C1^, an e f f e c t which may be a t t r i b u t e d t o 

the greater e l e c t r o n withdrawing power of f l u o r i n e which achieves a 

s t a b i l i s a t i o n of the sulphur valency o r b i t a l s . 

These s i m i l a r i t i e s i n i n f r a r e d spectra s t r o n g l y suggest t h a t 
2+ + + S3N2 'SgN^F , and S3N2CI share a five-membered S3N2 r i n g as t h e i r 

main s t r u c t u r a l f e a t u r e . 

602.2 Attempted C r y s t a l Growth o f S ^ ^ ^ i k s F ^ ^ i 

Attempts were made t o grow s u i t a b l e s i n g l e c r y s t a l s of 

a t t 
(8) 

s i n g l e c r y s t a l s by slow evaporation of SO^ s o l u t i o n s had re s u l t e d 

only i n the i s o l a t i o n of a few c r y s t a l s the s t r u c t u r e of which could 

not be determined unambiguously, but which were thought t o be of 

SN''̂ ASF_~̂ ''''*̂  . An a l t e r n a t i v e approach was t r i e d using a temperature 

r i p p l e (4 10°C) ap p l i e d t o a col d (-5°C) saturated s o l u t i o n of 

S^N^^"'^(AsF_~)„. A f t e r several days, one or two small c r y s t a l s had 
3 2 1 D 2 

formed i n the s o l u t i o n and a f t e r manipulation t o f r e e these from the 

s o l u t i o n a c r y s t a l , embedded i n a m i c r o c r y s t a l l i n e matrix, was 

i s o l a t e d . X-ray photography and a subsequent s t r u c t u r e determination 

(performed by J. Johnson, U n i v e r s i t y of New Brunswick) showed t h i s 

c r y s t a l t o be S2N''̂ AsFg~. i t s s t r u c t u r e i s discussed i n Section 6.2.6. 

2+ — S„N„ (AsF_ ) ^ f o r X-ray s t r u c t u r e a n a l y s i s . E a r l i e r attempts t o grow 3 2 6 2 
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Since the spectra of SN'''AsFg and S2N''"AsFg are q u i t e d i s t i n c t from 

t h a t of S^N^^"'^(AsF_~)„, i t seemed l i k e l y t h a t , i n s o l u t i o n , an 3 2 D 2 

e q u i l i b r i u m e x i s t e d between the the two species:-

SgN̂ "̂̂  Ŝ N"̂  + SN"*" Equ.6,4 

Consequently, no f u r t h e r attempts t o grow c r y s t a l s of S2N2^'^(AsFg")^ 

were made. 

2+ — 

6.2.3 Reaction between S,N„ (AsF_ )_ and Hexafluorobut-2-yne: 

Since i t i s known t h a t reacts w i t h s u i t a b l e uns^^aturated 

substrates (CF C=CCF or CF CHN, f o r example) and since the Ŝ N̂ "*" 

r i n g would be expected t o be a h i g h l y s t r a i n e d system, i t was thought 

t h a t r e a c t i o n between Ŝ N̂ *̂ and an unsaturated species such as 

hexafluorobut -2-yne (CF^CsCCF^) might occur t o give a l a r g e r , less 
s t r a i n e d r i n g system such as I I I : 

The new r i n g system would be a f o r m a l l y 8 - I f system and as such 

would be a poss i b l e precursor t o a 9- TT r a d i c a l c a t i o n and a 10-

n e u t r a l species. 

I n f a c t , the observed products of the r e a c t i o n were . i d e n t i f i e d 

by i n f r a r e d spectroscopy as a mixture of SN''^ASF_~, S^N''"ASF^~, and the 
D 2 6 
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i n f r a r e d spectroscopy as a mixture of SN AsFg , Ŝ N AsF^ , and the 
-f-

heterocycle (CF^CSNSCJCF^) AsFg", which i s known t o be produced i n the 

r e a c t i o n between S^N'^ASF_~ and CF_CSCCF„. ̂'''̂^ Thus the r e a c t i o n may be 2 D 3 3 
represented i n Scheme 6.2: 

SgN̂ "̂" ̂  SN"*" + Ŝ N"" 

Ŝ N"̂  + CFgC CCFg ^ CFgCSNSCCFgAsFg' 

Scheme 6.2 

The r e s u l t confirmed the hypothesis t h a t i n s o l u t i o n , the S„N 2+ 3 2 

i o n was i n e q u i l i b r i u m w i t h Ŝ N"*̂  and SN"*", so a more systematic 

i n v e s t i g a t i o n of t h i s e q u i l i b r i u m was undertaken. 

6.2.4 Chemical L a b i l i t y of the S^N^^* Ring: 

a) Reaction of S_N-^'^(AsF " ) _ with sulphur. Hey^"^^^ found t h a t 
3 ii D 2 

S^N''"C1_~ was the major product from the r e a c t i o n between SN'*̂ SbCl_~ and 2 D b 

excess elemental sulphur, co-products being S2N2Cl''^SbClg~ and 
+ - (9) N(SC1)„ SbCl^ . Subsequent work a t the U n i v e r s i t y of New Brunswick 

2 D 
showed t h a t SN"'"ASF_~ reacted w i t h excess or a s t o i c h i o m e t r i c amount of 

D 
sulphur t o form S„N^AsF_~. I f the e q u i l i b r i u m postulated i n Equation 2 o 

6.4 a c t u a l l y occurs i n s o l u t i o n , a d d i t i o n of a s t o i c h i o m e t r i c amount 

of elemental sulphur t o a s o l u t i o n of S N "^(AsF."). i n l i q u i d SO 
3 2 6 2 2 

should r e s u l t i n the formation of S^N^AsF^" i n almost q u a n t i t a t i v e 

y i e l d : 

S3N2^'^(AsFg~)2 + XSQ >2S2N^AsFg~ Equ.6.5 
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This r e a c t i o n was indeed found t o proceed e a s i l y a t room 

temperature, the r e a c t i o n products being i d e n t i f i e d by Raman and 

i n f r a r e d spectroscopy. The colour changes observed during r e a c t i o n 

[(pale brown, deep blue ( i n s t a n t l y ) , black (5 min), brown (24h)] 

i n d i c a t e d t h a t sulphur p o l y c a t i o n s could be present as intermediates 

(S-,^^ i s dark b l u e ) , o 

b) Reaction of SN AsF_ Asulphur i n molar r a t i o 2:1. The preparation of 
b 

S^N^''^(AsF^~)^ was f i r s t achieved by r e a c t i o n of S-N'''ASF_ w i t h 3 2 6 2 d o 
+ - ( 8 ) 

SN AsF ~ . Consideration of the e q u i l i b i a above, however, suggested 

t h a t i t should be possible t o prepare S^N^^'''(AsF^~)„ d i r e c t l y by r e a c t i o n of an a p p r o p r i a t e (2:1) molar r a t i o of SN"''ASF_ and sulphur. 
'3"2 ^""'6 '2 

'6 

SN"̂  + YBSQ > Ŝ N"̂  

S^W + N S V = ^ S3N2^^ 

o v e r a l l ; 

2SN"^AsFg + YSSQ > S3N2^"^(AsFg ) ^ 

Scheme 6.3 

S„N„^'^(AsF^ )„ was the product i s o l a t e d from the r e a c t i o n , J 2 6 2 

i d e n t i f i e d by i n f r a r e d spectroscopy and elemental analyses (N and As). 

Again, the observed colour changes :[pale brown, dark red ( i n s t a n t l y ) . 
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black ( 1 min), deep red ( I h ) , pale yellow-brown(48h)] i n d i c a t e d the 

poss i b l e presence of sulphur p o l y c a t i o n intermediates (S^g^ i s r e d ) . 

As both the r e a c t i o n and the r e c r y s t a l l i z a t i o n of the product can be 

performed i n a s i n g l e vessel, using a s i n g l e sulphur-nitrogen s t a r t i n g 

m a t e r i a l and elemental sulphur, t h i s procedure represents a 

p a r t i c u l a r l y convenient method of preparing S3N2^^(AsFg")^• Further 

work on o p t i m i s a t i o n of the r e c r y s t a l l i z a t i o n procedure should enable 

almost q u a n t i t a t i v e y i e l d s t o be obtained. 

c) MWDO c a l c u l a t i o n s . Because of the l a b i l i t y o f the S N^"^ r i n g 

discussed i n the preceeding sections and i t s preparation by the 

c y c l o - a d d i t i o n of SN^ and S^N^, we examined the energetics of the r i n g 

opening and closure o f SgN^^^. The MNDO method^'''^^ has been used 

s u c c e s s f u l l y t o r a t i o n a l i z e the major s t r u c t u r a l f e a t u r e s of 
(16) 

thiazenes. 

The MNDO optimized geometry o f "^^^^ i s shown i n Figure 6.2. To 

model r i n g opening, the S-S bond distance was v a r i e d w h i l s t o p t i m i s i n g 

a l l o ther bond lengths and angles f o r the planar i o n . The planar 

c o n s t r a i n t was relaxed f o r one c a l c u l a t i o n (dSS = 3.3 %) but since the 

l a r g e s t r e s u l t i n g r i n g t ension angle was only 0.25° (corresponding t o 

an energy d i f f e r e n c e of 0.5 Kcal mol ̂ , the planar c a l c u l a t i o n s were 

considered t o be a v a l i d model. The S-S bond was chosen as the s i t e 

f o r r i n g cleavage ( r a t h e r than an S-N bond) since i ) t h i s i s expected 

t o be the weakest bond i n the r i n g - close t o an S-S s i n g l e bond and 

i i ) on e l e c t r o s t a t i c grounds the S-S bond should be the l a s t formed i n 

the cyclo a d d i t i o n of Ŝ N"̂  and SN"*". Ring cleavage a t t h i s p o s i t i o n 
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should, t h e r e f o r e , model the r i n g closure r e a c t i o n i n reverse. 

The v a r i a t i o n i n A w i t h S-S bond distance i s i l l u s t r a t e d i n 

Figure 6.3, the e q u i l i b r i u m planar geometry corresponding t o a clea r 

energy minimum. The ca l c u l a t e d heat of formation of the r i n g i s , 

however, considerably higher than the sum of the heats of formation of 

SN"̂  and Ŝ N"̂  (by 1 0 1 Kcal Mol""*"); t h i s d i f f e r e n c e i n A H ^ probably 

corresponds t o a much smaller d i f f e r e n c e i n AG, an e f f e c t which may 

be ascribed t o i ) the i n t e r a c t i o n s o f SN"*" and S^N^"*" w i t h solvent S0„ 
3 2 2 

molecules aind i i ) considerable l a t t i c e energy s t a b i l i z a t i o n of the 

d i c a t i o n i n the s o l i d s t a t e . I t should be emphasized t h a t the MNDO 

method c a l c u l a t e s e q u i l i b r i u m gas phase geometries whereas f o r t h i s 

system both solvent and s o l i d - s t a t e i n t e r a c t i o n s w i l l be important i n 

determining s t a b i l i t y . The changes i n other bond lengths and angles i n 

the r i n g as a r e s u l t of S-S bond clearage are summarised i n Table 6 . 1 . 

