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'ABSTRACT

As part of a general study of 1,2,3,5-dithiadiazolium
cations, a serles of 4-phenyl-1,2,3,5-dithiadiazolium salts
were produced by anion exchange reactions, both in the solid
phase and in solution. The reduction of the 4—phenyl—l,2,3,5-
dithiadiazolium cation gave the previously unreported, 4-phenyl-
l,2-dithia—3,5;diazole, the crystal structure of which indicates

that the dithiadiazole exists as an eclipsed dimer.

By énalogy with the solid phase exchange reactions which
occur between 4-phenyl-1,2,3,5-dithiadiazolium chloride and
Group ‘I metal halides, the ﬁetathetical reactions between
SBNQCl and metal halides were investigated. The produgt

isolated from the reaction of 8 NECl with CsI was identified

3
as tetrasulphur tetranitride. The reductions of SqNBCl,

SBNQCI, 83N2012 3

reducing agents. The majority of the reduction reactions

and (NSCl), were studied using a variety of
gave tetrasulphur tetranitride but the reduction of trichloro-~
trithiatriazene by iron uSing sulphur dioxide as a solvent:
provided a convenient synthesis of the cyclopentathiapenta-
zenium cation (85N5+). The reduction of chlorothiodithiazyl
chloride by‘iron using sulphur dioxide as a solvent produced

the previously unreported salt <SloN82+)<F8014")2'

The synthesis of the cations SXN+ (x21) was approached
from two angles, that of reacting sulphur polycations
2+ -
(88 (ASF6 )2)
and that of reacting the thionitrosyl cation (NS+) with

with nitrogen containing species (MN3 and S4N4)

sulphur.

2+(

The reactions of Sg ASF6-)2 with azides and tetrasulphur

tetranitride led to the formation of the 82N+ cation and with



excess tetrasulphur tetranitride to the prodﬁction of
SlON82+(ASF6-)é‘ ~ Some preliminary investigative reactions

. 2+ - 2+ -
of selenlum (Seu (AsF6 ), and Seg (AsF6 )2) and tellurium
(Te42+(AsF6f)2) polycations with both azides and tetrasulphur
tetranitride were carried out and a selenium analogue of
+1u

"S N

32

isolated.

FIn an attempt té prepare-th{azyi fluoride (as a precursor
to thionitrosyl salts) by a simple single stage process,
chlorine monofluoridé was reacted with S,N, and (NSCl)B. The
reactions did not produee NSF in high yields, the main pro-
ducts being‘sulphuf tetrafluoride (SF4), nitrogen and chlorine.
The mechanisms of the‘reactions of ClF with 84N4 and (NSCl)3
are discussed. :

NSF was synthesised by the metathesis reaction between

thiazyl chloride and cesium fluoride.

A facile route to the ‘thionitrosyl cation via the oxid-

ation of (NSCl), and S,N, using Group V' Lewis acids (AsF5,

3

SbF at lOO—lBOOC failed. However a convenient route to

5)
thionitrosyl hexaghloroantimonate(y)has_been found in the
vapour phase reaction of thiazyl chloride with antimony

pentachloride.
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~ NOMENCLATURE

The nomenclature used for sulphur-nitrogen heterocycles
throughout this thesis is that adopted by Chemical Abstracts.
A systematid nomenclature'has recently been published by

Banistér and Heaf but is not, as yet, in general use.

Formula Nomenclature

SSN5+ 'Cyclopentathiapentazeniﬁm
' S4N4'. : . Tetrasulphur Tetranitride
SyN,Fy . o Tetrafluorotetfathiatetrazocine

84N3+' Thiotrithiazyl |

S4N2 : - Tetrasulphur dinitride

83N3X3 ' | : Trihalptrithiatriazene

83N2+ - - Thiodithiazyl

s,N,C1* Chlorothiodithiazyl

NSX | Thiazyl halide

NS+ | | Thionitrosyl

¥ H.G. Heal and A.J. Banister

Phosphorus and Sulphur 1978 5 95




CHAPTER ONE

EXPERIMENTAL TECHNIQUES

The work in'this thesisvhas been carried out in two
Universities; |

(1) University of Durham, Durham, England.

(ii) University of New Brunswick, Fredericton,

New Brunswick, Canada."

The experimental tecﬁniques,adopted in each University
were somewhat different and thus the University 1s specified

when referring to speeifio’techniques or apparatus.,

1.1 Handling Techniques

bThe-majority of compounds handled throughout this thesis
were moisture sensitive. vThe specles were, therefore, mani-
pulated in dry-box conditions, under a top pressure of dry

nitrogen or in vacuo.

A, Nitrogen Supply (University of Durham)

The nitrogen was obtained as boil off from the
liquid nitrogen generation plant and was dried by passing
it through (in series), a concentrated sulphuric acid bubbler,
a liquid nitrogen eold trap, a phosphorus pentoxide column
and a potassium hydroxide column, The removal of oxygen was

not found necessary for the work carried out in Durham.

The nitrogen supply at the University of New Brunswick
was from high pressure cylinders (equivalent to White Spot

Nitrogen supplied by B.0.C. Ltd. (U.K.))

B. Dry-Boxes

(1) Dry-box in the University of Durham

The dry-box in Durham operated with an atmosphere
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of dry nitrogen (dried as in l.l.A) which was continuously
recycled through'a phosphorus pentoxide column. The port
was purged by dry nitfogen for at least 45 min. after each
opening to the;external atmosphere. At least one dish of
phosphorus pentoxide was kept in the box at all times to
monitor the efficiency of the drying golumns. All samples
for infra-red, Raman and mass spectra and analyses were

prepared inside the box.

(11) Dry-box in the University of New Brunswick

A vacuum atmospherés H.E-43-2 dry-box oper-
ating with a nitrogen or argon atmosphere was employed. The
nitrogen and argon were obtained from high pressufe cylinders,
the nitrogen being used direétlm whereas the'argon was dried

by passage over an active metal surface.

Access to the box was via a 70 dm> port‘(60 ecm
in léngth, 40 cm dia.) which could be_evacuated, The port
was pumped down for 20 min. and then the atmosphere inside
The box allbwed into the port, the total pressure in the box
‘being maintained by hiﬁrogen from the high pressure cylinder.
The pressure inside the box was automatically controlled to
within i"lO torr of étmospheric pressure by a Pedatrol HE-63-P.
The atmosphere inside the box was continuously recycled through
an HE 49% DRI-TRAIN,which is essentially a molecular sieve/
copper purifier. A water content of better than 2 ppm. was

generally obtained.

C. Apparatus used for Fluorine containing compounds
and High Pressure Reactions

(i) Vacuum line

For non-fluorinated compounds a glass vacuum

line with high vacuum, hand ground taps and Apigzon grease



was used. For fluorinated species a Monel line fitted with
stainless steel Whitey valves (1KS4) using swagelock fittings
with ﬁeflon ferrules was employed. The Monel line was conn-
ected via a glaés muck trap to a rotary oil pump. The Monel
line was passivated by'flaming the line with either an atmos-
phere of fluorine or sulphur tetrafluoride contained within.
Pressures within the line were measured in torr using a dia-

phram gauge (0 torr - 1500 torr).

(ii) Apparatus used for reactions involving
fluorinated species or pressures greater
than one atmosphere. ’

(a) Pyrex vessels fitted with sinters

Various types of vessels were used which
fall under this heading. The simplest vessel 1s that shown
in figure 1.1 (page 14 ) in which there is one teflonlvalve,
through which the reactants and solvents may be loaded. More
.complex versions of the same basic design were used (figure l.2,.
page 14.) in which the solid reactants couid be added to both
bulbs and one bulb sealed off with respect to the other bulb.
This allows moisture sensitive materials to be sealed in one
section whilst operations are carried out in the other section
under normal atmospheric conditions. Vessels with up to two
sealable sections and two sinters were used in the work with

(Group VI polycations. (Chapter Six, page 269).

(b) F.E.P. Tubes fitted with Swagelock Joints

F.E.P. tubing 3" o.d. was purchased in
50" rolls. 20 cm léngths of this tubing were taken and one
end sealed using a moderately hot glass tube. The tubing was
then placed in a swagelock compression joint which was conn-

ected to a stainless steel Whitey valve (1KS4) (figure 1.3,



page 15). The mode of operation using these vessels was
to passivate them by pumping under reduced pressure for 2h.
or by condensing 1in ca. 300 torr pressure of SF4.  Solid
reactants were added to the tube by separating the swagelock
Joint. Gases and volatiles were condensed into the Vessel

by cryogenic pumping.

(¢) High Pressure Monel Vessels

High pressure}reactions@»} atmospheres)
were carried out using Monel vessels (maximum working pressure
‘ca. 20 atmospheres), (figure 1.4, page 15 ). “The vessels |
were.made leak tight by progressively tightening'the‘Allen'
screws, with the resulting deformation of the teflon "O" ring.
The vessels Were passivated by heatiﬁg them with a Bunsen.
flame whiist they contained sulphur tetrafluoride. Solids
were placed in the vessels by removing the 1id and volatiles

by condensation via the Whitey valve.

1.1.1 Spectroscopic Data

(i) Infra-red Spectra

Infra-red spectra were recorded using nujol mulls,
between KBr or AgCl plates and as discs using KBr or KC1l as |
dispersants. Gas phase infra-red spectra of fluorine con-
taining speciesbwere recorded using a passivated stainless
steel cell with AgCl.windows, whereas the spectra of non-
fluorine containing compounds wére fecofded using a glaSs
cell with KBr windows'(figure 1.5, page 16 ). Perkin-Elmer
457, 577 and 467 prism grating spectrometers were used to

obtain the spectra.

(ii) Raman Spectra

Raman spectra were obtained using a Cary 82

spectrometer with a Spectra Physics 125 (632.8 nm exciting



line) or a Spectra Physics 164 (514.5 nm, exciting line)laser
(University of Durham). Spectra were also recorded using a

# .
Raman lab. machine with a Spectra Physics 125 laser (University

of New Brunswick).

(iii) Mass Spectra

'Mass spectra were obtained using an A.E.I.
(MS9) speotrometef interfaced with é FDPE;zﬁni-computer.
Samples were run at 120-18000.and 70 eV With an accelerating
potential of 8kV. Samples were introduced by direct insertion

into the ion source.

(iv) l9F-Nuclear Magnetic Resonance Spectra

19F-n;mnr. were obtained using a Varian
H.A 100 (94.08 mHz) or a Varian H.A.60(56.4 MHz) spectrometer.
Perfluorobenzene and Freon 11 (CClEF) were used as reference

compounds. _ ?

1.1.2 Analyses
Carbon, hydrogen and nitrogen were determined
using a Perkin-Elmer 240 Elemental Analyser. Nitrogen was

also determined by the Kjeldhal method.

Sulphur and the halogens were determined by oxygen
flask combustion followed by visual and potentiometric titration

of the sulphate and halide anions respectively.

All metals were determined using a Perkin-Elmer

40% Atomic Adsorption Spectrometer,

Arsenic and tellurium were analysed by Butterworth

Laboratories Ltd., Teddington, Middlesex.

WP_DR N o t‘eaés-‘erc& "‘f'moée name.
1'(R.a.rfm.nlalg, > a reav‘.s-]—eraﬁ Vrade name



1.2 Preparation and Purification of Starting Materials

1.2.1 Inorganic Liguids, as both Starting
Materials and Solvents

(i) Sulphur Diohloride'(SClg)

_ Sulphur dichloride was purified by fractional
distillation, the middle fraction (bpt.50-62oc) was retained
and refractiqnated,the purified épecies'being collected at

60°¢.

(ii) Disulphur Dichloride (82012)

Disulphur- dichloride was distilled from
sulphur and decolourising charcoal at atmospheric pressure

the :
and fraction collected between 130°C-140°C redistilled in

2
vacuo ¢

(1i1) Thionyl Chloride (SOClg)

Triphenyl phosphite (10% by weight) was added
to the crude thionyl chloride. The thoroughly mixed system
was then fractionated through a 12" column packed with glass
helices and the middle fraction collected. Redistillation
of the middle fraction gave é practically clear liquid.3

The thionyl chloride was stored in the dark with teflon sleeves

on the ground joints, as grease is attacked by thionyl chloride.

(iv) Sulphuryl Chloride (302012)

Analar sulphuryl chloride was distilled
under nitrogen,the fraction collected between 69-70°C being

used.

(v)  Sulphur Dioxide (80,)

Sulphur dioxide was condensed on to either

calcium dihydride or phosphorus pentoxide and stored for 4



days prior to use. The solvent was always distilled off

the dehydrating agent.

(vi) Arsenic Trifluoride (AsF

3)

Arsenic trifluoride was distilled
on to sodium fluoride and stored for 4 days prior to use.
The solvent was always vacuum distilled off the sodium

fluoride.

(vii) Sulphuryl Chloride Fluoride (SOQClF)

Sulphuryi chloride fluoride was dried over
phosphorus pentoxide for 4 days prior to use. The solvent

was always distilled off the dehydrating agent.

1.2.2 Organic Liquids as both Starting Materials
and Solvents

(1) Hexafluorobenzene (C6F6)

Hexafluorobenzene was distilled in vacuo
on to activated molecular sieve (4.A) and stored for 24h.
The solvent was then distilled (4m vacuo) on to a second
batch of activated molecular sieve (4.A) and stored for ca.‘
60h. prior to use. The solvent was disfilled off the mole-

cular sieve (4n vageuo) into the required’vessel.

(ii) Tetrahydrofuran (THF) and
Monoglyme (CHBOCH2CHEOCH3)

Tetrahydrofuran and monog lyme were refluxed
for 8h. with sodium-potassium alloy and then fractionally

distilled.4

(iii) Benzonitrile (PhCN)

. Benzonitrile was refluxed with magnesium
sulphate for 12h. and then distilled on to and stored over

activated molecular sieve (4.A).



(iv) The following solvents were dried using
sodium wire

(a) 1,4-dioxan, (b) diethyl ether, (c)

toluene, (d) benzene, (e) pentane, (f) hexane.

If a high degree of dryness was required
for the above solvents, they were refluxed with metallic

sodium for 3h. and then distilled.

(v) The following solvents were dried by
refluxing with phosphorus pentoxide

(a) Nitromethane, (b) Freon ll,(CFClE),
(¢) carbon tetrachloride, (d) 1,2-dichloroethane, (e)

dichloromethahe.

1.2.,3 Purification of Lewis Acids

(i) Boron trichloride (BClE)

Boron trichloride was distilled, <un vacuo

into the required vessel.

(ii) Aluminium Trichloride (A12016)

Aluminium trichloride was purified by sub~

limation at 130°C, <n vacuo, on to a cold finger at -78°C.

(1ii) Tin (IV)Chloride (Sncl,)

Tin (V)chloride was distilled Zn vacuo

prior to use.

(iv) Iron (ITT)Chloride (Fe,Cl¢)

Iron (III) chloride was purified by refluxing
in thionyl chloride for 2h.,filtering off the thionyl chloride

and drying <n vacuo.
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(v) Antimony Pentafluoride (SbF5)

Antimony pentafluoride was distilled four
'times, in vacuo, to remove all traces of HF, and stored in

vacuo,

(vi) Antimony Pentachloride (SbClB)

Antimony pentaghloride was purified by double

distillation Zn vacuo.

(vii) Arsenic Pentafluoride (AsF5) (Monel Appanﬂmg

Arsenic trifluoride was condensed into the
botfom of a bomb and fluorine addedbin small aliquots. The
vessel was allowed to warm slowly to room temperature between
each addition of fluorine. A slight excess of fluorine was
added to the system to ensure complete conversion. After
all the fluorine had been added and the fluorination was
complete the bomb was cooled to —196OC and the excess fluorine
removed. The arsenic pentafluoride was used directly from

the bomb.

1.2.4 (Gaseous Reactants

(i) Chlorine and Bromine

Chlorine and bromine were distilled on to
phosphorus pentoxide and stored for two days prior to use.

The halogens were distilled, ¢n vacuo, into the required

vessels. ;
(11) Chlorine Monofluoride (CLF) (Monel Appasotus)

The gas was céndensed at -196°¢C and pumped
on to remove nitrogen aﬁd/or fluorine, No attempt was made

to remove any chlorine present.
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l.2.5 Solid Reactants

All solid reactants were dried, in vacuo, at
- elther room temperature or elevated temperatures as required.
Salts that decompose Zn vacuo or on heating were used from a

freshly opened sample.

1.2.6 Sulphur?Nitrogen Starting Materials

(i) Tetrasulphur Tetranitride <SHN4)

Tetrasulphur tetranitride was prepared by
the method described by Jblly,5 in which chlorine gas was
passed through a carbon tetrachloride solution of disulphur
dichloride until saturated, followed by ammonia gas. The
solid was washed wifh water, then ether and extracted with

1l,4~dioxan finally being recrystallised from benzene.

(ii) Trichlorotrithiatriazene (Sijclj)

(a) Excess sulphuryl chloride was added
to powdered chlorothiodithiazyl chloride and stirred at room
temperature for 24h. The reaction mixture;Was filtered and

6

the residue recrystallised from carbon tetrachloride.

(b) A higher melting and thermally more
stable compound was formed when chlorine gas was paSsed over
chlorothiodithiazyl chldride fof'BO min. producing a deep red
slurry. The sulphﬁr dichloride formed was femoved in vacuo
and the process repeated until no further sulphur dichloride
was produced. The crude material was then recrystallised

3 1y.7

from anhydrous carbon tetrachloride (2.5 em” gram

(111) Chlorothiodithiazyl Chloride’ (85M,C1,)

Dry ammonium chloride (200g) and sulphur

(40g), were mixed in a 1000 cmj'}task fitted with an air



12

condenser (100 em in length, 2 cm diameter) on top bf which
was attached a calcium chloride drying tube. Di;ulphur di-
chloride (200 cmj, 336g) was added to the reactants and the
reaction mixture heated (using an isomantle ) to reflux. The
reflux point was controlled and stabilised about 2/3rds of the
way up the air condenser. Over a period of 10h. the reflux
level dropped and large orange crystals formed on the con-
denser walls. It was found esééntial to use a fume cupboard
with a high extraction rate, in order to increase the temper-
ature gradient up the column. The temperature gradient.should
not be altered throughdut the course of the experiment. After
ca. 1lOh. the reaction was cooled down, the alr condenser was
removed and pumped down to remove all traces of SClQ. The
condenser was then 'wad with'  dry nitrogen and the product

stored in a dry-box.

(iv) Thiodithiazyl Chloride’ (551,C1)

‘ Thiodithiazyl chloride was prepared from
chlorothiodithiazyl chloride <83N2012) by.heating the latter
at 80°c, in vacuo, for ca. 1h. The orange-red 83N2012 grad-
ually turned very deep green. The system wasfﬂ%%&Lumﬂ»,

dry nitrogen and the product stored in a dry-box.

(v) Thiotrithiazyl Chloride’ (3,N.C1)

5

'Powaered chlorothiodithiazyl chloride was
added to a mixture of excess disulphurfdichloride in dry
carbon tetrachloride. The system was refluxed for 6h. until
éll the orange SﬁNéjlg had reacted ylelding the fine yellqw

S4N Cl product. The product was isolated and the impurities

3

present extracted from it with refluxing pentane. The purif-

ied S4N Cl was dried Zm vacuoand stored in a dry-box.

5
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‘Although the above procedure is reported

to give quantitative yields of §,N,C17,yields of only 60%

| )
were normally obtained.

1.2.7 Preparation of Group VI Polycations

(1) 8g°"(asFg),

2+(A’sF6')2 was prepared by the action of

8

Sg
arsenlc pentafluoride on sulphur.

55 2+(ASF6_)2 + AsF

5 5

Sg + 3AsF5 —g5— Sg
Pre-dried sulphur was placed in a vacuum
tight pyrex vessél and sulphur dioxide condensed iﬁ. The
cbrrect volume of ASF5 to satisfy the above equation was then
condensed in‘and the reaction stirred for two days at room
temperature. The deep blue product was then filtered off

and dried <n vacuo. The compound was stored in a dry-box.

(11) Seg”(AsFg ),

The same procedure was adopted as for the
preparation of 882+(ASF6—)2.9

(111) Te, " (AsFg ),

The same procedure was adopted as for the

preparation of 882+(ASF6->2.10

(iv) Se42+(AsF6—)2.ll

Se42+(AsF6- was produced by essentially the

)2
same procedure as S82+<ASF6-)2 but the system was heated to

80° for 4 days and the solubles removed (Se82+(AsF6')2). The

Se42+(AsF6- is relatively insoluble in SO, and thus a slight

)2
excess of AsF_. was used to ensure complete conversion of the

5

elemental selenium.
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CHAPTER TWO

THE PREPARATION AND REACTIONS OF THE
4-PHENYL~-1,2,3,5 "DITHIADIAZOLIUM CATION

2.1 Introduction

Carbon-Sulphur-Nitrogen Heterocycles containing
(4n + 2)n-electrqns I%Uerl Aromatic Species)

There is a vast chemistry of héterocyclic five and

six membered rings containing carbon, sulphur and hitrogen.
There is no compreheﬁsive review bf éll the permutétions _
and combinations of‘cyClic.C/S/N species, althoﬁgh Barton
and Qllis in their,exoellént series "Comprehensive Organic
Chemistry" (Volume 4, Heterocyclic Chemistry)l do discuss
some of these species. The Specialist Periodical Reports
on the organic compounds of.Sulphur, Selenium and Tellurium
also provide useful lead references into this area of

chemistry.(ga“d5 3a,b; 4a-i; 5)

Heterocyclic C/S/N compounds can be categorised into
groups depending on the number of atoms in the'heterocyclic
ring and by the charge on the ring. - Figures 2.4-7 ( pages
81 - 84) indicate the.skeletal arrangements of the majority

of known C/S/N heterocycles containing ai@n + éh ‘system,

2.1.1 Meso-ionic C/3/N Heterocycles

There-is.a class of compounds named "méso—ion;o"
oompouﬁds,of which a largé proportion éf known examples‘con-
tain g five membered éarbon-sulphur—nitrogen ring. Although
these compounds are not.discusséd at length in this thesis it
is‘worth noting their exisftence when discussing examples of

cationic C/N/S.heter'ocycles.l (figure»Q;l)



19

"A compound maj be appropriately called meso~ionic if
it is a five-membered heterocycle which cannot be
represehted satisfactorily by any one covalent or
.polar_stfﬁeture'and péssesses_a sextet of electrons

.in association with the five atoms comprising the

o

(ref.7) (ref.8)

1
'\\\s (ref.10)

2.1.2 vNeutral‘C/S/N Heterocycles containing a
Five Membered Ring

All the c/N/S heteroéycles containing 67-electrons
are known up to and including -CN,8, in either neutral or
cationic forms. Ringé containing more than two atoms of
either sulphur or nitrcgen are generally not known except
for 5 substituted 1,2,3%,4 thiatriazole (compound 2.13, figure_
2.4 page 81 ). |
| The thiazoles ("C4NS" compounds 2.1, 2.3 figure
2.4 page 81 ) and benzothiazoles (compounds 2.2, 2.4 figure 2.4

page 81 ) have been known for many years and are of great
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pharmaceutical interest as diuretics,antihistamines, mito-

2b 2a

statics and inflammatories. Recent industrial uses

have included the use as vulcanisation‘accelerators,gb anti-

2b 2a,d 2a,c,d and

as photochromics
2a,b,d

oxidants, , as dyestuffs

in polymeric applications.