The major f e a t u r e s are an opening out of the angle a t W5 t o 1 5 3 ° , a 

shortening o f the bonds S1W5, S4W5, and S2W3 and a lengthening of the 

bond S4W3, Thus, the open molecule begins t o approximate t o a 

n u c l e o p h i l i c a t t a c k on S2N^ a t a sulphur p o s i t i o n and the assumption, 

t h a t r i n g opening a t the S-S bond should mimic the r i n g closure 

r e a c t i o n , i s v i n d i c a t e d . The c a l c u l a t e d energy b a r r i e r t o r i n g opening 

i s only 11.5 Kcal mol ̂  and so e q u i l i b r i u m between the three species 

i s q u i t e f e a s i b l e a t room temperature. 
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Table 6.1 V a r i a t i o n 2+ 
i n r i n g geometry o f S N 

a/A b/X c/%. d/X c/K /° 

1.80 1.56 1.59 1,59 1.56 122.3 

2,00 1.53 1,59 1,59 1.53 125,8 

2.10 1.52 1,60 1,59 1.52 127.8 

2,20 1.50 1,60 1.59 1.50 129.3 

2.40 1,48 1.60 1.60 1.48 132.8 

2.60 1.47 1.60 1.59 1.47 136.4 

2.80 1.45 1.60 1.60 1.45 139.2 

3.00 1.45 1.61 1.58 1.45 143.2 

3.20 1.45 1.69 1,54 1.44 156,2 

3.30 1,44 1.66 1,54 1.44 153.2 

I n a f u r t h e r s e r i e s o f c a l c u l a t i o n s the e f f e c t on the s t a b i l i t y of 

the S^Ng^^ r i n g o f n u c l e o p h i l i c a t t a c k by f l u o r i d e i o n was examined. 

Attack a t one of the S-S bond sulphur atoms was considered (S1S2) 

since the LUMO of Ŝ N̂ "̂*" has a node a t S4 which would t h e r e f o r e be a 
(19) 

less favoured po s t i o n f o r a t t a c k by nucleophiles. By f i x i n g the 

S-F distance and a l l o w i n g the r e s t of the molecule t o optimise, an 

energy p r o f i l e of S-F distance w i t h A w a s obtained (Fig,6.4). I t can 

be seen t h a t the r e s u l t i n g Ŝ N̂ F"*" i o n i s s t r o n g l y s t a b i l i s e d w i t h 
2+ 19 respect t o S N , The sharp s i n g l e t observed i n the F nmr a t 

+38 ppm i n d i c a t e d t h a t the Ŝ N̂ F"*" i o n does not display the same 

l a b i l i t y as the d i c a t i o n , since d i s s o c i a t i o n ( f o r example i n t o Ŝ N"*̂  

and NSF) would show c l e a r l y . Indeed, i t might be expected t h a t Ŝ N"*" 

and NSF would undergo a c y c l o - a d d i t i o n r e a c t i o n t o form the S N F"*" 
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2+ Figure 6.2. MNDO optimised geometry of the S3N2 r i n g . 
a) e q u i l i b r i u m geometry; b) c a l c u l a t e d geometry f o r 
d S-S = 3.3 S. 
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i o n ; w h i l s t t h i s work was being undertaken, a b r i e f r e p o r t of the 

cy c l o - a d d i t i o n r e a c t i o n of Ŝ N"*" and NSF t o give S3N2F'*̂  appeared^^°\ 

Although no experimental d e t a i l s were given, i t appears t h a t t h i s 

r e a c t i o n occurs r e a d i l y . 

6.2.5 A Convenient Preparation of S„N*SbCl^ : 
2 D 

The r e a c t i o n o f the S^N^ i o n w i t h unsaturated organic species 

a f f o r d s a convenient e n t r y t o carbon-sulphur-nitrogen chemistry, which 

i s a f i e l d o f considerable c u r r e n t i n t e r e s t (see Section 1.2). 

S2N''"SbClg~ was o r i g i n a l l y prepared i n unspecified y i e l d by the 
r e a c t i o n o f S_NH, S^NBC1„, or 1,4-S^N-H„ w i t h SbCl^ i n l i q u i d SÔ ^̂ "̂ ^ 

l i d odd o 2 
and S^NAICI^ has been i s o l a t e d i n unspecified y i e l d from Ŝ N̂  and 

AlCl i n methylene c h l o r i d e . ̂ ^^^ Later work̂ ''"'̂ ^ has shown t h a t o 
S-N^AsF_~ may be prepared according t o Equations 6.6 and 7 i n l i q u i d 
2 6 

SO^. The y i e l d s were 20 and 77% r e s p e c t i v e l y , though i n the absence of 

traces of bromine, the y i e l d f o r Equation 6.7 was only ca. 30%. 

Sg(AsFg)2 + NaNg > S^NAsFg + NaAsFg + N^ + YASQ Equ.6.6 

XSQ + S^N^ + 6AsFg *4S2NAsFg + 2ASF3 Equ.6.7 

SN'^ASF^ + S ^S^N'^ASF- Equ.6.8 
6 d o 

(9) + -Very r e c e n t l y . Equation 6.8 has been found t o produce Ŝ N AsFg i n 

50% y i e l d , but has the disadvantage of r e q u i r i n g the p r i o r preparation 

and i s o l a t i o n of SN^AsF_ and the consequent use of AgAsF_ which i s 
6 D 
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expensive t o buy and both expensive and hazardous t o make (requires 

the use of AsF^); both Equations 6.6 and 7 also e n t a i l the use of 

AsF^. A more convenient method of S^N^ preparation would t h e r e f o r e be 

of considerable use i n developing i t s chemistry. 
.(9,16) Consideration of the r e a c t i o n between sulphur and SN t o 

form Ŝ N"*", suggested t h a t a d d i t i o n of a s t o i c h i o m e t r i c amount of 

sulphur t o an i n s i t u source of SN"*" would r e s u l t i n the f a c i l e 

f o r m a t i o n of S^N The 

p r i n c i p l e of using such a source of SN"*" has been e x p l o i t e d i n the 

pre p a r a t i o n of S^N^^^"^^ and N(SC1)2'*'^^^^ s a l t s (see Scheme 6.4); the 

p a r t i c i p a t i o n of the SN"*" i o n i n these r e a c t i o n s i s confirmed by the 

i s o l a t i o n of S^N^AsFg and N(SCl)2AsFg from the reactions of SNAsFg 
(25) w i t h S^N^ and SCl^' ' r e s p e c t i v e l y 

(NSCl)g + SMClg- -» 3"NSCl.MCl2" 

"NSCl.MClg" + Ŝ N̂ -

M = Fe, Al (23) 

(NSCl)^ + 3MC1^ >> 3"NSC1.MC1_" 
3 3 >3 

"NSCl.MClg" + SCl^ > N(SC1)2 MCl^ 

M , Fe, Al.'^"' B<^« 

SbCl_ also prepared 6 
(24) 

Scheme 6.4 



164 

The Lewis acid chosen to investigate the proposed route to ŜN"*" 

(Scheme 6.5) was SbCl^ since, because i t i s a l i q u i d miscible with 

SOCl^, rapid formation of the intermediate adduct should occur. 

(NSCl), + 3SbCl^ >3"NSCl.SbCl^" 
3 b 5 

"NSCl.SbCl^" + S ^S^N'^SbCl^' 

Scheme 6.5 

The products isolated from the reaction mixture were S„N^SbCl_ , 
2 6 

and S-N„Cl'''SbCl_~ ( i d e n t i f i e d by infrared spectroscopy); S„N'''SbCl̂ ~ o 2 D 2 6 
wa^ further characterized by Raman spectroscopy and elemental analysis 

(S,N,C1). The product mixture could be easily resolved, since the 

S-N^Cl^SbCl. remained mostly i n solution i n the reaction mixture and 3 2 6 
N(SCl)„''̂ SbCl_~ could be separated from S„N''"SbCl_~ by exhaustive 2 b 2 b 
extraction with S0„. The overall y i e l d of Ŝ N'̂ SbCl̂ " was 28%. The 

2 2 b 
other reaction products can be accounted f o r i n terms of chlorination 

of S-N"̂  by solvent (to give N(SCl)-'^SbCl-") and reaction of S.N"̂  with 2 2 b 2 
NSCl monomer units (to give S„N„Cl'''SbCl-~). I t should be noted, 

o 2 b 
however, that the intermediate adduct "NSCl.SbCl^" i s not well 

5 

characterized and may well be a mixture of d i f f e r e n t components, since 

S^NgCl^^SbClg", S^N^^'^(SbClg")2, S^N^'^SbClg", and S^N^.SbCl^ have a l l 

been isolated from mixtures of SbCl^ and (NSCl)^ i n di f f e r e n t mole 
(27) 

r a t i o s and d i f f e r e n t solvents; the precise reaction path to the 

observed products i n t h i s system may, therefore, be more complex. 
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In conclusion, S^N^SbCl. i s produced according to Scheme 6.5 i n 

28% y i e l d and the co-products are easily separated by SÔ  extraction. 

Although the o v r a l l y i e l d i s low, the acces s i b i l i t y of the starti n g 

materials, the f a c i l i t y of reaction, and the ease of pu r i f i c a t i o n 

makes t h i s route an a t t r a c t i v e alternative to those previously 

published; i t i s l i k e l y that modifications of the reaction procedure 

w i l l r e s u l t i n improved yields. Another a t t r a c t i v e feature of thi s 

route i s that i t should allow the preparation of other Ŝ N̂  salts 

(e.g. A1C1^~, FeCl^~, BC1^~) and fur t h e r , reactions using cyclo-octa 

selenium instead of sulphur may well provide a f a c i l e route to 

sulphur-nitrogen-selenium compounds. These p o s s i b i l i t i e s are being 

actively pursued by workers at Durham. 