2.1.3 Neutral C/S/N Heterocycles containing
a_Six Membered Ring

There are fewer C/S/N six membered HUckel aromatic
"ring systems than would,aﬁ first, be anticipated. All the
"C4NS" rings are known, including examples with sulphur in the éiVj
and 4Vﬂ statesdue to bdhding ofban oxygen and a further group

to the sulphur (compounds 2.14-16, figure 2.5, page 82 ). Of
the three possible isomers of the dithiazine ring system only
the 1,4,2-isomer‘has been isolated (ecompound 2.17, figure 2.5,
page 82 ).  The ring systems of the form "stNg" (thia~-
diazines) are Well documented12 and the chemistry of the S,S—
dioxides has been widely studied.™ Not all the isomers of

the thiadiazine rings are known and those that are tend to

be stabilised by coordination to a benzo or naphtho ring
(compounds 2.18-23, figure 2.5, page 82 ). The chemistry

‘of the heterocycles containing two sulphur-atoms and two
nitrogen atoms (dithiadiazines) has not‘been widely Studiéd

and only the 1,3,2,4-isomer (compound 2,22, figure 2.5,

page 82.) has been synthesised. . Heterocycles of the form
”CESN3" and "CS2N3" have been synthesised (compounds 2.23,24,
figure 2.5, page 82 ) but as yet their uses and chemistry

have not been systematically investigated.

2.1.4 Neutral C/S/N Heterocycles containing
other than Five or Six Membered Rings

Although rings of other sizes than 5 or 6 do exist
they do not, in general, exist without one or more bonds in

the ring beihg fully saturated (i.e. an incomplete delocalised
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system). The ohly exceptions to this are the 1,4,5-thia-
diazepine, and 1,2-thiazepine ring systems (compounds.2.25,26,

- figure 2.6, page 83 ).

2.1.5 Cationic Five Membered C/S/N Heterocycles
~with no substituents on Nitrogen or Sulphur

Although there are quite a few C/S/N cationic
heterocycles with a fiVe membered riﬁg the majority are.
substituted at nitrogen (compouﬂds 2.27-32, 35, 306, figure
2.7, pages 83,84).

. There are however four five membered C/S/N
heterocyclio cations without the nitrogen being substituted

(compounds 2.33, 34, 37, 38, figure 2.7, page 84 ).

(i) The 1,2,4-dithiazolium cation (comp. 2.33%)
(11) The 3,5-benzo-1,2,3-dithiazdium cation (Herz
compound: 2.3%4)
(iii) The 4-substituted-1,2,3,5-dithiadiazolium cation

(compound 2;37)

(iv) The 4-substituted-1,3,2,5-dithiadiazolium cation

(-ecomp. 2.38).

The 1,2,4-dithiazolium salts are, by far, the
most investigated species of the four cations. Many salts
have been synthesised with a large range of substituents at

the 3 and 5 positions. The dithiazolium cations have found

Yh-17 male
14,20

and photographic development accelerators.

pharmaceutical and industrial uses as sterilizers,

18,19

contraceptives

Although the derivatives of the 1,2,4%-dithiazolium
cation are of significant industrial interest they are not
discussed further in this thesis as there is no sulphur-

nitrogen bond in the ring.
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2.1.5a The Herz Compounds (Bengzo-1,2,3-dithiazolium
salts) (comp. 2.%4, {igure 2.7, page 84 )

The only sélté of the 1,2,3-dithiazolium cation
synthesised are the 3,5-benzo derivatives, known as Hersz
-compounds; The Herz compounds were first synthesised by
Richard Herz in 1914 and a patent was published in 192;2.2l
The mechanism by which anilinevhydrochloride or any aromatic
amine reacts with disulphur dicﬁloride to form the benzodi-

thiazolium ring system has been an area of much interest for

many years. Bezzubets et al (19-3‘1.,22 194823) showed that.

the rate of formation of the Herz compounds was nmuch greater

in polar solvents and hence suggested a series of initial

25 Gompper et al (1964)24 were however

reaction sequences.
the first to postulate a plausible initial reaction sequence

(figure 2.2).

Figure 2.2 Initial reaction sequence in the reaction of
aniline with disulphur-dichloride suggested

by Gompper24
" ‘ﬂ _ "
\ \
~ \ s
s—2CQl l
S,Cl, ~HC! 5 O s
S i N~ i

Gompper suggested that the 82C12 subsequently chlorinated

position 6. This was however disputed by Hope .and Wiles
(1967)25 who, due to their observation of molecular chlorine

in the reaction, postulated the mechanism presented in

tfigure 23
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Figure 2.3 Subsequent mechanism (suggested by Hope and Wiles)
o the initial reaction of S,Cl, with amines
(Figure 2.%) T =

H H H
\N \, cr
N
\7 V +\s
C
S Hel -5 /s
ii
H\ S,ZCI2 iii
S,Ci
N ﬁ\N// T Cl
| i
28+ C1_ + $ _-er J + HCI

Steps 1ii-iv outlined in figure 2. 3 indicate the probable i
route by which chlorine is produced for the subsequent chlor-

ination of the carbon at position 6 and of the sulphur. (cf.

26).

The mechanism suggested by Hope and Wiles is generally

the chlorination of sulphenyl chlorides; RSCl to RSCl3

accepted to be substantially correct.

The main interest in Herz compounds was shown by the dye
industry. The compounds were hydrolysed by alkali providing %

a valuable synthetic route to ¢-aminobenzenethials which in
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turn opened the way for the systematic, large scale production
of a variety of dyes. During the past two decades the
potential synthetic value of the cations in general hetero-
cyelic chemistry has been r'ealised.27"31 Evdokimov et al>?
have synthesised the l,2,3~thiaseleqbﬁgéolium and 1,2,3.benzo-

diselenazolium chloride analogues.

Although many different benzo-substituted Herz compounds
have been produced relatively few salts with anions other than
chloride have been synthesised. The first salt containing

an anion other than chloride was 6-methoxy-8-bromo-1,2, 3~benzo-

25

thiadiazolium bromide. ~-and subsequently salts contalning the
34 ' 10

anions

tetrafluoroborate,jj perchlorate and trichlorozincate

were prepared. - The hydrolysis_and substitution of the;salts with
35 ' 31 |

primary and secondary amines have been areas of great
interest over the past decade due to the formation of sub-
stituted 3%-H-1,2,3%~benzodithiazole-2-oxides, which are of

considerable importance as herbicides.

2.1.5b The Dithiadiazolium Cations (R—CN282+)

Two isomers of the dithiadiazolium ring system
have been synthesised, the l,2,3,5~isomer36'58 and the

1,3,2,539 isomer (equatiors2.1-5).

N—S | | :
R-C=N + (NsC1l), —> R - c// | c1™ (ref.37) (2.1)
3 NN—g |
t
(R = 0013, Ph, “Bu)
ClL= CCl, + (NSCl)3~f———4' 0013 - C\\Nfié Cl™ (ref.37) (2.2)
| ~N—8 -
3RCH = N - N = CHR + 4(NsCl), —— 6 R - C &) Ccl +
. ¥ NN—s
3N, + 3Cl,

(R = Ph, UBu) (ref.38) (2.3)
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N—8
PhC (NH,),*c1™ + 2801, ——— ph - ¢ @] €17 (ref.37) (2.4)
S - C1
Me d

3SiN =8 = NSllVIe2 +R~-C~-N=2C

5 - Ne1 ‘

N
e
0CH, g . §§§N’/,C§§N’//C~\‘R
\ / \ FS0,0CH
C. . ® 8 ¢ I
\ /N |
R N N N _® 6
4¢7 S 0
: s\ I |
(R = C6H4Br') \N/C \N///C\R

The chemistry of these caﬁions is still in its infancy.
The preparation of the 1,3,2,4-isomer has been reported by
Neidleinlet a139 but none of its chemistry has,as yet, been
published. The only chemistry reported for the 1,2,3%,5
dithiadiazolium cation is that of varying the substituent at

position 4 (Ph, CCls, "Bu)>778 and the anions (sbcl.”,

3:

CF 306', N(SOQF)Q, BF4— and PF6‘).38

3

2.1.6 Cationic C/S/N Heterocycles containing ln + 2)
g-eleetrons, with ring sizes other than five

There are only two cations that fall into this
category the l,3~thiaziniuml and the 1,4-thiadiazinium cationsoqo
(comps. 2.39, 40, figure 2.7, page 84, Both species have
a six membered heterocyclic ring containing 6g-electrons.

The 1,3«thiazinium cation is known to react readlly with

oxygen, sulphur and carbon nucleophiles cleaving the 5,6 bond

to give thioacyl derivatives of vinylamines. Reduction of
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the salts with sodium borohydride yields 2H-, 4H-, and 6H-
thiazines.l

| Very little work has been reported on the 1l,4-thia-
diazinium eations,the only compounds produced being four
2,4,6~trisubstituted derivatives stabilised as either the

iodide40 or the perchlorate.41

2.2 Experimental

2.2.1 Preparation and Purification of 3%
4-Phenyl-1,2,3%,5-Dithiadiazolium Chloride

_ Ammohium chloride (105g, 1.96 mole), benzo-
nitrile (2500m3, 2.45 mole) and sulphur dichloride (2500m3,
3.9% mole) were stirred at 140°C for 16h, Further aliquoés
of sulphur dichloride (SClE) (each of lOOcmB, 1.57 mole) were
added until no further evolution of hydrogen chloride was
noted. The slurry was then cooled slowly to room temperature,
filtered, washed with anhydrous ether (4 x lOOcmj) and dried
in vacuo, The_crude product was then recrystallised from a
number of solvents. The most successful results were obtained

by recrystallisation from a 4:1 mixture (by volume) of dichloro-

ethane:thionyl chloride and using sulphur dioxide.

Analysis for a double dichloroethane; thionyl chloride

recrystallisation;

Found: C,38.46; N, 12.57; H, 2.42; §,29.23; C1, 16.88%.

requires: ¢, 38.8; N, 12.9; H, 2.3; S, 29.6;
Ccl, 16.44%.

C-HCIN

7H5C NS

2
The crude material was extracted using sulphur dioxide
in a sealed system ingure 1.6, page 16 ). The product

obtained was heated at 50°C Zn vacuo for 4h. to remove any
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traces of trapped sulphur dioxide.

Analysis of the product recrystallised from sulphur dioxide;
Found: ¢, 38.58; N, 12.44; H, 2.64; S, 29.82; C1, 16.18%.

The infra-red, Raman and mass spectra for the product recrys-

tallised from sulphur dioxide are given below:

Infra-red spectrum (nujol mull): 1600m, 1582vw, 1495w, 1i4lks,
1396vs, 1345w, 1295w, 126OVW, 1212w, 1172w, 1150m, 1145w(sh),
1070w, 1031m, 1000w,  935m, 895s, 845vs, 795m, 785m, 740w,

708m, 698vs, 686w(sh), 670vw, 554s, 532w, 475w em T,

Raman Spectrum (red line): 1600m, 1500w, 13%92m, 1160m, 1004m,
927w, 845vs, 66l4vw, 5l2vs, 383m, 318w, 290w, 152m, 6hs,

35s, em L,

Mass Spectrum (m/e (dbundance) assignment ): 181(100) PhCN*;
1%5(12) PhCNS¥;  104(12) PhCNH ; 103(98) PheN™§
78(29) NS,*; 77(13) Ph¥; 76(29) CS,*; 64(4) 8, ;
52(5) CyHys 51(13) CyHss 50(13) CyH,s 46(27) NS™5
39(6) C5Hys 38(7) o125 36(19) HC1D?

(A diagrammatic répresentation of the above spectrum is shown

* .
in figure 2.8a,page 85 . Denotes the main peaks of interest
in the spectrum and those used for comparison with spectra of

other dithiadiazoliumvsalts).

Crystals suitable for X-ray crystal studies of 4-phenyl-
1,2,3,5~dithiadiazolium chloride were produced by slowly cooling
a saturated refluxing solution of the salt in toluene, to room
temperature. Needle shaped crystals of approximately 2mm, in
length and 0.5mm diameter were fbrmed which contained one mole-
cole of toluene of crystallisation for every six molecules of

&7
4-phenyl-1,2,3,5~dithiadiazolium chloride.
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2.2.2 Preparation of the 4-Phenyl-1,2,3,5-Dithiadiazolium
Halides

(1) Preparation of 4-Phenyl-1,2,3,5~Dithiadiazolium Bromide

The’éxchange reactions between 4-phenyl-1,2,3%,5~
dithiadiazolium chloride (PhCNQSQCl) and sodium bromide or
potassium bromide using toluene, nitromethane, 1,4-dioxan,
monoglyme,T.H.F., acetic anhydride, dichloromethane and di-
chloroethane as solvents, were ﬁnsuooessful yielding only
starting materials. The'reactionrof PhCNQSECl with KBr in
the solid state and with LiBr or AgBr in a variety of solvents

(monoglyme, T.H.F., 1,2-dichloroethane, and sulphur dioxide)

produced the deslred dithiadiazolium bromide.

(a) Solid state reaction between PhCN,S.Cl and KBr

272

On grinding together KBr and PhCNESECl it was
noted that a deep red mixture was obtained which when pressed
into an infra-red disc gave a spectrum of suhda:’form to

that recorded for a KCl/PhCNQSQCl disc (orange in colour).

55,01 disc): 1600m,

1495w, 14555, 1%98vs, 1345w, 1295w, 1215w, 1180vw,

Infra-red spectrum of the (KBr/PhCN

1165w, 1150m, 1070w, 1032m, 1005w, 924m, 892s, 842s,
795w, 782m, 760w, 708m(sh), 696vs, 680w(sh), 658vw,

610vw, 550m, 536w(sh), 330m om™ L,

A pfeparative scale solid phase reaction was
carried out by grinding together PhCN,S,Cl (4.36g, 20.14 mmoles)
with anhydrous KBr (15.2%g, 0.13 moles),under dry box conditions,
and subliming the deep red product on to a liquid nitrogen

cold finger, the system being heated to 220°C at 2.5 x lO—2 torr.

The infra-red spectrum recorded of fthe sublimed product was

identical to that observed for the PhCN28201/KBr disc.
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Analysis of the sublimed product. ‘

Found: 8, 22.69; N, 11.08; ¢, 31.21; Br, 29.16%
C7H5N282Br requires: S, 24.52; N, 10.73; C, 32.18;
Br, 30.65%.

(b)Reaction of PhCN,S,C1 with LiBr in various

solvents

USing a coordinating ether as a solvent
(monoglyme, T.H.F.) ‘

In a typical reaction anhydrous LiBr (0.20g,
2.3 mmole) was added to a stirred suspension of PhCN28201
(0.5g, 2.3 mmole) in T.H.F. (30 cm3). A deep red solution
was immediately formed. The reaction mixture was allowed
to stir at room temperature for l6h.‘to ensure complete re-
action. The reaction was then brought to reflux and th
rc}lux‘ coling a o
deep redﬂsolution filtered off. Oq;§bright red microcrys-

talline product was obtained which was washed with ether

(2 x 10 cmB) and dried in vacuo.

The crude product was recrystallised from toluene
and also from sulphur dioxide. The réorystaliiéation of the
bromide from toluene yielded deep red needle shaped crystals
which from their analyses indicated that toluene of crystall-

isation was present.

Analysis of the toluene recrystallised product:
Found: ¢, 41.93%; N, 8.8%; H, %.36; S8, 21.19; Br, 26.0%.
2C H.N,S.Br.PhCH, requires: C, 41.04; N, 9.42; H, 2.93;

757252 3 ‘
S, 20.88; Br, 26.06%.

The product from the sulphur dioxide recrystall-
isation was paler in colour and after heating to BOOC in vacuo

for 2h.,gave analyses consistent with the formulation C7H5N282Br.

Analysis of the sulphur dioxide recrystallised product.



30

Found: C, 32.49; N, 10.36; H, 2.21; S, 24.86; Br, 29.92%.
C7H5N282Br requires: C, 32.18; N, 10.73; H, 1.92; 8, 24.52;
' Br, 30.61%.

The infra-red spectra of the above products were identical to

that observed(&w the PhCNESQCl/KBr disc.

(c) Reaction of KBr and PhCN,S5,C1 using
S0, as a solvent, ’

PQCNgséol'(o.5621g, 2.60 mmole) and KBr
(O.jQﬁlg, 2.72 mmole) were placed in two separate bulbs of
a pre-dried, vacuum tight, pyrex véssel (figﬁre 1.2 , page 14 )
and sulphur dioxide (7.1%44g) condensed w1 to both bulbs.
The KBr solutioh was then filtered on to the PhCNQSZCl solution
and an immediabe reaction occurred forming a deep red solution.

The sulphur dioxide was repeatedly fecondensed on to the

‘ remaining KBr until all the reactant had been dissolved and

then the KBr solution filtered into the bulb originally con- . ;
taining the PhCNESQCl. The reaction was agltated for 12h.
and then the sulphur dioxide solubles filtered off. The
solveht was slowly evaporated from the solution and bright
red platelets of PhCN S,Br were produced. The product was

22
heated at 60°C %n vacuo for 2h. to remove any occluded solvent.

Analysis of the product:

Found: C, 31.98; N, 10.46; H 1.74; S, 24.93; Br, 30.12%.

C,HZN,S,Br requires: C, 32.18; N, 10.73; H, 1.92; 8, 24.52;
Br, 30.61%. |

The infra-red spectrum of the product was identical to that .

observed for the PhCNQSQCl/KBr disc.
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(i1i) Preparation of 4-Phenyl~1,2,3,5-Dithiadiazolium Todide

(a) 8Solid phase Reactions between PhCNQSQCl and Iodides

An infra—red disc of PhCN282

cesium iodide as the dispersant. A very deep purple disc

Cl was made using

resulted which gave an infra-red spectrum significantly

different remthat of either KCl/PhCNéSQCl or KBr/?hCN2SQCl discs.

Infra~red spectrum @sL/PhCNESQCl'disc): 1600w, 1498w,
14558, 1358vs, 1212w, 1176m, 113%0s, 1028m, 1005w,
930w, 904m, 860m, 848w(sh), 828m, 775vs,br, 692s,

600w, 536w, 525s, 460s em™ L.

A preparative scale solid phase reaction
was carried out by grinding together PhCN,S,Cl (1.26g, 5.82
mmole) with anhydrous NaI (1.5g, 10 mmole),under dry box con- é
ditions and subliming the purple-black product on to a liquid v

-2

torr.

N, cold finger, the system being heated to 160°C at 10

2
The infra-red spectrum of the sublimed product was lidentical

to that observed for the PhCN,S, Cl/CsI disc.

Analysis of the sublimed product.
Found: S8, 22.63; N, 8.79; C, 25.23%; H, 1.18%.
7H5N2821 requires: S, 20.78; N, 9.09; C, 27.27; H, 1.62%.

(b) Reaction of PhCN,8,Cl with Iodides using
Organic Solvents

The reaction of Nal with PhCNZSQCl was

studied in a variety of organic solvents.

(1) Toluene, dichloroethane, dichloromethane, ether
and 1,4-~dioxan.

' (ii) Nitromethane, monoglyme, T.H.F. and acetonitrile.

The solvents listed in category (i) did not facilitate

halide transport, whilst virtually immediate reaction occurred
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in those solvents in category (ii).

In a typical reaction PhCN282

and sodium iodide (0.75g, 5.00 mmoles) were stirred in T.H.F.

cl (1.06g, 4.90 mmole)

(25 cmj) for 60h. An immediate reaction occurred yielding
a deep purple solution which did not change in appearance
over the 60h., The reaction mixture was filtered at room
temperature and the filtrate pumped to drynesé. ‘'The deep
purple residue was Washed with ether and the product dried

in VACUO »

Analysis of the deep purple product.
Found: N, 9.29; 8, 22.58; I, 30.67; C, 29.41; H, 2.33%.

C7H5N2821 requires N, 9.09; S, 20.78; 1, 41.23; C, 27.27,

H, 1.62%.

The infra-red spectrum of the product was identical to that

observed for theCsI/PhCN S,Cl disc.