6.2.6 The Crystal Structxire of S„N''̂ ASF- : 

The crystal structure of S„N"'"ASF_~ was determined by J. Johnson 
d. b 

(University of New Brunswick) and consists of linear S^N^ cations and 

octahedral AsF. anions with weak cation-anion interactions; the 6 
str u c t u r a l data are summarised i n Table 6.2 and the thermal ellipsoids 

are given i n Table 6.3. The S-N bond length was found to be 1.480(3) X 

[ c . f . 1.462(3) i n Ŝ N'̂ SbCl̂ "̂ '̂''̂  and 1.464(5), 1.472(5) % i n 
2 b 

S2N''^A1C1^^^^^ ]. The apparently longer bond length i n Ŝ N'̂ 'AsFg" may 
arise from thermal effects i n the cr y s t a l , since the average S-N 

stretching frequencies i n the SbCl_~ and AsF_" salts are 1093 and 1095 
D b 

cm"'*' respectively, ̂•'"'̂^ which indicates that the bond strength i n the 

two compounds i s essentially the same. A further analysis of thi s 

problem i s currently i n progress. 
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Table 6 ,,2 Crystal data f o r Ŝ W'̂ AsFg 

monoclinic space group 

a = 9. 5 5 4 2 ( 1 3 ) , b = 6 . 5 9 6 8 ( 1 4 ) , c= 5. 3 0 1 7 ( 1 1 ) I, = 91.159(15)' 

U = 334.08 Z = 2 

F ( 0 , 0, 0 ) = 252 XMOKOC = 0.7013 K 

R = 0.037 

Bond distance (K) 

S-N 

As-F(l) 

As-F(2) 

1.480(3) x 2 

1.696(6) X 2 

.1.705(5) X 4 

Bond angle (°) 

F(l)-As-F(2) 89.1(2) x 4 

F(l)-As-F(2) 90.9(2) x 4 

F(2)-As-F(2) 89.4(2) x 2 

F(2)-As-F(2) 90.6(2) x 2 

Fractional atomic co-ordinates 

x/a y/b z/c 

S 0.6420(3) 0.0000 0.6169(6) 

N 0.5000 0.0000 0.5000 

As 0,0000 0.0000 0.0000 

F ( l ) 0.1064(7) 0.0000 -0.2523(13) 

F(2) 0.1021(5) 0.1837(9) 0.1352(8) 
+ — 

Table 6o3 Anisotropic thermal pareuneters f o r Ŝ N AsFg 

S 
" l l "22 

49(2) 65(3) 
"33 

73(2) 
"23 
0 

" l 3 
-6(2) 

" l 2 
0 

N 50(7) 47(8) 40(6) 0 10(5) 0 

As 42(1) 41(1) 38(1) 0 3(1) 0 

F ( l ) 72(4) 83(6) 62(4) 0 22(3) 0 

F(2) 63(2) 67(4) 80(3) -8(3) -7(2) 11(3) 
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I t i s interesting to compare the crystal packing i n S^N^AsFg and 

S^N^SbClg". I t has been reported^^^^ that a l l known compounds of the 

type ABXg c r y s t a l l i z e i n l a t t i c e s derived from the NaCl or CsCl 
(29) structures. A review of ABF_ compounds concluded that the l a t t i c e b 

type adopted depends primarily on the size of A and only weakly on the 

nature of B. A stereo pair drawing of the u n i t c e l l of S^N^AsF. and 
<L b 

projections of the un i t c e l l are shown i n Figures 6.5 and 6 

respectively. Each cation s i t e i s surrounded by eight anion sites at 

the corners of a highly distorted cube; the l a t t i c e i s thus derived 
from the CsCl type. 

The packing i n S-N''"SbCl_~ has been discussed i n terms of a 
d. b 

(21) 

distorted close packed array of S and CI atoms. Inspection of the 

stereo pair drawing of the u n i t c e l l (Figure 6.5) shows that each 

cation s i t e i s surrounded by six anion sites at the vertices of a 

distorted octahedron and therefore an alternative view of the l a t t i c e 
of Ŝ N"''SbCl_~ i s that i t i s derived from the NaCl l a t t i c e . 

tL b 

Although the difference i n l a t t i c e type adopted by ABFg compounds 

(where A i s a simple unipositive cation) has been accoianted f o r i n 

terms of r e l a t i v e ion size,^^^^ i n these S^N^ sal t s , the secondary 

cation anion interactions seem to be more important (even though they 

are weak - about 90% of the sum of van der Waals r a d i i ) . I n S„N"^ASF_~, 
d. b 

each sulphur atom makes three short contacts with f l u o r i n e atoms (1 x 

3.12 and 2 x 3.01 %.) making a t o t a l of six interactions per cation. 

Each sulphur i n S^N^SbClg" makes contact with four chlorine atoms (4 x 

3.54 X) making a t o t a l of eight interactions per cation. The ŜN"*" 

cation thus has a higher co-ordination number (and probably higher 
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Figure 6.5. Stereo pair drawings of the unit c e l l s of S N AsF ' 
(upper) and S^N'SbClg (lower) 
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Figure 6.6. Unit c e l l projections of S N'*"AsFg showing cation-anion 
interactions (dotted l i n e s ; . Upper, (010); lower (001). 
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bond energy) with the SbCl_ ion than with the smaller AsF_ ion, a 
b b 

trend which would be consistent with the expected greater Lewis 

basicity of SbCl_~. Since lower co-ordination numbers are favoured by b 

lower electronegativity differences between cation and a n i o n , i t 

i s l o g i c a l that the NaCl type l a t t i c e i s adopted by S2N'''SbClg~ and the 

CsCl type l a t t i c e i s adopted by Ŝ N'̂ 'AsFg". 

6.3 CONCLUSIONS 

Reaction of S„N„^^(AsF_ )„ with CsF i n a 1:1 mole r a t i o results i n 3 2 6 2 
the quantitative formation of S N F''̂ ASF ( i d e n t i f i e d by infrared and 

o 2 b 
19 

F nmr spectroscopy, elemental analysis and the reaction mass 

balance), which i s the f l u o r i n e analogue of the Ŝ N̂ Cl''' ion.^^^ 

Further reaction to give S.N F„ was not possible owing to reaction 
O ^ ^ 

with the solvent (SO^). Although S N ''"(AsF ~ ) _ has been characterized i n the solid state o ^ o ^ 
by infrared and Raman spectroscopy and by elemental analysis, cation 

dissociation prevented growth of single crystals from SÔ  solutions; 

nevertheless, a few S-N'''ASF-. crystals were isolated from the solutions 
2 b 

and t h e i r structure was determined (J . Johnson), The hypothesis that 
2+ — + Ŝ N„ (AsF^ )^ existed as an equilibrium mixture containing SN and 3 2 6 2 

Ŝ N̂  was confirmed by i t s chemical reactions with elemental sulphur 

and hexafluorobut-2-yne and by MNDO calculations. Furthermore addition 

of a stoichiometric amount of sulphur to SN''"ASF_~ leads to the 
6 

formation of S-N„̂ '''(AsF_~)„ i n 57% y i e l d according to Scheme 6.3. 3 2 6 2 
Consideration of the e q u i l i b r i a observed i n these systems 
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suggested a new synthetic route to S^N^SbClg . Although t h i s reaction 

proceeds i n only low y i e l d (ca. 28%) the accessibility of the st a r t i n g 

materials and ease of p u r i f i c a t i o n make i t an att r a c t i v e alternative 

to published routes.^^'^^'^^^ The p o s s i b i l i t y of preparing other S^N^ 

salts and related mixed sulphur-nitrogen-selenium systems via t h i s 

route i s being investigated by workers a t Durham. 

6.4 EXPERIMENTAL SECTION 

2+ — 
6.4.1 Reaction of S„N_ (AsF^ )_ with CsF; NMR Tube Experiments 

In a t y p i c a l experiment, S2N2^^(AsFg")^ (0.3g, 0.6 mmol) and CsF 

(0.091g, 0.6 mmol) were placed i n a 10mm nmr tube f i t t e d with a J. 

Young's Teflon bleed valve. SÔ  (ca. 5 ml) and CCl^F (a small amount) 
were condensed i n and the mixture was warmed b r i e f l y to room 

19 

temperature. The F nmr spectrum was recorded at -70°C and after 

leaving the mixture at room temparature f o r 1 week, the spectrum was 

re-recorded. 8F(200MHZ; solvent SO2; standard CCl^F; 30 min) 38.51 
[iF.s.S^N f"^ ] and -58 [6F. br, s, AsF_" ] . 6 F(200MHZ; solvent SO.; 3 2 b d 

Standard CCl^F; 1 week)76.60 [2F, s, OSF^], 37.35 [ i F , s, Ŝ N̂ F"*"] and 

-58 t6F, br, s, AsFg"j. 

6.4.2 Reaction of SgN2^'^(AsFg~)2 with CsFj Preparative Scale 

Experiments: 

a)In SO^o In a t y p i c a l experiment, S„N„̂ '''(AsF̂ ~)„ (1.90g, 3.78 mmol) 
d -i d o d 

was placed i n one bulb of a two-bulbed reaction vessel. CsF (0.58g, 

3.78 mmol) was placed together with a Teflon coated s t i r r i n g bar in 
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the other bulb and SÔ  (12.338g) was condensed i n approximately equal 

quantities into the two bulbs. The pale brown solution of 

Ŝ N̂ "̂'"(AsF̂ ~)„ was added to the CsF and the mixture was s t i r r e d at 3 2 6 2 

room temperature (6h). The reaction mixture changed colour from brown 

to deep red/brown and a f i n e white powder precipitated. The mixture 

was f i l t e r e d and the insolubles were washed with SÔ  d i s t i l l e d back 

from the other bulb. Removal of v o l a t i l e s SÔ  plus trace amounts of 

OSFg and SiF^ ( i . r . ) yielded a dark brown cr y s t a l l i n e solid 
(S^N-F'''ASF^~) and a white powdery insoluble solid (CsAsF_). The brown d 2 b b 

crystals were s l i g h t l y sticky but could be cleaned by brief washing 

with dry methylene chloride. 

Yields: Brown crystals (S^N^F'^'ASF^") , 1.24g (98%); white i n -
o 2 " b 

solubles (CsAsF^), 1.22g (expected weight f o r a 1:1 reaction = 1.22g). b 
Infrared spectrum of S„N„F"''ASF_~ , \) = 1205vw, br, 1145vvw, 

3 2 6 max 
1050w,sh, 1021m, 988s, 819w,sh 755s,sh, 700vs, br, (AsFg"), 575s, 

500s, 390VS, (AsFg") cm"''"; £f (200MHZ; solvent SÔ ; standard CCl^F) 

38.51 [ I F , s, S^N^F"^] and -58 [6F, s, br, AsFg"]. Infrared spectrum of 

white insolubles (CsAsF.) \? = 1300vw, br, 700vs, br, (AsF ~) 
6 max b 

390vs, (AsF_") cm"""". 
6 

b) In AsF„. i ) S„N„^"'^(AsF_ ). (0.77g, 1,53 mmol) was placed i n one d d 2 b 2 

bulb of a two-bulb vessel. CsF (0.26g, 1.68 mmol) was placed i n the 

other bulb together with a Teflon coated s t i r r i n g bar. AsF^ (8.329g, 

63.1 mmol) was condensed i n approximately equal portions into both 

bulbs. The solutions were allowed to warm to room temperature and the 

pale brown solution of S„N_^''^(AsF_") _ was transferred to the bulb 
d 2 b 2 
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containing CsF. Reaction occurred almost immediately giving a 

red-brown solution which gradually darkened u n t i l after 5h s t i r r i n g i t 

was an intense red-brown. The mixture was f i l t e r e d and the insoluble 

solids were washed with back-distilled AsF^ u n t i l white ( 3 x 1 ml). An 

infrared spectrum of the reaction v o l a t i l e s was recorded and the AsF 

was removed to y i e l d a dark brown s l i g h t l y t a r r y c r y s t a l l i n e solid and 

a white isoluble powder. Further prolonged pumping (12h) removed 

residual AsF to give a brown microcrystalline s o l i d as the soluble 

product. Yields: brown microcrystalline s o l i d , 0.800g, white 

insoluble, 0.28g. 