2

(¢) Reaction of PhCN,,8,,

SO2 as a solvent

Cl with XI using

PhCN,8,C1 (0.6057g, 2.798 mmole) and KI.
(0.476%g, 2.869 mmole) were placed in separate bulbs of a
pre-dried vacuum tight pyrex vessel (figure 1.2 , page 14)
and suiphur dioxide (7.13%21g) .condensed into both bulbs. |
The potassium iodide was completely dissolved and to this
yellow-orange solutionAwas added the golution of‘PhCNgsgcl.
An immediate reaction occurred yielding a brownwgreen pre-
cipitate which was oﬁly sparingly soluble. The PhCNQSECl
was completely washed on to the KI solution and then the 802
was removed and the crude product isolated. The crude pro-
duct Was then extracted from the potassium chloride by -product
using SO, (figure 1. 6, page 16 ).

Analysis of the extracted product.
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Found: C, 21.48; H, 1.25;3 N, 6.9; S, 16.9; 1., 32.6%.

The recrystallised product was then sublimed in a sealed
system (120°C, 167 torr) yielding a deep purple-black sublimate

and a white residue. No iodine vapour was noted.

Analysis of the sublimed product.
Found: C, 27.19; H, 1.47; N, 9.30; S, 21.21%.4

C7H5N282I requires: C, 27.27; H, 1.62; N, 9.09; S, 20.78%

The infra-red spectrum.of the sublimed and the recrystallised

product was identical to that recorded for the PhCN2SQCl/CsI

disec. |

Mass spectrum (m/e, (abundahce); assignment ): 181(24)
PhCN282 5 135(9) PhCNS ; 104(9) PhCNH ; 103(100) PhCN ;
78(24) NS, 377(9) Ph 5 76(26) CS, 5 51(8) CyHy; 50(11) CyH, ;
46(2) NS . ' ' '

 (A diagrammatic representation of the above spectrum is

given in {igure 2.8b(page 86 )).

2.2.5 Formation of the Pseudo-Halides and OEganic Aeid
salts of the 4-Phenyl-1,2,3,5-Dithiadiazolium Cation

(i) Formation of 4-Phenyl-1,2,3,5-Dithiadiazolium
Thiocyanate

(a) Metathesis reactions using Organic Solvents

It is believed that the PhON,S," NCS™ salt
1s produced as an intermediate in the metathesis reaction
between'PhCNgsgiél_ and sodium thiocyanéte. , ﬁowever a sub-
sequent reaction occurs (see Section 2.2.5, page 40 ) and the

thiocyanate'saltﬁym§not isolated.

(b) Metathesis reactions using liquid Sulphur
Dioxide as a Solvent

PhCN,S,C1 (0.26g, 1.20 mmole) and NH,'NCS

252
(0.097g, 1.28 mmole) were placed in two separate bulbs of a
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pre~dried vacuum tight pyrex vessél, and sulphurbdioxide
(6.13g condensed }n). The PhCN,S,C1 solution was then added
to the NHANCS” solution. An immediate reaction occurred
forming an intense purple-red solution. The SO2 was recon-
densed on to the PhCN,S,C1 until all the reactant had been
filtered on to the NHuNCS. The product was highly soluble

in the solvent and this solutidh'was filtered off leaving a
white residue (0.07g) beh;nd. The solvent was slowly removed
from the filtrabe yielding a black, deep purple crystalline

product.

Infra-red spectrum of the crystalline product (nujol mull):
2200vs, 1592m, 1585w(sh), 1577w(sh), 1495w, 1449vs,
1395vs, 1335w, 1312w, 1289w, 1235w, 1208m, 1178m, 1158w,
1148m, 1090vw, 1064vw, 1023m, 1000w, 972w, 923m, 900s,
843s, 7808, 763w, 690vs, 688s(sh), 679m, 662w, 61w,
552s, 509w cm .

Analysis of the crystalline product.

Found: C, %0.64; N, 17.3; S, 41.2; H, 1.89%.

CgH requires: C, 40.17; N, 17.57; S, 40.17; H, 2.09%

5N
Mass Spectrum (m/e, (@bundance), assignment ). 181, (38)

PhCN282 5

T8(45) N8, 5 77(13) Ph 5 76(39)C8, 5 50(12) CyHys 48(17) sO.

135(14) PhCNS ; 104(12) PhCNH ; 103(1.00) PhCN ;

(A diagrammatic representation of the above spectrum is
given in figure 2.8c, (page 87 )).
(ii) Formation of 4-Phenyl-1,2,3,5-Dithiadiazolium Benzoate

Ammonium benzoate (0.89g , 6.40 mmoles) and PhCN,S,C1
(0.64g,2.96 mmole) were placed in two separate bulbs of a pre-
dried vacuum tight pyrex vessel (figure 1.2 , page 14 ) and
SION (12.33g) condensed on to both reactants. The solvent was

warmed to room temperature and the solution of ammonium benzoate



filtered on to the solution of PhCN2SQCl. No reaction
occurred. Suspecting that the solubility of PhCOO-NH4+ was

low on 802 the solution of PhCN SECl was filtered on to the

2
PhCOO™NH,".  Immediate reaction occurred forming a deep
purple slurry. The reaction was agitated for 2h. and then
a second aliquot of PhCNQSQGl was filtered in to the reaction

bulb.‘ The process was repeated until no further PhCNQSQCl
remained. The system was then agitated overnight (16h.) and
the soluble product filtefed off. The solvent was slowly
evaporated off, with the resulting deposition of black-purple

needle shaped crystals.

Infra-red spectrum of the crystalline product (nujol mull):
1690s,br, 1605 w(sh), 1598m, 1584m, 1575w(sh), 1495w,
1450vs, 1398s, 1372vs, 1ll24s, 1290s,br, 1182m, 1178m(sh),
1144m, 1135m, 1128m(sh), 1100w, 1070m, 1032w(sh), 1028m,
1015w(sh), 1000w, 933w, 922w, 895w, 842m, 800s, 790s,
788s(sh), 780s, 772w, 768m, 709s, T06s(sh), T700s(sh),
690m(sh), 685s, 682s(sh), 668m, 660m, 652m, 6lhw, 550m,
530w, 520w, 508m cm T

Analysis of the crystals.

Found: C, 54.84; N, 8.88; 8, 22.4; H, 3.544.

0

CqyHy 8N requires C, 55.63; N, 9.27; 8, 21.19; H, 3.31%.

10°272%2

Mass spectrum of the.orystals run at 200°C and 70eV( m/e

(&bundance) assignment ): 181(10) PhCN,S, , 135(6) PhCNS ,
104(12) PhCNH , 103(100) PhCN , 78(20) NS,; 77(64) Ph ;
76(28) C8,; 64(22) 8y, S0, 52(7) CyHys 51(14) CyHys |

50(15) CyHys 46(15) NS ; L44(73) CO,, CS .

(iii) Pormation of 4-Phenyl-1,2,3,5-Dithiadiazolium Acetate

PhCN.S~C1l (0.4l4g, 2.03 mmole) and ammonium acetate

272
(0.16g, 2.08 mmole) were placed in a pre-dried vacuum tight

pyrex vessel (figure 1.1 , page 14 ) and sulphur dioxide
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(8.41g.) condensed on to the reactants. A rapid reaction
occurred on warming the system to room temperature yielding
a deep purple-red solution. The reaction was agitated for
Bh. at room temperature and then the solubles were filtered
off. The insolﬁbles were washed with recondensed sulphur
dioxide to remove all traces of the solubles. The solvent
was then slowly removed from the filtrate resulting in thg

deposition of a black-purple microcrystalline material.

Infra-red spectrum.of the product (nujol mull): 1698s,
1595m, 1580w, 1495w, 1l455vs, 1400vs, 1375vs, 1315m,
1290m, 1210w, 1165w, 1150s, 1064w, 1045w (sh), 1025m,
1000w, 920s, 892s, 840vs, 834m, 800w, 782s, 762w, 698vs,

680s, 660w, 650w, 548s, 520m, 508w. cm™t

The product was dissolved in T.H.F. but the product iso-
lated after removing the T.H.F. was not the acetate but a
species with an infra-red spectrum considerably different fom

that of the dithiadiazolium cation (section 2.2.5(v), page 42

2.2.4 Reaction of 4-Phenyl-1,2,3,5-Dithiadiazolium
Chloride with Lewis Acids

(i) Formation of 4-Phenyl-1,2,3,5-Dithiadiazolium
Tetrachloroborate (IIT)

PhCN,S,C1 (0.4373g, 2.020 mmole) was placed in a
pre-dried, vacuum tight, pyrex Vessel (figure i. 1, page 14 ).
Sulphur dioxide (5.48l9g,) and BCl3 (0.27758, 2.?66 mmole)
were condensed on to the dithiadiazolium salt and the reaction
warmed to room temperature. The reaction occurred readily
forming a slightly deeper orangé compound than the parent

chloride. The volatiles at room temperature were completely

removed and the product weighed (0.5524g). From the weight

).

of product it was deduced that incomplete reaction had occurred

(48% conversion). Therefore SO0, (0.5118g) and BClj (0.2513g,
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2.142 mmole) were condensed on to the reaction mixture and
the system stirred at room temperature for 4h. The volatiles
present at room temperature were then removed and the product

(0.6655g corresponds to 97% conversion) isolated.

Infra-red spectrum of the product (nujol mull): 1595m, 1498m,
1451s, 1392vs, 1345w, 1325vw, 1295w, 1195w, 1182m, 1165w(sh),
1160m, 1156w(sh), 1070vw, ~1026m, 1000w, 935w, 922s(sh),
919s, 84ls, 779s, 725m(sh); 770s(sh), 695vs, 675m(sh),
662s, 63%2m, 558s om;l. | N

Mass spectrum (m/e, (abundance) assignment ): 181(28) PhCN,S,;

135(14) PhCNS ; 103(100) PhCN ; 83(18) B 1c172c1?T ; 81(26)

B*c1,7 5 80(9) B'%1,7° 5 78(84) NS 3 T7(55) Ph 3 76(50 S,

47(10) B**c1?’ ; u6(77) ws, BYc1?® ; u5(7) BOc1P0; 38(24)

HC1DT ; 36(70)HCL?® 5 32(15) S,.

Analysis of the BCl4' salt. |

Found: C, 24.23; N, 7.64; S8, 19.40; C1, 40.65; H, 1.40%.
_c7H5N2323014 requires C, 25.16; N, 8.39; S, 19.17; C1, 42.54;
H, 1.50%.

(ii) Formation of 4-Phenyl=-1,2,3,5-Dithiadiazolium
Hexachloroantimonate (V).

(a) Using Thionyl Chloride as the Solvent

SbCl5 (2.8g, 9.4 mmole) was added to a stirred
solution of PhCN,S,Cl (1.8g, 8.3 mmole) in refluxing SOCl2
(25 cm5>. An immediate reaction oécurred forming a bright
. red precipitaté. After refluxing for 10 min. the reaction
mixture was cooled to room temperature and the product filtered
off. The salt was recrystallised from dry nitromethane

(50 CmB) and dried iZn vacuo.

Infra-red spectrum of the product (KCl disc): 1600m, 1505m,

1459m, 1400s, 1268w, 1190m, 1168m, 1035w, 939w, 928s,

845s, 784m, 698s, 675s, 629m, 566s, 355s(sh) 348s cm-l.
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Ma jor mass specﬁraLpeaks (m/e, (abundance), assignment ).
191(78) sbCl, ; 181(28) PhCN,S, , 156(10)Sbcl ; 135(8)
PhCNS ; 121(4) Sb ; 104(13) PhCNH ; 103(100) PhCN ; 78(52) NS, ;
77(34) Ph ; T6(51) cS,; 46(28) NS .

Analysis of the product. ‘

Found: ¢C, 16.18; N, 5.38; 3, 12.80; C1, 40.61; 8b, 22.69;

H, 1.10%.

C7H5N2328b016 requires: C, 16.29; N, 5.43; 8, 12.41; C1, 41.30;
Sb, 2306'; H, 0'97%'

(b) Using Sulphur Dioxide as a Solvent

PhCN,5,C1 (0.7557g, 3.491 mmole) was loaded
into a pre-dried, vacuum tight, pyrex vessel (figure 1.1,

page 14 ). SbCcl. (6.9875g, 23.35 mmole) and S0, (8.4519g)

5
were condensed on to the salt and the reaction warmed to room
temperature; An immediate reaction occurred forming a bright
réd precipitate that was virtually insoluble in the solvent.
The excess antimony pentachloride was removed from the pro-

duct by washing the salt with recondensed 802° The product

was then isolated and dried <n vacuo.

Infra-red spectrum of the product (nujol mull): 1600&, 1505m,
1395vs, 1%45w, 1295w, 1194m, 1189m, 1172w(sh), 1164m,
1030w, 972vw, 93%5m, 924s, 840w, 780s, 692vs, 680s, 562s,
340vs,br, em™ L.

Analysis of the product.

Found: ¢, 15.94; N, 5.05; S, 13.1; Cl, 42.1; H, 1.23%.

,07H5N2828b016 requires: C, 16.29; N, 5.43; S, 12.41; C1, 41.,30;

H, 0.97%.

The PhCN,S +SbCl6_ was found to be very soluble in

272
arsenic trifluoride (ASFB)' However it was found that the

hexachloroantimonate (V) salt crystallises from the solvent

with AsF_, of crystallisation.

5
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Infra-red spectrum of PhCN282+SbCl6'.xAsF3 (nujol mull):

1595m, 1500m, 1395vs, 1295w, 1185m(sh), 1162m, 1030w,
932m(sh), 920s, 842m, 775s, 720m , 699vs, 662w(sh), 645s(sh)™

630vs,* 6208, 585s, 560s,< 370m,‘ 340vs em L,

(* Denotes peaks assignable to ASFB).

(111) Formation of 4-Phenyl-1,2,%,5-Dithiadiazolium
Hexachlorostannate (IV).

SnC1l, (0.4 cmj,,3.4 mmole) was added to a stirred
suspension of PhCN,S5,Cl (1.32g, 6.1 mmole) in S0C1, (60 cmj),

at room temperature; An immediate reaction occurred yielding

~a bright yellow precipitate. The precipitate was filtered

off, washed with pentane (3 x 20 cmj) and dried <Zn vacuo.

Infra-red spectrum of product{KCl disc): 1602w, 1595m, 1502m,
1469s, 1400vw, 1340vw, 13%20vw, 1298vw, 1209m, 1184w(sh),
1175m, 1160m, 1072vw, 1026m, 1000w, 935m, 920s, 958vw(sh),
946s, T790s, T00vs, 670w, 617vw, 560s, 322vs, 315s(sh),
290m(sh) em™ T |

Analysis of the product.

Found: C, 23.51; N, 7.93; H, 1.32; 8, 18.93; Cl, 30.14%.

CqyH; N, 8,SnClg requires: C, 24.22; N, 8.07; H, 1.44; 3, 18,145,

Cl, 30.70%.
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2.2.5 Reactions in which the 4-Phenyl-l,2,3%,5-
Dithiadiazolium Cation is Reduced forming
L-Phenyl-1,2-pBithia-3,5-Piazole

‘(i), Reaction 4-Phenyl-1,2,3%,5=-Dithiadiazolium Chloride
' with Sodium Thiocyanate using Organic Solvents

Anhydrous NaNCS (l.42g, 17.5 mmole) was added to a
stirred suspension of PhCN,§,C1 (3.8g, 17.6 mmole) in dry
monoglyme (50 cmj). An immedfete reaction occurred forming
a deep purple solution, which after refluxing for 10 min. |
(stirring‘for 6bh. at room'temperature has the same effect),
yielded a dense orange precipitate. The reaction was re-
fluxed for 6h. and the reaction mixture filtered hot. The
deep purple filtrate was cooled slowly to -20°C and_the re-
Sultiﬁg deep purple-black needle shaped crystals isolated.
The crystals were thenrecrystallised frem dry 1,2=dichloro-
ethane (15 cm3) and reprecipitated by slowly cooling the
solution in a —7800 slush bath. The combined filtrates
were pumped te - dryness and the residue recrystallised
from dry diehleroethane (20 omj), crystals being obtained as
above.

Analysis of the purple?black crystals:
Found: C, 46.60; N, 15.64; s, 34.92; H, 2.84%.

[?7H5N282 4 requires; C, h6.41; N, 15.47; 8, 35.36; H, 2.76%.

Infra-red spectrum of the crystals (nujol mull): l600w,.1496w,
14508, 13%22w, 1240w, 1228W, 1186vw, 1181lvw, 1178vw, 1161lvw,
1159vw, 1145w, 113%9m, 1077w, 1025w, 982w, 93%2vw, 923%vw,

901vw, 858vw, 84w, 838m, 830w, 776s, T70m, 690s, 688m,

685m, 660w, 653s, 618vw, 512s cm ',

Major mass spectral peaks (m/e (abundance), assignment );

181(86) PhCN,S 135(65) PhCNS , 103(90) PhCN ; 78(100) NS2 5

oPp
77(56) Ph ; 76(72) CSy 3 46(20) NS .
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The mass and infrafred spectra listed above were used
for identification of the 4-phenyl-1l,2-dithia-3,5~diazole

produced in all the reactions presented in this section.

(11) The Thermal Decomposition of 4-Phenyl-1,2,3%,5-
' Dithiadlazolium Thiocyanate.

PhCNQS2+NCS- (L.23g, 5.15 mmole, see experiment
2.2.3(i,b), page 33 ) was placed in a pre-dried pyrex sub-
limation tube and sealed off, (vacuum:l X 1077 torr). The
lower portion of the tube was then heated to 80°C and a black
sublimate was noted to form above the oil bath level. After
ca. 3h. it was noted that the residue was deep orange and no
further sublimation was occurring. The system was cooled to
room temperature and the sealed system separatéd in an atmos-
phere of dry nitrogen. The infra-red and mass spectra‘of
the sublimate (0.91g) were recorded and found to be

identical to those reoorded in experiment 2.2.5(1),(page 4o ).

(i1i) Reaction of 4-Phenyl-1,2,3,5- Dithiadiazolium
Chlorlde with Azldes

In a typical reaction lithium azide (l.lg, 22.5 mmole)
was added to-a slurry of PhCN,8,C1 (3.52g,‘16.26 mmole) at
room temperature, An immediate, highly exothermic reaction
occurred with evolution of nitrogen and the formation of a deep
purple solution with a pale coloured precipitate. The reaction
was stirred for 6h. 'at room temperature. No nitrogen was
evolved after ca. 10 min. The reaction mixture was filtered
and cooled Qnﬁm@;a dry-ice acetone slush bath) a white pre-
cipitate (lithium chloride) precipitating out of the solution.
The solution was filtered at ca. —7800 and pumped to dryness. ?
The residue was recrystallised from dry 1,2-dichloroethane

(30 cmB) and the crystals formed, on cooling this solution, were

isolated; " The crystals were identified by their infra-red
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and mass spectraand found to be identical to the product obtained

in experiment 2.2.5(1), (page 40 ).

Sodium azide does not react readily with phenyl dithia-
diazolium chloride.in organic solvents but does so in sulphur

dtoxide.

(iv) Reaction of 4-Phenyl-1,2,3,5-Dithiadiazolium
Chloride with Potassium Cyanide

PhCN,8,C1 (O.9612g, 4,4k mmole) and KCN (0.3461g,
'5.32 mmole) were plaéed in a pre~dried, vacuum tight, pyrex
'_Vessel ingure 1.1, page 14 ) and AsF3 (8.1246g) condensed
on to the reactants. On warming to room temperature a rapid
reaction occurred yielding an intensely coloured solution
and a broﬁn precipitate. The product was recrystallised
using,arsenic-trifluoride. However it was noted that either
KCN or KCl was'also soluble in the ASF5 and thus the solvent
Was-removed and S0, (6.3%148g) was condensed into the vessel
as the;fecrystallisation solvent. The product was recrystall-
ised from suiphur dioxide yielding a purple-brown micro-
orystalline material which was identified as 4-phenyl=-1,2~
vdithia-3,5¥diazole by the analysis and infra-red and mass
spectra (experiment 2.2.5(i), page 40 ).
Anainis of the microcrystalline product:
Found: C, 15.92; N, 14.83; H, 2.96%.

C7$5N282 requires: C, 46.41; N, 15.47; H, 2.76%.

(v) Decomposition of 4-Phenyl-1,2,3%,5-Dithiadiazolium
Acetate

PhCN,S," CH,C00 (0.41g, 1.7 mmole, experiment
2.2.3(i1i), page 35 ) was stirred for 12h. at room temperature
in dry T;H.F. (L.32g). The resulting purple solution was ' i
vfiltered dff from the residue and pumped to dryness. The | |

infra-red and mass spectra of the species were recorded -
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and found to be consistent with 4-phenyl-1,2-dithia-3,5-
diazole (experiment 2.2.5(i), page 40 ).

(vi) Decomposition of 4-Phenyl-1,2,3,5-Dithiadiazolium
Benzoate '

PhCN282+PhCOO" (0.59g, 1.95 mmole, experiment
2.2.3(11)) was stirred in dry monoglyme (5 omj), at room
temperature for 12h. The solvent was then removed and the
residue identified by its infraéred spectrum as 4-phenyl-1,2,3,5-
dithiadiazolium benzoate. Monoglyme (10 cm3) was added to
the residue and the solution was refluxed for 8h. The solvent .
was then removed by pumping at reduced pressure and the re-
sulting residue was identified as being a mixture, in which
4-phenyl-1l,2-dithia-3,5-diazole was present (experiment 2.2.5(i),

page 40 ). Purification of the product was not attempted.

(vii) Reaction of 4-Phenyl-1,2,3,5-Dithiadiazolium
Chloride with Phenyl Magnesium Bromide

A solution of PhMgBr in ether (23.10 mmoles of
PhMgBr in 14.26 cm3 of solution) was added to a stirred sus-
pension of PhCN,S,Cl (5.06g, 23.37 mmole) in toluene (60 e .
A slow reaction occurred at room temperature which, over a
period of 6h., produced a deep purple solution. The solution
was. filtered off from the pale coloured precipitate and pumped
to dryness. The residue was sublimed at a pressure of 1 x 162
torr and a temperaﬁure of 12000,yielding a black sublimate.