i i ) P u r i f i c a t i o n of the brown microcrystalline solid was achieved 

by b r i e f extraction with SÔ . 0.650g of crude material was placed i n a 

closed extractor; a f t e r b r i e f extraction by SÔ  and removal of 

solvent, a brown c r y s t a l l i n e material {S^^^F'*^AsF^~) was obtained as 

the soluble product and a white insoluble powder remained on the f r i t 

(CsAsF_). The product was characterised by infrared spectroscopy and 6 
elemental analysis. Yields: Total recovery, 0.606g; Ŝ N̂ F'̂ AsFg", 

0.386g (63.7%), For a 1:1 reaction i n the o r i g i n a l mixture, the 

expected y i e l d would be 0.508g, but 0.800g was isolated so that only 

63.5% of the crude product could be S^N^F'^'ASF^", Since the recovery of 
S N F"^ASF^~ from the crude product was 63.7%, the o r i g i n a l reaction 3 2 6 
appears to have been quantitative. CsAsFg, 0,22g (36.3%) by a similar 

argument, t h i s would be the expected recovery of CsAsFg from a 1:1 

reaction. Infrared spectrum of S N F'^ASF ~, \? = 1205vwJ*, 1150vw?«7 
•3 ^ D rnsix 

1060sh, 1040sh, 1015s, 990s, 925w*, 815sh, 700vs, br, 575s, 500s, 

445sh*, 395vs, 365sh, cm"'''. Speaks possibly r e s u l t of hydrolysis on 
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plates, * peaks possibly belong to a contaminant; they are not present 

i n material prepared i n SÔ . Infrared ' spectrum of white isolubles 

(CsAsF^), V = 3310 s, br#, 1300w, br#, 1150w, br#, 815w, sh, 6 max 
700vvs, vbr, 390 vvs, br cm ^ * peaks resu l t of hydrolysis on plates. 

Raman spectrum of white insolubles (CsAsF ), ̂  = 684s, 373m,sh 
o rn3.x 

cm""*". Infrared spectrum of reaction v o l a t i l e s . V = 1365s, 1355s, 
max 

1340s ( a l l SÔ  plus OSF^), 1155vw, br (SO^), 805m (OSF^), 735s (OSF^), 

700VS (AsF^"), 535w (OSF„) cm""̂ . Analysis, found S, 29.86; N, 8,83; As b 2 
23.56; calculated f o r Ŝ N̂ F'̂ 'ASF "; S, 28.96; N, 8.43; As, 22.56%, 

d 2 b 

6»4.3 Reaction of S„N-F*AsF_ with CsF: 
o 2 b 

i ) I n a ty p i c a l experiment S-N-F'''ASF_~ (0.98g, 2.86 mmol) was 
3 2 b 

placed i n one bulb of a two-bulb vessel CsF (0,435g, 2,86 mmol) and a 

Teflon coated magnetic s t i r r e r were placed i n the other bulb; SÔ  

(17.977g) was condensed i n approximately equal quantities into both 

bulbs. The dark red-brown solution of S„N_F''"ASF^" was added to the CsF 
d 2 b 

bulb and the mixture was s t i r r e d at room temperature (4h), The 

re s u l t i n g red solution was f i l t e r e d and the insolubles were washed 

with back-distilled SÔ  to y i e l d a red solution and pale b i s c u i t -

coloured powdery insolubles. Removal of SÔ  and prolonged pumping 

yielded a sticky red material, which contained crystals from the 

soluble f r a c t i o n . 

Yields: Sticky red crystal1iferous material, 0.334g (expected for 

a 1:1 reaction = 0.46g); pale insolubles, 0,90g (expected f o r a 1:1 

reaction = 0.92g) A weight loss of 0,09g was recorded from the system 

during the pump down. 
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i i ) P u r i f i c a t i o n of the red sticky soluble f r a c t i o n was achieved 

by high vacuum sublimation. 0.28g of the soluble f r a c t i o n was placed 

i n a sublimation tube and attached to a high vacuum li n e (7 x 10~^ 

t o r r ) . The solids were warmed to 65°C and l e f t f o r 24 h during which 

time orange crystals of S^N^ (infrared) sublimed out together with 

some more v o l a t i l e red/yellow material; a pale yellow powdery solid 

containing crystals was l e f t as the residue and i d e n t i f i e d by 

infrared spectroscopy as being largely Ŝ N2'*"AsFg . 

Yields: Ŝ N̂ ''̂ AsF̂ ~ = 0.14 g, S.N., 0.95g, Infrared spectrum of 4 3 6 4 4 
i n i t i a l reaction v o l a t i l e s , \7 = 1350vs (S0„), 1165vs (SO,), 

1145VS (SO^), 810s (OSF^), 745s (OSF^), 530vs (SO^) 500vs (SO^) cm""̂ . 

Infrared of i n t i a l reaction insolubles (CsAsF^), \? = 1210vw, 
6 max 

1150VW, 700VVS, br, (AsF_~). 390vs, (AsF_~) cm"'̂ . Infrared spectrum 
b b 

Of Ŝ N̂ '̂ AsF " \? = 1170m, br, (S .N.*) , 1010m, (S.N/), 980VVW, 4 3 6 max 4 o 4 d 
945VVW, 925ww, 900vvw, 725s (AsFg~) , 565m (S_^N2+), 540vw, 480m 

(S,N^"^), 400s (AsF^~)cm""''. 6 F (200MHZ; solvent SO.; CCl.F standard), 4 3 b d i 

- 42.3 [ s i n g l e t , unknown o r i g i n ] , and -58.6 [6F, quartet, J = 923 Hz, 

AsFg-]. 

6.4.4 Reaction of S,N-̂ '*̂ (AsF_ ) ^ with Hexafluorobut-2-yne: 
3 d t> d 

i ) S N„̂ ''"(AsF̂ ~)̂  (0.4727g, 0.942 mmol) was placed i n one bulb of 3 2 6 d 

a two-bulb vessel. A Teflon coated s t i r r i n g bar was placed i n the 

other bulb, and vessel was evacP.uated. The S-N̂ "̂'"(AsF_ )„ was isolated 
^ 3 2 6 2 

and hexafluorobut-2-yne (0.1544g, 1.02 mmol) was condensed on top of 

the Teflon s t i r r e r at l i q u i d nitrogen temperature. After degassing the 

vessel, SÔ  (ca. 4g) was condensed on top of the hexafluorobut-2-yne. 



176 

When the vessel had warmed to room temperature, the l i q u i d 

SO^/hexafluorobut-2-yne mixture was transferred to the S„N-^^(AsF_~)„ 2 3 2 6 2 

bulb; when a l l the s o l i d had dissolved, the mixture was tranferred 

back to the bulb containing the s t i r r e r and the clear orange-brown 

solution was s t i r r e d f o r 6 days at room temperature. A gas phase 

infrared spectrum of the reaction v o l a t i l e s was recorded and the 

v o l a t i l e s were removed to y i e l d a red-brown s o l i d . A weight gain of 

0.0712g (corresponding to 0.48 mmol of hexaf luorobut-2-yne) was 

observed during the course of reaction. 

Yield: red-brown s o l i d , 0.5439g. Infrared spectrum of red-brown 

s o l i d (powder), N? = 1495m(S_N''') , 1425W(SN"'") , 1395vw, 1285s,sh, 
jn3.x 

1245S,sh, 1185vs, br, 1070s, 1020vw, 985m, 950w,sh, 870vw, 800vw, br, 
770m, 700vs, br (AsF_"), 575m,sh, 500m, 440w, 390vs (AsF_") cm"""", 

-»-
c.f. (CF_ CSNSCCF„) (AsF ~ ) ^ ' ^ ^ ^ 1290s, sh, 1250vs, sh, 1200vs, br, 3 3 b 
1070s, 990w, 955w, 879vw, 800m, sh, 770s, 700vs, br, 580w, 485vw, 

390vs, cm"'''. 
Infrared spectrum of reaction v o l a t i l e s , N? = 2500w (S0„), 

max 2 

1365VS (SO^), 1340VS, (SO^), 1285vs (CF^CsCCFg), 1190vs, (CF̂ C 

CCFg), 1155m, br, (SO^). 1125m,br, (SO^). 895vw (CF^CSCCF^), 

635w (CFgCPCCFg), 530s (SO^), 500s (SO^) cm""̂ , 

i i ) I n an nmr-tube experiment, using S2N2^''^(AsFg")^ (0,1237g, 0.25 

mmol) and hexafluorobut-2-yne (0.0767g, 0,47 mmol) i n SÔ  (ca. 5g) 
19 

using CC1„F (0.331g) as an internal standard, a single F nmr signal 
at -52,8ppm was observed at -70° aft e r the mixture had been standing 

19 

at room temperature f o r 3h. The singlet i s observed since the F 

chemical s h i f t of hexafluorobut-2-yne (-52 ppm) i s the same as that 
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observed i n the heterocycle CF CSNSCCF^^^^. An infrared spectrum of 

the sticky yellow material recovered from the nmr tube after removal 

of v o l a t i l e s was largely similar to that observed i n ( i ) above; 
m3.x 

= 1500w, 1435VW, 1190s, br, 1075s, 1015w, 990w, 940s, 875vw, 810w,sh 

775m,sh, 755s, sh, 695vs,br, 605m,sh, 570s, 530vw, 505m 475s, 445s, 

390vs, cm 

2+ — 6.4.5 Reaction of S^N„ (AsF^ )„ with Sulphur: 3 d b d 

Elemental sulphur (0.020g, 0.577 mmol) was placed i n one bulb of a 

reaction vessel together with a Teflon coated magnetic s t i r r i n g bar. 

S-N-̂ '̂ (AsF ~ ) ^ (0.290g, 0.577 mmol) was placed i n the other bulb and 
3 d o d 

SO^ (10.560g) was condensed i n approximately equal quantities into 

both bulbs. After warming to room temperature, the brown solution of 

S,N̂ '̂'(AsF " ) ^ was added to the bulb containing elemental sulphur; 
3 2 b d 

immediate reaction occurred producing an intense dark blue colour. The 

elemental sulphur dissolved and the mixture was s t i r r e d ; a f t e r 24h at 

room temperature i t was brown and a f t e r 72h the solution was pale 

yellow-brown and contained no prec/'pitate. The solution was 

transferred to the other bulb and the SÔ  was slowly d i s t i l l e d into 

the empty bulb by application of a small thermal gradient. Yellow 

crystals formed i n the solution bulb and when the solution was reduced 

to low volume the brown supernatant liquor was decanted o f f . The 

yellow crystals were washed b r i e f l y with back-distilled SÔ  and the 

reaction v o l a t i l e S SÔ  only (infrared)J were removed to yi e l d pale 

yellow crystals i n one bulb and a brown cry s t a l l i f e r o u s s o l i d i n the 

other. The yellow crystals were i d e n t i f i e d as S„N*AsF_ by infrared 
d b 
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and Raman spectroscopy whilst the brown solid was shown to be largely 

S„N^AsF_~ by infrared spectroscopy. 2 6 
Yields: Yellow crystals = 0.08g (26%); brown sol i d , 0.23g Infrared 

spectrum of yellow crystals, \? = 2175vw Ĉ Ŵ S N'''?), 1480S 

(S^N"*"), 690vs (ASF_"), 385VS (ASF_") cm"'''. Raman spectrum of yellow 2 b b 
crystals (5154 S) = 788w, br (S^N'''), 699s (S^N'''), 685m, sh 

max 2 2 
(AsF^"?, 579w (AsF~), 475w(?), 373w (AsF " ) , 83vs, sh ( l a t t i c e 6 b b 
mode?), 71vs ( l a t t i c e mode?) cm Infrared spectrum of brown solid. 