The sublimate was identified by its infra-red spectrum as

4-phenyl-1,2-dithia-3,5-diazole (€xperiment 2.2.5(i), page 40 ).

(viii) Reaction of 4-Phenyl-1,2,3%,5-Dithiadiazolium
Chloride with n-Butyl Lithium

5

In a typical reaction nebutyl lithium (2.4 em”,
3.96 mmole) was syringed into a suspension of PhCN,S8,C1 (0.85,
3.93 mmole) in toluene (60 ij),COOled to -196°C. The re-

action was warmed slowly to room temperature via ~-95°C and -
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-78°C slush baths. No reaction was noted at temperatures
below room temperature and even at room temperature the re-
adtion.was relatively slow. The reaction was stirred at
room temperature for 16h. during which time a deep purple
solutioﬁ and a whité precipitate wéfe formed. The reaction
mixture was then filtered and the filtrate pumped'to dryness.
The resulting residue was identified as 4-phenyl-1l,2-dithia-
3,5-diazole from its infra-red énd mass spectra (experiment

2;2;5(1), page 40 ).

(ix) Reaction of 4-Phenyl-1,2,3,5-Dithiadiazolium
‘Chloride with Methyl Lithium -

 Methyl lithium (7.2 cm, 12.56 mmole) was syringed
into a pre-cooled (-196°C) suspension of PhCN,8,C1 (2.78, .
12.47 mmole) in monoglyme (30 omj) contained in a pre—dfied
vacuum tight, pyrex vessel (figure 1.2 , page 14 ). The
reaction was warmed slowly to room temperature. Reaction
occurred at ca. -5000 forming a deep purple solution and a

pale precipitate.  The reaction was agitated at room temper-

ature for .4h.

The volatiles present at room temperature were then
removed and the residue obtained was identified as 4-phenyl-
1,2-dithia-3,5~diazole from its infra-red spectrum (experiment

2.2.5(1), page 40 ).

(x) Reaction of 4-Phenyl-1,2,3,5~Dithiadiazolium
Chloride with Tin (IT)Chloride

Anhydrous tin ({I) chloride (0.7lg, 3.7 mmole) was
added to a stirred sﬁspension of PhCN,S,C1 (0.52g, 2.4 mmole)
in.monoglyme (20 cnP) at room temperature. An immediate ré¥
action ocourred forﬁing a deep purple solution. The reaction
was refluxed for 15 min. and the reaction mixture_filtered_hote

The filtrate was then pumped to dryness and the resulting

residue extracted with refluxing pentane (50 cm3). The pentane
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solution was pumped to dryness and the product thus obtained
identified,by its infra-red spectrum (experiment 2.2.5(1),
page %40 ) as l-phenyl-1,2-dithia-3,5-diazole.

(x1) Reduction of 4-Phenyl-1,2,3%,5-Dithiadiazolium
Chloride by Metals

No reduction of the phenyl dithiadiazolium cation
occurred on refluxing PhCN S C1 with sodium, sodium —mercury

amalgam, or potassium using toluene as the solvent.

+ Reaction of PhCN2SoCl with Transition Metals
- in Polar or Coordinating Aprotic Solvents ’

‘ ’In a typical reaction iron powder (1.1l2g,
26‘00 mmole) was added to a stirred solution of PhCNgszcl
(0.48g, 2.22 mmole) in T.H.F. (10 cn?). An immediate re-
action’took place producing a deep purple-red solution.vb The
reaction was stirfed at room temperature for 2h. and then
the solubles filtered off. The filtrate was pumped td dry-
ness and the infra-red spectrum of the residue recorded.
From the infra-red spectrum of the residue it was deduced
that 4-phenyl-1l,2-dithia-3,5-~diazole had been produced.

‘(@xperiment 2.2.5(i), page 40 ).

- A series of reactions with various metals using
ethers as solvents were investigated and found to yield

4-phenyl-1,2-dithia-3,5-diazole (table 2.1).

TABLE 2.1 Reduction reactions of PhCNgsgcl by Metals

PhCN,S,C1 Metal Solvent

272 3 Conditions
(weight, mmole) (excess) (ecm )
1.8g, 8.31 mmole 7n/Cu T.H.F. (30cm’) R.T.
0.93g, 4.30 mmole K Monoglyme(jOcmj) Reflux

0.91g, 4.20 mmole He T.H.F. (40cm’) R.T.
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(xii) Reaction of ‘4-Phenyl-1,2, 3,5 Dithiadiazolium ,
' Chloride with Hydrogen

- PhCNngCl (0.41g, 1.89 mmole) was partially dis-
solved in T. H.F. (10vcm3)band pre-dried hydrogen bubbled -
_through the systemzﬂ:room temperature‘ The reaction wasJ
: terminated after ca. lh as no apparent reaction had occurred.
The infra—red spectrum of the residue 1ndicated only the pre—

-sence of 4- phenyl -1,2,3,5- dithiadiaZOllum chloride (experiment

".2 2, 1, page 26 )

2 2. 6 Reactions of 4-Phenyl 1,2- Dithia 3 5= Diazole

(1) Reactions'with the Halogens and Halogenated'Species

(a) Reaction with Sulphuryl Chloride
and Thionyl Chloride

4 Phenyl 1,2- dithia-diazole (PhCNQSE)
(O 33g, 1.82 mmole) was added to SOQCIL2 (4 om s 49.4° mmole){
’:An immedlateireactlon occurred yielding a‘Very'bright yéilow;  2
.orangeiprecipicatec.v The precipitate waS»isolated, washed .

with_pentane (3 x 10 cmj) and dried in vacuo.

infre-red spectrum of the bright yellow product (nujol muil):
160om, 1586w, 14555, 1395s, 1300w, 1225w, 1180w, 1158m,
-1075w, 1035m, 1008w, 930m, 900s, 850s, 800w, 790m,
- 715m(sh), 702Vs, 670w, 5558 em . (cf. PhON,S,CL,
experiment 2.2.1, page 26 ). |
Ana1y51s of the produot |
Found C 58 34; N, 12. 86 H, 1.64; 8, 29. 18 Cl 17 547
CoHgN,8,C1l requires: C, 38.80; N, 12.93; H, 2.31; S, 29.56,
1, 16.40%. | | ‘
- An analogOus‘reaction occurred on adding 4-phenyl—l“2—fi

dlthia -3, 5 diazole to thionyl chloride, 4—phenyl 1,2,3, 5—

f'dithiadlazolium chloride being produced.
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- (b) Reaction of 4-Phenyl-1,2-Dithia-3,5-Diazole
with Trichlorotrithiatriazene.

Trichlorotrithiatriazene ((NSCl)j)(O.lBg,
0.6l mmole) was added to a stirred solution of (PhCNQSE)X
(0.28g, 1.55 mmole) in benzene (30 cmj). An immediate re-
action occurred yielding a flocculent orange precipitate in

an orange solution. The precipitate was isolated and dried

in vacuo.

Infra-red spectrum of the precipitate (nujol mull): 1600w,
1582w(sh), 1455vs, 1400vs, 1318w, 1295w, 1220w, 1175w,
1155m, 1150m, 1069w, 1029m, 1002w, 925m, 892s, 8ilis,

780s, T02s(sh), 698vs, 551s em L (cf. PhCN,S,C1,

5o
experiment 2.2.1, page 26 ).

A thin layer chromatogram of the toluene solution using.

an S4N4 standard for comparison was run.

T.L.C., (benzene elutant): R, = 0.84, SN, standard

f

R. = 0.84, The toluene solution was slowly evaporated to

f
dryness and the infra-red spectrum of the residue recorded.

Infra-red spectrum of the residue (nyjol mull): 928s, 730m,
4o
).

(¢) Reaction of 4-Phenyl-1,2-Dithia~3,5-Diazole
with Bromine

700s, 5555, 3555 em t.  (cf. SN,

Bromine (0.5 cmB, 9.76 mmole) was added to a

stirred solution of (PhCN (0.88,4.42 mmole) in carbon

QSQ)X
tetrachloride (10 cmB). An immedlate reaction occurred forming

a bright red insoluble compound. The product was filtered
off, washed with carbon tetrachloride (2 x 10 cm3) and pentane

(2 x lO'cmj) and dried in vacua

Infra-red spectrum of the product (nujol mull): 1595m, 1495w,

14555, 1395s, 1150m, 1022w, 918m, 895s, 837s, 779m, 692vs,

658w, 610w, 545s em™ L. (experiment 2.2.2(i)(a), page 28 ).
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Analysis of the bright red product:
Found: C, 3%2.64; N, 10.44; H, 2.06%.

C7H5N282Br requires: C, 3%2.18; N, 10.73; H, 1.92%

Yield of PhCN,S,Br = 1l.13g. 98% based on (PhCNQS2)X

(d) Reaction of 4-Phenyl-1,2-Dithia-3,5-Diazole
with Todine

Iodine (0.48g, 1.89 mmole) was dissolved in
toluene (15 cmB). To this solution was added (PhCNgsg)X
(0.68, 3.76 mmole). An immediate reaction occurred yielding
é'green—brown precipitate. The reaction was stirred over-
night without further observed change. The product was
filtered off, washed with toluene (2 x 10 cm3), (to remove
excess iodine) and by pentane (3 x 10 cmj) and dried <mn vacue.
The\infra—red spectrum and -analysis of the product\was recorded.
Analysis of the product. |
Found: C, 27.60; N, 9.01; H, 1.21; §, 20.4%.

CoHN,S,T requires: C, 27.27; N, 9.09; H, 1.62; S, 20.78%.

1

Infra-red spectrum (nujol mull): 1598m, 1494w, 1450vs, 1375vs,
1255w, 1220w, 1172w, 1162m(sh), 1135s, 1070w, 1025m,
1000w, 938w, 922 , 904m, 868m, 852m, 84om, 826m, 792vs,
776s, 7655, 686s,.680m, 675w, 550w, 536w, 520m, 462m —

(cf. PHCN,

S,T experiment 2.2.311)(a), page 31 ).

2ol
(ii) Reaction of 4-Phenyl-l,2-Dithia- 3 5 Diazole

with Lewilis acids

(a) Reactioh of 4-Phenyl-1,2-Dithia-3,5- Dlazole
with Tin (IV)Chloride

SnCl, (0.22 cmz, 1.88 mmole) was added to a
stirred solution of (PhCNQSQ)X (0.34g, 1.88 mmole) in toluene
(20 cmB). An immediate reaction occurred forming a yellow-
orange precipitate. The precipitatevwas isolated and washed

with pentane (2 x 10 em’) and dried %7 vacug
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Infra-red spectrum (nujol mull): 1600w,.1495w, 13%98s, 1340m(sh),

1295w, 1265w, 1208w, 1182w(sh), 1172m, 1160m, 1071w,

_1024m; 1000w, 93%2m, 918s, 844s, 789s, 752s, 738m(sh),

| . 698vs, 660w, 558m, 320s cm L. (ef. (PhCN,S

2S5)p SnClg,

experiment 2.2.4(1ii), page 39 ).