(run on NaCl plates, consequently no 385 cm band f o r AsF ), V? 
Q rn3.x 

-1 
Dana 

2180VW (^,+N7^ S„N''"?), 1480s (S.N'''), 690VS (ASF ") cm"'"', 1 3 2 2 6 

6 o 4 o 6 Reaction of SW*AsFg~ with Sulphur: 

Elemental sulphur (0.027g, 0,84 mmol) was placed together with a 

Teflon coated magnetic s t i r r i n g bar i n one bulb of a reaction vessel, 

SN''"ASF_" (0,38g, 1,6 mmol) was placed i n the other bulb and SÔ  b 2 
(8.804g) was condensed i n , with approximately equal quantities i n both 

bulbs. After warming to room temperature the pale brown solution of 

SN^AsF_~ was added to the colourless S0„ mixture; immediate reaction 6 2 

occurred producing on intense red colour and the sulphur dissolved. 

The following colour sequence was observed whilst s t i r r i n g at room 

temperature; red (Imin), black (3min) deep red (lOmin), pale brown 

(48h), pale yellow-brown (96h), No solids were present i n the 

reaction mixture a f t e r about 1 minute. The mixture was transferred to 

the other bulb and the SÔ  was slowly d i s t i l l e d into the empty bulb by 

application of a small temperature gradient. Pale yellow-brown 

crystals formed i n the product bulb and when the solution had been 
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reduced to low volume the supernatant l i q u i d was decanted away. The 

crystals were washed with a small amount of back-distilled SÔ  and the 

reaction v o l a t i l e s [ SO, plus trace amounts of SiF and OSF, 

(infrared) ]were pumped away to y i e l d a yellow-brown c r y s t a l l i n e solid 

3N/^(AsFg-)2 i d e n t i f i e d by infrared spectroscopy as S N̂ '''(AsF ) and a brown. 

more soluble, s o l i d [ mostly S„N-̂ ''"(AsF_ )„ ] from the supernatant 
3 d b d 

f r a c t i o n . 

Yields: Yellow-brown crystals S^N^^"*"(AsF^)^ , 0.24g, (57%); more 

soluble brown residue, 0.16g. Infrared spectrum of yellow-brown 
crystals, V' = 1150m, br, 1040m, sh, 1010m, 970m, 930*vw, sh, max 
890*vw, 810VW, 715VS, vbr (AsF_"), 570w, sh, 550m, 485vw, 485vw, 440s, 

b 
sh, 385vs, (AsF_~) cm~^. * due to hydrolysis on plates. Analysis: b 
found N, 5.97; As, 29.76; S„N-̂ '̂ (AsF ~ ) _ requires N, 5.58; As, 29.85%. 

3 d b d 
Infraried spectrum of more soluble brown residue, ̂  = 1150* w, br, 

max 

1050w, 1010m, 980 vw, 720sh, 700s, 570m, 555m, 495w, 485vw, 440m cm""'', 

* due to hydrolysis on plates. 

6.4.7 Preparation of S^N^SbClg : 

(NSCl) (1.22g, 5 mmol) was placed together with a Teflon coated 

s t i r r i n g bar i n a 50ml twin necked round bottom flask. SOCl^ (30 ml) 

was syringed i n against a counter-flow of dry nitrogen and aft e r a l l 

the s o l i d bad dissolved to give a yellow solution, SbCl^ (3.42g, 

1,46ml, 15 mmol) was also syringed i n . Immediate reaction occurred to 

give a thick, pale orange precipitate which was s t i r r e d at room 

temperature f o r a further 30 min. On addition of sulphur (0.48g, 15 

mmol), the mixture became black, turning slowly to a very dark green 
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colou r and a f t e r t h r ee hours of vigorous s t i r r i n g , a pale yellow 

m i c r o c r y s t a l l i n e p r e c i p i t a t e had formed. The mixture was s t i r r e d f o r a 

f u r t h e r 21 h (a t o t a l of 24 h) and then f i l t e r e d t o y i e l d a pale 

ye l l o w green i n s o l u b l e s o l i d , c o n t a i n i n g a few la r g e orange c r y s t a l s , 

(3.95g) and a dark green s o l u t i o n . No f u r t h e r p r e c i p i t a t i o n from the 

s o l u t i o n occurred on c o o l i n g t o -15°C. Complete removal of solvent 

y i e l d e d a brown-green, s l i g h t l y s t i c k y s o l i d c o n t a i n i n g c y s t a l s 

(mostly S^N^Cl''"SbCl_~ c o n t a i n i n g some S„N'^SbCl_~.0.95g). E x t r a c t i o n of 
3 d O el O 

the i n s o l u b l e s o l i d (2,5g) w i t h SO^ gave a soluble brown c r y s t a l l i n e 

s o l i d [mostly N(SCl)2^SbClg~, 1.4 g ]and a pale yellow i n s o l u b l e s o l i d 

(S_N^SbCl-~, 1.1 g ) . The products were i d e n t i f i e d by i n f r a r e d and 2 6 

Raman spectroscopy. The discrepancy between the t o t a l weight of 

react a n t s (5,12g) and the t o t a l weight of crude products (4.9g) may be 

accounted f o r by the l o s s of unreacted SbCl^ from the system. 

Y i e l d s : Ŝ N''"SbCl„~, 2,5g of crude product y i e l d e d 1.1 g 
S^N'^SbCl^", t h e r e f o r e 3.95 g of crude product contained 1,74 g (2 8 % ) ; 2 b 
N(SEl)„"'^SbCl_~, by a s i m i l a r argument, the t o t a l amount of 

d D 
N(SCl)„"^SbCl ~, produced was 2.2 g; S^N^Cl'*"SbCl ~, 0,95g. I n f r a r e d 2 6 o t: D 

spectrum of S^N'^SbCl \̂  = 1485 vs, 372 vs, 340 vs. c . f . 

reference 21, 1498 m, 374 m, 320s cm""̂  Raman spectrum of Ŝ N'''SbCl̂ ~ 

(5145 S)\7 = 770VW, 708vw, sh, 692w, 333s, 298w, 190sh, 180m, 80s, max 

68sh, 58vs, 28s, c . f . reference 21, 766w, 747vw, 688m, 680vw, 333s, 

293w, 283vw, 180m, 175s, 167vw, 78vs, 62s, cm"""". I n f r a r e d spectrum of 

brown SO^ soluble c r y s t a l s [mostly N(SC1 )-"''SbCl_~ ], \? = 1130m, 
D max 

lOOOw, 940vw, 748vw, 720vw, 690m, 652m, 570w, 515vs, 492vs, 451vw, 

442w, c . f . reference 24, 1130m, 735sh, 721m, 645s, 521s, 520s, 494s 
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cm""''. I n f r a r e d spectrum of r e a c t i o n solubles a f t e r removal of solvent 

(mostly S^N^Cl^SbCl " w i t h some Ŝ N"̂ SbCl ") , \? = 1490m (S N^), o ^ D c. o max <i 
1005VW, 940m, 749m, 715m, 695vs, 575s, 470w, 445m, sh, 420m, sh c . f . 

S N Cl'^FeCl -̂ "̂'•̂  1156VW, l l l O w , 1017w, 997w, 938vs, 891vw, 759w, 
-1 742s, 717s, 574s, 463s, 458s, 418vs, 379vs, 331m, 324m, 304s cm 

Analysis f o r S^N'^SbClg"; found S, 16.01; N, 3.60; CI, 51,85; 

S^N"^SbCl ~ r e q u i r e s S, 15.5; N, 3.4; CI, 51.58%. 
d D 
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CHAPTER 7 

Some Attempted Synthetic Studies of the Thionitrosyl Cation 

7.1 INTRODUCTION 

The t h i o n i t r o s y l c a t i o n (SN"*^) was f i r s t prepared i n 1971 '̂''̂  by 

the gas phase r e a c t i o n of SbF^ or AsF^ w i t h NSF, the products being 

SN'*̂ SbF_~ and SN''"ASF_~ r e s p e c t i v e l y ; a more convenient preparation i n 6 6 
(2) 

SO^ s o l u t i o n was subsequently described. Other preparative routes 
(3) 

are the r e a c t i o n between Lewis acids and (NSF)^ (AsF^, SbF^, and 

SOg produce the AsFg", Sb^F^^^ , and S O ^ F " s a l t s r e s p e c t i v e l y ) and the 

r e a c t i o n between (NSC1)„ and AgPF_, though the l a t t e r route produced 
J b only an i n s i t u nitromethane s o l u t i o n from which SN^PF." was not 6 

(4) 
i s o l a t e d . 

Because of the d i f f i c u l t y i n preparing SN"*" s a l t s , l i t t l e 

chemistry of the ion has been reported. The modes of r e a c t i o n so f a r 
(2) 

discovered may be classed as anion exchange, r e a c t i o n w i t h 

n u c l e o p h i l e s , and r e a c t i o n w i t h p o l a r bends. These are i l l u s t r a t e d i n 

Equations 7.1-4. 

SN'*"AsFg + NO'̂ CF̂ SOg » SN'^'CF^SO^ Equ.7.1 

" + S^I^4 * ^^5V^^6^x Equ.7.2 

" + S,N, > S^N^'^(AsF ") Equ.7.3 
4 4 D b b 

" + SCl^ > NS^Cl^^AsFg Equ.7.4 



185 

The t r a n s i t i o n - m e t a l complex [ Cr (NS) (NCMe) ][ PF ] has also 
(4) + been reported and r e a c t i o n of SN AsFg w i t h [Re(C0)^X3 produces 

Re(CO) NSX .^^^ A review of t h i o n i t r o s y l chemistry has been o 
published. 

Recently, c o l l a b o r a t i v e work performed a t the U n i v e r s i t y of New 
(7) 

Brunswick and the U n i v e r s i t y of Durham i n d i c a t e d t h a t the r e a c t i o n 

between (NSCD^ and SbCl^ produced SN'^'SbClg", although the 

experimental and p u r i f i c a t i o n procedures were somewhat laborious, 
(8) 

Further work a t the U n i v e r s i t y of New Brunswick, however, r e s u l t e d 
i n the development of a very convenient synthesis of SN^AsF_~ from 

6 
(9) + -

(NSCl)^ and AgAsFg. SN AsFg i s an extremely moisture-sensitive 

waxy white c r y s t a l l i n e s o l i d , very soluble i n SO^. This chapter 

describes attempts t o use SN^AsFg as a precursor t o new sulphur-

n i t r o g e n compounds; i t s r e a c t i o n s w i t h CsF and w i t h elemental sulphur 

have been described i n Chapters 5 and 6 r e s p e c t i v e l y . 

7.2 RESULTS AND DISCUSSION 

7.2.1 The Reaction of SN*AsF_ with Chlorine: 
b 

W h i l s t i n v e s t i g a t i n g the r e a c t i o n of (NSCl) w i t h SbF , Heŷ ''̂  
3 D 

i s o l a t e d a white compound which he proposed on the evidence of Raman 

spectra t o be NSCl-'^SbF.": 

2/3 (NSCDg + 3SbF^ »̂ SN"̂ SbFg" + NSCl^" + SbF Equ, 7,5 

I n an attempt t o synthesize the c a t i o n by a d i r e c t route, he 
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reo-Cited SN*SbCl_ w i t h elemental c h l o r i n e a t room temperature and a t 
b 

80°C i n sealed tubes. No r e a c t i o n occurred a t room temperature whereas 

a t elevated temperature, the product was NS„Cl_'''SbCl_~. ̂''̂  
d. c. b 

With the r e l a t i v e a c c e s s i b i l i t y o f SN''"ASF_~, i t was thought 
b 

worthwhile t o r e - i n v e s t i g a t e the r e a c t i o n between the t h i o n i t r o s y l 

c a t i o n and c h l o r i n e ; w i t h t h i s aim, two experiments were performed. 

I n order t o use the mildest possible r e a c t i o n conditions SN'''ASF^~ 
6 

(7) 
was soaked i n l i q u i d c h l o r i n e a t room temperature but as before, no 
r e a c t i o n was detected. 

One reason f o r the lack of r e a c t i o n could have been the extreme 

i n s o l u b i l i t y o f SN''"ASF_~ i n l i q u i d c h l o r i n e and so i t was decided t o 
b 

repeat the experiment w i t h a l i t t l e SO^ added t o act as a solvent. The 

yell o w s o l i d i s o l a t e d from t h i s r e a c t i o n mixture was shown by Raman 

spectroscopy t o be mostly SN^AsF^ however both the colour of the 

product and some weak bands observed i n the v i b r a t i o n a l spectfU 

i n d i c a t e t h a t another species was present. Further evidence of some 

r e a c t i o n was provided by the detedbion of a high concentration of 

SO^CIF i n the gas phase i n f r a r e d spectrum. The extent of r e a c t i o n i s 

d i f f i c u l t t o estimate, but the t o t a l weight gain of only 30 mg and the 

st r e n g t h of the SN^AsFg bands i n the Raman spectrum suggest t h a t i t 

was only s l i g h t . The d e t e c t i o n of SO^CIF as a r e a c t i o n product may 

i n d i c a t e some k i n d o f halogen exchange process, but the v i b r a t i o n a l 

spectra of the s o l i d products d i d not enable i d e n t i f i c a t i o n of the 

yellow component. The Raman spectrum, although dominated by SN*AsF_~ 
6 

also contained some weak bands a t 385, 370, and 340 cm"''' which may 

correspond t o (NSCl)^ (see Chapter 2) which has absorptions a t 380(s) 
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and 340 ( v s ) ; the other absorbtions of (NSCl)^ are less intense or 

occur below 200 cm , a region which was inaccessible i n t h i s 

experiment owing t o sample fluorescence. The i n f r a r e d spectrum 

contains more new bands, but also i n d i c a t e s considerable h y d r o l y s i s , 

which almost c e r t a i n l y occurred on the p l a t e s . Thus, although the 

i n f r a r e d spectrum contains a band a t 1205 cm which may have 

corresponded t o the band a t 1208 cm~^ i n the Raman spectrum reported 

by Hey, the absence of such a band i n the Raman spectrum recorded 

d u r i n g t h i s experiment suggests t h a t the new bands i n the i n f r a r e d 

spectrum may be products of h y d r o l y s i s . No evidence i n e i t h e r the 

Raman or i n f r a r e d spectra was found f o r the absorbtions reported by 

Hey a t 499 and 266 cm~^. A possible r e a c t i o n scheme i s i l l u s t r a t e d i n 

Scheme 7.1: 

•^AsFg + C l ^ "Cl2SNAsFg" SN 

"Cl^SNAsFg" + SÔ - ». 1/3 (NSCl) 2 + SO^CIF + AsF^ 

Scheme 7.1 

7.2.2 Reaction of SN'^ASF_~ with P F _ : 
O J 

a) I t was thought t h a t the t h i o n i t r o s y l c a t i o n was a p a r t i c u l a r l y 

s u i t a b l e moiety from which t o b u i l d more complicated species. I n 

p a r t i c u l a r , i t was thought t h a t r e a c t i o n w i t h phosphorous ( I I I ) 

compounds might a f f o r d a route t o compounds of the type I . 
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I n i t i a l l y , (Ph)„P was chosen as a reagent, but subsequent 

i n v e s t i g a t i o n showed t h a t t h i s m a t e r i a l reacted w i t h SÔ . The next 

choice was PF^, since i t was found t o be unreactive towards SO^ and 
19 

because r e a c t i o n s could, i n p r i n c i p l e , be monitored using F nmr 

spectroscopy. 

I n f a c t , r a t h e r than a d d i t i o n compounds o f the type I , i t was 

found t h a t a redox r e a c t i o n occurred. The gas phase produces were 

i d e n t i f i e d by i n f r a r e d spectoscopy as PF^^^^^ and OPF̂ ^̂ "̂ ^ ( n e i t h e r of 
(12) 

which was present i n the PF^ reagent), together w i t h some 

unreacted PF ; OPF was probably a h y d r o l y s i s product of the very 

m o i s t u r e - s e n s i t i v e PF . The sulphur-nitrogen containing products were 

a pale c r y s t a l l i n e s o l i d (major component) and a b r i g h t red 

c r y s t a l l i n e s o l i d (minor component). A s i g n i f i c a n t weight loss 

(0.135g) was observed on removing the v o l a t i l e materials from the 

r e a c t i o n vessel. 

The s o l i d products were found t o be d i f f i c u l t t o characterize, 

owing t o the extremely m o i s t u r e - s e n s i t i v e nature of the pale 

c r y s t a l l i n e produce; even exposure i n a f r e s h l y regenerated glove-box 
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r e s u l t e d i n decomposition (blackening) a f t e r only a few minutes, 

w h i l s t each t r a n s f e r t o a f r e s h vessel was also accompanied by surface 

decomposition. Eventually, a u t h e n t i c samples of both the pale and the 

red c r y s t a l l i n e products were i s o l a t e d and characterised by a 
(13 14) 

combination of x-ray d i f f r a c t i o n , ' i n f r a r e d spectroscopy, and 

elemental a n a l y s i s . The pale product was found t o be the known 

compound S .N .̂ '''(AsF_~)„, S0„^'^^^ and the red product was found t o be 
4 4 D ^ d. 

the known adduct S^N^,AsFg. ̂"''̂'•'•̂^ A possible mechanism f o r the 
format i o n of these products i s shown i n Scheme 7.2, Although AsF^ was 
not observed d i r e c t l y i n the gas phase spectrum ( i t forms an adduct 
w i t h S0„), the removal of AsF^ w i t h the r e a c t i o n v o l a t i l e s would 2 5 
account f o r the observed weight l o s s . 

2SN'^ASF^" + P F „ >2SN° + PF^. + 2AsF^ 
6 3 b b 

4SN° + AsFg *.S^N^,AsFg 

2SN' + 2SN'^ASF^ + S0_ > S .N .^•^(AsF_ )„,S0_ 
6 d. 4 4 d d. 

Scheme 7.2 

This r e a c t i o n i s very s i m i l a r t o t h a t observed between I ^ and 

SN'*"ASF_~, i n which the oxidised product was found t o be IJ.''"ASF_~ and 6 b b 

the reduced product S^N^^'''(AsFg )^.^O^.^"^^^ The o x i d i s i n g p r o p e r t i e s 

of the t h i o n i t r o s y l c a t i o n are thus analogous t o the b e t t e r known 

o x i d i s i n g p r o p e r t i e s of the n i t r o s y l c a t i o n , NO"*̂ ,̂ ^̂ ^ 
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b) The pr e p a r a t i o n , by the above r e a c t i o n , of the ca t i o n 

was thought t o be a good o p p o r t u n i t y t o attempt the c h a r a c t e r i z a t i o n 

of the Ŝ N_̂ ^ r a d i c a l c a t i o n by e l e c t r o n spin resonance (esr) 

spectroscopy. The Ŝ N̂"*̂  c a t i o n has been reported and characterized by 

X-ray d i f f r a c t i o n i n the c r y s t a l l i n e compound S^N^'''(FeCl^~), ̂ "̂̂ ^ but 

an esr spectrum was not reported. Two methods of reduction were t r i e d 

by L.H. S u t c l i f f e ( U n i v e r s i t y of L i v e r p o o l ; present address, Royal 

Holloway College, U n i v e r s i t y o f London). The f i r s t attempt was made by 

d i s s o l v i n g a s o l i d sample of S .N .̂ '*"(AsF_")„. S0„ i n tetrahydrofuran 
4 4 O d ti 

and then adding Et^NCl f o l l o w e d by (Ph)2Sb; t h i s method of reduction 

has been used s u c c e s s f u l l y i n the generation of carbon- sulphur-
(21) 

n i t r o g e n r a d i c a l s . The second attempt was made by d i s s o l v i n g a 

sample of S .N .^'''(AsF_~)„. S0„ i n a c e t o n i t r i l e and then adding s i l v e r 

powder. I n both cases, only weak s i g n a l s were detected which were 

u n i n t e r p r e t a b l e and which were probably a r e s u l t of a mixture of 
. (22) species. 
I t i s i n t e r e s t i n g t h a t the Ŝ N̂"*" c a t i o n should be described 

c r y s t a l l o g r a p h i c a l l y [ the p o s s i b i l i t y of "S^N^"'"(FeCl^")" a c t u a l l y 
2+ 2-

being S^N^ (FeCl^ ) was s p e c i f i c a l l y discounted by the authors of 
the paper ] and y e t the S^I^^^ c a t i o n cannot be formed e a s i l y i n 

2+ 

s o l u t i o n by the red u c t i o n of S^I^^ - Electrochemical studies, 

e s p e c i a l l y c y c l i c voltammetry measurements, would be of great help i n 

e l u c i d a t i n g t h i s problem. At present, although several studies have 
(or)) 

been published on the polarographic r e d u c t i o n of Ŝ N̂ ,̂  ' only one 
(24) 

paper has appeared which considers the o x i d a t i o n of Ŝ N̂ . The 

ox i d a t i o n ( a t +2 V vs Ag/Ag"*") i s a 4-electron process and the major 
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product was thought t o be SN"*", Further work seems necessary i n order 

t o c l a r i f y the r e l a t i o n s h i p s between S^N^^"*", Ŝ N̂ "*", and S.N,. 
4 4 4 4 4 4 

7.2.3 Reaction of SN'^ASF_ with S^N^AsF.: 
o o o o 

There are several c o n f l i c t i n g r e p o r t s i n the l i t e r a t u r e of the 

prep a r a t i o n of the compound S^N^Cl which was believed t o contain the 

SgN^^ c a t i o n . ^ ^ ^ ^ Although recent c a l c u l a t i o n s ^^^^ i n d i c a t e t h a t 

planar Ŝ Ng"*̂  would be a d i r a d i c a l (and t h e r e f o r e probably unstable), 

i t has been pointed out t h a t a lower symmetry c o n f i g u r a t i o n might 
(25) 

remove the o r b i t a l degeneracy and so r e s u l t i n a stable species. 
I t was t h e r e f o r e thought worthwhile t o attempt the preparation of 

Ŝ N-''̂ AsF_~ according t o Equation 7.6; the r e l a t i v e l y large AsF_~ 3 3 b b 
counter-ion would be expected t o help s t a b i l i s e a r e a c t i v e c a t i o n . 

SN'^AsFg" + SgNg'^AsFg ^ ZS^N^'^'ASF^' Equ.7.6 

I n f a c t the r e s u l t s were d i s a p p o i n t i n g , since no new bands were 

detected by i n f r a r e d spectroscopy i n the r e a c t i o n products and hence 

i t was concluded t h a t no r e a c t i o n had occurred. Since Ŝ N̂"*̂  was not 
- (25) 

i s o l a t e d as an o x i d a t i o n product of S^N^ , i t s existence as a 

sta b l e species seems d o u b t f u l . 

7.2.4 Reaction of SN'^ASF^ with KCN: 

As has been s t a t e d i n Chapters 1 and 3, the preparation of 

carbon-sulphur-nitrogen polymers which may have i n t e r e s t i n g physical 

p r o p e r t i e s i s an important research goal i n sulphur-nitrogen 
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chemistry, perhaps the simplest r e a c t i o n which could be expected t o 

y i e l d such a polymer i s t h a t between the t h i o n i t r o s y l c a t i o n and the 

cyanide anion: 

SN'^ASF " + KCN >"(SNCN) " + KAsF_ Equ.7.7 
6 X b 

Two products were obtained, a dark purple-brown i n s o l u b l e s o l i d 

and a black soluble t a r . I n f r a r e d spectroscopy showed t h a t the 

i n s o l u b l e m a t e r i a l contained unreacted CN~ together w i t h a band a t 

2170 cm"''" which probably belonged t o some type of chemically bonded 

-CN group. No N-H h y d r o l y s i s bands were observed above 3000 cm~^ and 

so the very broad absorption between 1600 and 1300 cm~^ probably 

belongs t o some k i n d of C=N group; the other weak absorbtions are 

t y p i c a l of polymeric m a t e r i a l s w h i l s t the AsFg bands probably a r i s e 

from the presence of KAsFg. The i n f r a r e d spectrum of the soluble t a r 

al s o contains the absorbtions a t 2170 and 1600-1250 cm""'", but i n 

a d d i t i o n , contains N-H h y d r o l y s i s bands a t 3280 cm "'" and hence the 

other weak bands i n the spectrum may w e l l have ar i s e n from h y d r o l y s i s ; 

the AsFg" bands are probably unreacted SN"''AsFg . 

This r e a c t i o n seems t o produce an i n s o l u b l e polymer which 

contains CN and CN f u n c t i o n a l groups and may me r i t f u r t h e r a t t e n t i o n . 

The soluble t a r may w e l l be a h y d r o l y s i s product a r i s i n g from 

incompletely d r i e d KCN. Although a crushed sample of the i n s o l u b l e 

polymer was found t o be non-conductive, t h i s could be a r e s u l t of the 

presence of KAsFg c r y s t a l s ; e x t r a c t i o n w i t h an i o n i s i n g solvent such 

as a c e t o n i t r i l e would enable a more meaningful measurement t o be made. 
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I f the r e a c t i o n were t o be repeated, an arrangement which allowed KCN 

to be washed i n t o a bulb c o n t a i n i n g a s o l u t i o n of SN^AsF. should be 
b 

used. This would ensure t h a t complete r e a c t i o n occurred, without the 

p o s s i b i l i t y o f surface decomposition on s o l i d KCN. 

7o3 CONCLUSIOWS 

The r e a c t i o n s of SN^AsF. i n v e s t i g a t e d i n t h i s chapter d i d not 
b 

r e s u l t i n the i s o l a t i o n of any new compoundsJ however, some i n s i g h t 

was gained i n t o the r e a c t i v i t y o f the t h i o n i t r o s y l c a t i o n . Like the 

n i t r o s y l (NO^) c a t i o n , ^ ^ ^ ^ i t i s an o x i d i s i n g agent and t h i s behaviour 

d i s t i n g u i s h e s i t from other thiazene c a t i o n s . I t s reactions w i t h the 

halogens remain an i n t e r e s t i n g t o p i c f o r i n v e s t i g a t i o n , e s p e c i a l l y the 

r e a c t i o n w i t h c h l o r i n e ; t h i s should be r e - i n v e s t i g a t e d using a s a l t 

w i t h a c h l o r i n a t e d anion t o prevent halogen exchange. F i n a l l y , i t s 

r e a c t i o n s w i t h simple anions t o produce polymers seem to merit farther 

a t t e n t i o n . 
The f a i l u r e t o detect the S.N.^ r a d i c a l i n reduced s o l u t i o n s of 

4 4 

S^N^^^ r a i s e s some i n t e r e s t i n g questions. Although a brown s o l i d , 

S^N^^FeCl^", was characterized c r y s t a l l o g r a p h i c a l l y and spectro-

s c o p i c a l l y , no d i r e c t c o n f i r m a t i o n of the r a d i c a l nature o f the ion 

was obtained. ̂ '̂̂ ^ The reported i n f r a r e d data seem t o be incomplete as 

no S-N modes are reported above 952 or below 715 cm"'̂ ; a l l h i t h e r t o 

known thiazene cations e x h i b i t bands above 1000 and below 700cm ̂ , 

Since other sulphur-nitrogen r a d i c a l s are more h i g h l y coloured 

m e t a l l i c green or purple s o l i d s , an esr spectrum or magnetic 

s u s c e p t i b i l i t y measurement of Ŝ N̂ "'̂ FeCl̂  and more complete i n f r a r e d 

data would be u s e f u l i n confirming i t s i d e n t i t y . 
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7.4 EXPERIMENTAL SECTION 

7.4.1 The Reaction of SN^AsF^ with Chlorine: 
o 

a) SN'*'ASF_~ (0.3428g, 1.46 mmol) was placed i n a glass bulb 
b 

f i t t e d w i t h a J. Yong's Teflon stemmed valve, C I 2 (l.0681g, 15.04mmol) 

was condensed i n and the mixture was allowed t o stand a t room 

temperature ( w i t h occasional shaking) f o r 48h. The SN''"ASF_" d i d not 
b 

d i s s o l v e . The C l ^ was then pumped away and an i n s i t u Raman spectrum 
of the r e s i d u a l white s o l i d (SN"'"ASF_") was recorded. 

6 
Raman spectrum of white s o l i d (5145 X) , 9 = 1435vs (SN"^), 

680vs (AsF ~ ) , 557s (AsF ~) , 370s (AsF ~)cm."''" b 6 D 
b) SN'*'ASF_" (0.4165g, 17.7 mmol) was placed i n a glass bulb, 

b 

f i t t e d w i t h a J. Young's Tef l o n stemmed valve, together w i t h a Teflon 

coated magnetic s t i r r i n g bar. SO^ (1.7748g) was condensed i n t o the 

bulb, f o l l o w e d by Cl2(3.3787g, 47.6 mmol). The mixture was warmed t o 

room temperature and s t i r r e d . The r e a c t i o n mixture divided i n t o two 

phases. I n i t i a l l y , the lower phase was brown (SN''^ASF_"/SO„) and the 
b d 

upper phase was orange ( S O ^ / C l ^ ) but a f t e r s t i r r i n g f o r 12h, the lower 

phase had become a dark orange colour. The mixture was s t i r r e d f o r a 

f u r t h e r 60h w i t h no f u r t h e r changes i n colour. The gas phase i n f r a r e d 

spectrum of the r e a c t i o n mixture was recorded. A f t e r removal of 

v o l a t i l e m a t e r i a l s , a waxy yellow s o l i d was obtained which was 

characterized by i n f r a r e d and Raman spectroscopy and found t o be 
mostly SN''"ASF-". A t o t a l weight gain of 0.030g occurred during the b 
course of r e a c t i o n . 

Y i e l d of yellow s o l i d , 0.4465g. Gas phase i n f r a r e d spectrum of 



195 

r e a c t i o n mixture, \? = 1465vs (S0„C1F), (27) max 
1375m (SO^), 1360m 

(SO^), 1225VS (SO^CIF), 820vs (SO^CIF), 630vs (SO^CIF), 500vs 

(SO^Cl) cm. •'• I n f r a r e d spectrum of yellow s o l i d (powder spectrum), 

\? = 3250m,br ( h y d r o l y s i s ) , 1435s ( S N " ^ ) , 1280W, br, 1205m, 1120m, rn3.x 
br, 950w, br, 835m, br, 700vs, br (AsF.~), 390vs (AsF.~) cm"'''. Raman 

6 6 
spectrum (5145 X ) , = 1435vs (SN"*"), 682VS (AsF^"), 556s, br 

max b 
(AsF_"), 385 vw, sh (NSC1)„ ?, 370w (NSCl). ?, 360m (AsF."), 340 vw, 

6 3 3 b 
Sh (NSCDg ? cm. -1 

7.4.2 The Reaction of SN AsF_ with PF^: 
D 3 

a) I n a t y p i c a l experiment, SN^AsF_ (0.425g, 1.81 mmol) was 
b 

placed together w i t h a Teflon coated s t i r r i n g bar i n one bulb of a 

two-bulbed vessel. SO^ (7.761g) was condensed on top of the SN"*"AsFg~ 

and t h a t bulb ( t h e r e a c t i o n bulb) was i s o l a t e d from the r e s t of the 

vessel. A f t e r re-evacuating the r e s t of the vessel, PF^ was condensed 

i n t o the empty bulb and degassed; the f i n a l weight of PF^ added t o the 

vessel was 0.174g, 1.98 mmol. A f t e r warming t o room temperature, the 

valve i s o l a t i n g the two reagents was opened, and the mixture was 

s t i r r e d . To ensure e f f e c t i v e mixing, the SO2 s o l u t i o n was tr a n s f e r r e d 

from one bulb t o the other and back again. Reaction occurred almost 

immediately, the pale brown s o l u t i o n t u r n i n g orange (5 min), o l i v e 

(10 min), red (29 min). A pale c r y s t a l l i n e s o l i d began t o be 

p r e c i p i t a t e d a f t e r about 30 minutes and the mixture was s t i r r e d f o r a 

f u r t h e r 96h a f t e r which time a gas phase i n f r a r e d spectrum of the 

r e a c t i o n v o l a t i l e s was recorded. The r e a c t i o n mixture was cooled 

(-10°C) i n order t o p r e c i p i t a t e more of the pale product and the red 
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s o l u t i o n was c a r e f u l l y decanted away; the r e s i d u a l pale product was 

washed (3 x 1ml) w i t h back d i s t i l l e d SO^ t o remove traces of the red 

product. Complete removal of r e a c t i o n v o l a t i l e s y i e l d e d a white 

m i c r o c r y s t a l l i n e s o l i d S.N.^^(AsF_ )„.S0„ i n the r e a c t i o n bulb and a 
4 4 o d d 

mixture of the white product and a red m i c r o c r y s t a l l i n e s o l i d 

(S^N^.AsF^) i n the other bulb. 

Y i e l d s : white s o l i d , 0.130g; red mixture, 0.155g. A weight loss 

of 0.135g was observed during the r e a c t i o n . Gas phase i n f r a r e d 

spectrum of r e a c t i o n mixture, \? = 2500w(S0^), 1410s(0PF„), 
max 2 3 

1370vs(S02), 1350vs(S02), 1160m(S0)2), 1140m(SO^), 1026s(PFg), 
980vs(0PF„), 940vs(PF^), 890m, sh (PF„), 870m (OPF_), 860m sh (PF_), 3 b 3 3 3 

570m (PF^), 530s (PFj,), 490m (PF-), 470m (0PF„) cm""̂ . L i t e r a t u r e 

spectra f o r PF and OPF are given i n References 10 and 11 

r e s p e c t i v e l y . I n f r a r e d spectrum of white product S^N^^^{AsFg ) ^ , 

\? = 1325VS, 1149s, 1030s, br, 850m, 817w, 700v.vs, 570m, 524m, max 
440s, sh, 390 v.v.s cm ^. C.f. Reference 15, ^ = 1054s, 1040s, 

1015s cm"'̂ . I n f r a r e d spectrum of red mixture, ^ = 1325m, 1150m, 
max 

1070m, 990vw, 925vw, 865m, 845vw, 700vs, br, 570w, sh, 525m, 440w, sh, 

395vs cm"'̂ . Analysis f o r white s o l i d , ( 0 . S e l l e r , Gotiingen, FRG) 

found S, 25.20; N, 9.27; As, 25.0; F, 37.4; 0 (by d i f f e r e n c e ) , 3.13; 
S.N.^'^CASF ")-.S0_ r e q u i r e s , S, 25.60; N, 8.95; As, 23.9; F, 36.4; 0, 4 4 o d d 

5,1%. 

b) Separation of the S^N^.AsF^ i n trace q u a n t i t i e s could be 

achieved by p l a c i n g the mixed f r a c t i o n from p a r t a) i n another 

two-bulbed vessel and slowly evaporating an SO^ s o l u t i o n thereof. 



197 

Small c r y s t a l s of S^N^.AsF^ grew on the w a l l s of the bulb and a 

s u i t a b l e c r y s t a l was picked and i d e n t i f i e d by PoS. White ( U n i v e r s i t y 

of New Brunswick). Subsequently, i t was found t h a t S^N^.AsF^ could be 

separated from S .N .^"""(AsF."). .S0„ by e x t r a c t i o n w i t h S0„C1F. I t should 

be mentioned t h a t i n each of the procedures described, extensive 

decomposition of the S.N.^^(AsF_ )„oS0„ occurred during manipulation. 
4 4 d. 

Approximately 0.020g of S^N^.AsF^ was i s o l a t e d i n t h i s way from 0.145g 

of red mixture and i t s i d e n t i t y was confirmed by i n f r a r e d spectro­

scopy. I n f r a r e d spectrum of p u r i f i e d red p r o d u c t , = 1065m, 985m, 

862m, 840w, 720m, sh, 680s, 620w, sh, 519m, 430m, 387s, sh cm""̂ . c . f . 

Mews e t al^"*"^^ 1070s, 1015vw, 980m, 925w, 867m, 845w, 693sh, 685vs, 

668m, 625m, 551w, 547w, 432m, 388vs, 363m, 349s cm"''". 

No Raman spectra o f the white compound could be obtained owing t o 

decomposition of the sample i n the beam, but a c r y s t a l was grown from 
SO^ s o l u t i o n and i d e n t i f i e d by W. Clegg ( U n i v e r s i t y of Newcastle upon 

2+ -
Tyne) as S^N^ ^̂ ^̂ 6̂ ^2°^^2' parameters determined (no f i n a l 
refinement) were, monoclinic C„ , or C , a = 13.467, b = 7.993, c = 

2/c c 
15.386 S, ^ = 100.14° which compare w e l l w i t h the parameters given i n 

Reference 15 of monoclinic , or C , a = 13,404(2), b = 7.958(1), c 
2/c c 

= 15.341(3) S, p= 100.05(1)' 

7„4„3 The Reaction o f SN*AsF_ w i t h S^W_AsF_: 
6 5 5 6 

S^N^AsF- (0.40g, 0,95 mmol) was placed together w i t h a Teflon b o D 

coated s t i r r i n g bar i n one bulb of a two-bulbed vessel. SN^AsF_ 

(0.22g, 0.95 mmol) was placed i n the other bulb and SO^ (ca. 10 ml i n 

t o t a l ) was condensed i n t o both bulbs. The pale brown s o l u t i o n of 
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SN''^ASF_ was added t o the pale yellow s o l u t i o n of S^N^AsF., which D b o b 

darkened s l i g h t l y and the mixture was s t i r r e d a t room temperature f o r 

24h. No f u r t h e r colour changes were observed and a gas phase i n f r a r e d 

spectrum of the r e a c t i o n mixture showed only SO2. Complete removal of 

sol v e n t y i e l d e d a yellow c r y s t a l l i n e s o l i d w i t h a s l i g h t greenish 

cast. 

Y i e l d 0.62g. I n f r a r e d spectrum o f yellow s o l i d , S? = 1150m, br, 
max 

820vw, 700vs, vbr, 575m, 535m, 400vs cm A l l bands assigned t o 

S^N^AsF. (see Chapter 3 ) ; presumably, the SN"*" band at 1435 cm~^ was b b 6 
masked by n u j o l . 

7.4.4 Reaction of SN^AsF^" with KCN: 
o 

SN"'"ASF_~ (0.2g, 0.85 mmol) was placed i n one bulb of a two-bulbed 

vessel and i s o l a t e d from the remainder of the vessel. KCN (0,042g, 

0.85 mmol) was placed together w i t h a Teflon coated s t i r r i n g bar i n 

the other bulb and was flamed g e n t l y i n vacuo t o remove traces of 

moisture (20 min); care was taken t o avoid f u s i n g the s o l i d . SÔ  (a 

t o t a l o f ca. 4 ml) was condensed i n t o each bulb and a f t e r warming t o 

room temperature, the s o l u t i o n of SN'''ASF_~ was added t o the KCN. A 

r e a c t i o n occurred immediately t o give a black s o l u t i o n and a black 

i n s o l u b l e s o l i d . The mixture was s t i r r e d a t room temperature f o r 24h; 

a gas phase i n f r a r e d spectrum was recorded which showed only the 

presence of SO2. The mixture was f i l t e r e d and the solvent was pumped 

away t o y i e l d a brown purple i n s o l u b l e s o l i d and a black soluble t a r . 

Y i e l d s : s o l i d , O.lg; t a r , ca. O.lg, I n f r a r e d spectrum of s o l i d , 
V? = 2170m, 2080m (CN"), 1600-1300w.br, m, 1170br, m, 1070br, w, max 
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970br, m, 830w, sh, 710vs, br, (AsFg ) , 400vs (AsFg )cm~''". I n f r a r e d 

spectrum of t a r (smear), \? = 3280vbr, m ( h y d r o l y s i s ) , 2175w, 

1600-1250 v.v.br, s, 1200 br, w, 1080 br, w, 925 br, w, 780 br, sh, 

700 vs (AsFg~), 525w, 470vw, 445w, 395 vs (AsFg") cm"''". 
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14,5.85 Prof. J. Passmore ( U n i v e r s i t y of &lew Brunswick), "The 
Synthesis and C h a r a c t e r i s a t i o n of some Novel Selenium-Iodine 
Cations, Aided by ^''se NMR Spectroscopy", 

15.5.85 Dr J,E. Packer ( U n i v e r s i t y of Auckland, New Zealand), 
"Studies of Free Radical Reactions i n Aqueous Sol u t i o n Using 
I o n i s i n g Radiation". 

17.5,85 Prof, I.D. Brown ( I n s t i t u t e of M a t e r i a l s Research, McMaster 
U n i v e r s i t y , Canada), "Bond Valence as a Model f o r Inorganic 
Chemistry". 

21.5,85 Dr R, Grimmett ( U n i v e r s i t y of Otago, Dunedin, New Zealand), 
"Some Aspects of N u c l e o p h i l i c S u b s t i t u t i o n i n Imidazoles", 

22.5,85 Dr M, Hudlicky ( V i r g i n i a State U n i v e r s i t y , Blacksburg), 
" P r e f e r e n t i a l E l i m i n a t i o n of Hydrogen Fluoride from V i c i n a l 
Bromofluorocompounds". 

4.6, 85 Dr P,S. Belton (Food Research I n s t i t u t e , Norwich), 
" A n a l y t i c a l Photoacoustic Spectroscopy", 

13.6.85 Dr D, Woollins ( I m p e r i a l College, U n i v e r s i t y of London), 
"Metal-Sulphur-Nitrogen Complexes". 
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14o6.85 Prof. Z. Rappoport. (The Hebrew U n i v e r s i t y , Jerusalem), "The 
Rich Mechanistic World of Nucleophilic V i n y l i c 
S u b s t i t u t i o n " . 

19,6.85 Dr T.N. M i t c h e l l ( U n i v e r s i t y of Dortmund), "Some Synthetic 
and NMR-Spectroscopic Studies of Organotin Compounds". 

26.6.85 Prof. G. Shaw ( U n i v e r s i t y of Bradford), "Synthetic Studies 
on Imidazole Nucleosides and the A n t i b i o t i c Coformycin". 

12,7.85 Dr K. L a a l i (Hydrocarbon Research I n s t i t u t e , U n i v e r s i t y of 
Southern C a l i f o r n i a ) , "Recent Developments i n Superacid 
Chemistry and Mechanistic Considerations i n E l e c t r o p h i l i c 
Aromatic S u b s t i t u t i o n s ; A Progress Report". 

F i r s t Year I n d u c t i o n Course 

i ) Departmental organization 
i i ) Safety matters 

i i i ) E l e c t r i c a l appliances 
i v ) Chromatography and microanalysis 
v) L i b r a r y f a c i l i t i e s 

v i ) Atomic absorption and inorganic a n a l y s i s 
v i i ) Mass spectrometry 

v i i i ) NMR spectroscopy 
i x ) Glassblowing technique 