(b) Reaction of 4-Phenyl-l,2«Dithia-3%,5-Diazole
with Antimony (V)Chloride

A solution of SbCi5 (2.5 cmj, 19.582 mmoles in

3.14g of 80,) was filtered on to a slurry of (PhCNQSE)X

(0.72g, 3.98 mmole in 4.36g of 802). An immediate reaction

occurred forming a bright salmon pink precipitate which was

lvirtually insoluble in the solvent. The excess SbCl. was

5

filtered off and the precipitate washed several times to remove

all traces of SbCl.. The solvent was then removed and the

5

product isolated.

Infra-red spectrum of the product: 1600w, 1495w, 1395vs, 1182w,

1160m(sh), 1155m, 1025w, 1000w, 929m, 9lls, 841s, 785m,
770m(sh), T7OOvs, 696s(sh), 555m, 340s cm™ L.
Analysis of the product:
Found: C, 15.8%4; N, 5.023 H, 1.62%.

C7H5N2828b016 requires: C, 16,29; N, 5.43%; H, 0.97%.

(1i1) Reaotions of 4-Phenyl-1,2-Dithia-3,5-Diazole
with Group VI Polycations

2

(a) Reaction of (PhCNQSQ)X with S82+ (AsF6')

882+ (ASF6-)2(O.72g, 1.136 mmoles) was placed

in the sealable section of a pre-dried, vacuum tight, pyrex

vessel (figure 1.2 , page 14 ) and (PhCNgsg)X (0.41g, 2.27 mmole)

in the second bulb. Sulphur dioxide (12.3%8g) was then con-

densed into the vessel (some into each bulb) and the deep blue‘

S82+ (ASF6')2'solution slowly filtered on to the (PhCNQS2)

X

3
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slﬁrry. An immediate reaction occurred forming an orange-
red solution énd a pale yellow precipitate. After all the
polycation had been added the reaction was agitated for L4h.
"The éolﬁble product was then filtered off leaving the pale
Yellow‘residue behind (0.28g). The solvent was removed frbm
the system and the infra—red'spectrum of the solubles and
Raman‘spectrum of the insolubles recorded.
Infra-red spectrum of the solubles (nujol mull): 1595m.
1560w, 1500m, 1445s, 1395vs, 1320w, 1296w, 1275w, 1195m,
1185m, 1170w(sh), 1168m(sh), 1162m, 1105vw, 1075vw,
1029m, 1004m, 990vw, 978vw, 965vw, 942vw, 928s, 858m,
854m(sh), 845s, 784s, 720~680vs,br, (AsFéf? 615vw,
609vw, 580vw, 560s, 464w, 395vs, 368m em™ L, (c.f.
 PhCN,S,C1, experiment 2.2.1, page 26 ). N
Raman Speétfum of the insolubles (red line) 472,.434, 243,
200m 152 em L. (c.f. Sg 475, 471, 437, 248, 243, 218,
191, 152, 86 cm 1), %7 | “
(Theoretical weight of sulphur if oxidation of PhCN

S, to

272

PhCN232+AsFé'and'deposition of Sg occurs = 0.29g).

. . 2 -
(b) Reaction of (PhCNgég)X with 664 ﬂ(AsF6 )2

In a similar reaction to that in ‘experiment

+

2.2.6 iii(a), (page 49 ). 8842 (ASF6—)2 (1,41g, 2.0% mmole)

was reacted with (PhCN,S,), (0.74g, 4.09 mmole) in SO,.  (Due
to the low solubility of Se42+ (AsFg™), in S0, both reactants
were placed in the same bulb). A green~brown solution was
quickly formed, with deposition of a black precipitate, - The
solubles were extracted from the residue, the solvent removed
from the system and the infra-red spectra of both solubles

and insolubles (0.56g) recorded.

The infra~red spectrum of the solubles is
identical to that recorded for the solubles in experiment

2.2.6, iii(a).
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_ No infra-red spectrum was obtained for the insolubles,
the eniy}peaks,present being those of the mulling agent;
The theoretical weight of selenium deposited 1f the
reaction was
S | : + - 7
(PhCN282)2+ , Se4 (AsF6)2 — 2PhCN282 ASF6 + zSe
would be 0.64g therefore 87% of the selenium. is present as

| elemental selenium in the insolubles.

(iv) Reaction of 4-Phenyl-1,2-Dithia-3,5-Diazole
with Unsaturated Systems

(a) Reaction of 4-Phenyl-1l,2-Dithia-3,5- Dlazole
with Diphenyl Acetylene

| Diphenyl acetylene (0.38g, 2.13 mmole) was
added to a stirred'suspension of (PhCNgsg)X (0.39g, 2.15 mmoie)
in toluene (30 cmj) at room temperature. No immediate ree
action occurred. bThefreaction was brought to reflux and_
refluxed forfl6h; The presence of diphenyl acetylene in '
the reaction was monltored using T.L.C. with hexane as the
elutant and a standard diphenyl acetylene solution as a |
reference. The chromatogram indicated that diphenyl acety-
lene was stiil remaining in high concentration after refluxing
for 16h.  The reactiQn was coaled to room temperature and
the solvent removed by pumping at reduced pressure. The
infra-red spectrum of the residue indicated that only 4-phenyl-

1;2-dithia—3,5-diazole and diphenyl acetylene were presentg

(b) Reaction of 4-Phenyl-1,2-Dithia-3,5-
Diazole with Tetrasulphur Tetranitride (S4N4)

3N, (0.27g, 1.47 mmole) was added to a stirred

solution of (PhON,S,), (1.06g, 5.86 mmole) in T.H.F. (30 oir)

;at room temperature. The reaction was stirred for 4h. at.

‘ roomjtemperature but no change was noted. - (The S4N4 concen-
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tration was monitored using T.L.C.). The reaction was

then refluxed for 16h. but no reaction appeared to occur.
@4N4 was still present in high concentration in the solution
and no other species were defected on the T7.L.C, plate. The
reaction was pumped to dryness and the infra-red spectrum of
the residue recorded. From the infra-réd spectrum it was

deduced that the only species present were S4N4 and (PhCNQSQ)X.

2.2.7 Reaction to produce Benzene-1l,4-(di-1,2,3%,5~
Dithiadiazolium) Dichloride (C6H4(CN282C1)2)

(i) The Reaction of 1,4-~Dicyanobenzene (C6H4(CN)2), with
Sulphur Dichloride‘(SClg) and Ammonium Chloride (NH4CI)

NHyC1 (20g,374.0 mmole), CgH) (CN),(5.12g, 40.00
mmole), SC1, (50 cmj, 786.9 mmole) and toluene (150 cm3) were

placed in a 500 omBﬁfLaakJ'and the temperature slowly raised

to reflux. The reaction evolved a gas which was identified
as HCL. The evolution of HCl was used to monitor the re-
action. After 24h. of refluxing fno further gas was evdlved. }

SCl, (30 cmB) was added to the reaction and the system allowed
to reflux until no further HC1 was evolved. Aliquots of |
8012 (20 cmj) were added to the system until no further evol-

ution of.HCl was noted when SCl2 was added to the reaction g
mixture (4 aliquots). The reaction was then cooled to room |
temperature. The orange precipitate formed on cooling was {
filtered off, Washed with ether (4 x 25 omj) and recrys-
tallised from benzene (50 cmj). The - ~ product

was then recrystallised from SO, (5.62g) (figure 1.2 , page 14 )

and the bright orange product (l.l4g) dried im wacuo.

Infra-red spectrum of the orange product (nujol mull): 2230w,
1598m, 1580w(sh), 1495w, 1455s, 1398vs, 1320s, 1310m(sh),
1295w (sh), 1210w, 1170w, 1150m, 1138m, 1028m, 1018m(sh),

‘921m, 895s, 845s, 785s, 700vs, 564w, 550m, 520w em™l,
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. The product was heated to 200°C at a pressure of
l1x lO"2 torr and the infra-red and analysis of the non=

sublimed reSidue recorded.

infrajred spectrum of the residue (KCl disc): 3090w, 3040w,
‘22358, 1415m, 1395vs, 1380s, 1302vw, 1289w, 1156m, 1020w,
925m, 896m, 862s, 855s, 845m(sh), T45s, 69k4s, 564m(sh),

558s, 532w‘cm"l.

, Anaiysis of the product after subliming out the impurities.
Found: C, 38.37; H, 2.22; N, 17.0; S, 25.46; C1l, 14.4%.
08H4N382Cl requires: C, 39.75; H, 1.66; N, 17.3%9; 8, 26.50;
Cl, 14.70%.

(ii) Reaction of C6H4(CN)2 with (NSCl)B.

C6H4(CN)2(1.28g, 10 mmole) was added to an apple
green, refluxing solution of (NSCl)3 (6.55g, 26.79 mmole)
in benzene (30 cmj). After refluxing for 24h. a bright
yvyellow precipitate formed in a deep orange solution. The
reaction mixture was filtered, the precipitate washed with
pentane (4 x 20 cmB) and dried tn vacuo.

Infra~red spectrum of the precipitate (nujol mull): 1164s,

1000vs, 680s, 568s, 472vs, 466s(sh), 332s (cf.S)N 0144).

3

The benzene solution was pumped to dryness and the re-
sulting pale yellow residue dissolved in T.H.F. (10 cmz).
A T.L.C. plate (benzene elutant) was run of the T.H.F. solutionv
and standard samples of SN, and C6H4(CN)2. SyN) and |
CH) (CN), were identified as being present. A third com-
pound giving a red spot that faded with time was also observed

which 1s believed to be Squ.
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THE CHEMISTRY OF THE DITHIADIAZOLIUM CATION

2.3 Discussion_

Although the dithiadiazolium system was first synthesiéed
by Banister et al in ca. 1970, little or no subsequent work
had been reported at the commencement of the investigations
described in this chapter (October 1976). In an attempt to
.find a salt (or salts) of the phényl dithiadiazolium cation
that was relatively moisture insensitive, and thus of‘potential
industrial use,‘phenyl dithiadiaéolium chloride was reacted
witﬁ'various ionic salts. A wide range of dithiadiazolium
salts was produced and the previously unreported 4~phenyl~l,2—b
dithia-3,5~diazole. All the species produced were found to

be moisture sensitive,

2.%.1 Preparation and Purification of 4~Phenyl-1,2,3,5-

Dithiadiazolium Chloride (PhCNQSgcl)

Banister et @l reported the synthesis of

27

PhCN,.S.Cl from NH401, PnCN and SC1l, using PhNO, as a solvent.

272 2 2
The salt was then recrystallised from PhNO2 (50 cm3 gram"l).
Due to the very high toxicity of PhNO,, (TLV-TWA: 1 ppm)45 a
synthetic route and purification procedure were sought not:
involving the soivent. It was found that the synthetic route
described by Banister et al still gave good yields if the
nitrobenzene was omitted and 25% excess benzonitrile was added.
The yields recorded were improved by the addition of aliquots

of sulphur dichloride to the reaction mixture until no further

hydrogen chloride gas was evolved.

Many methods of purifying the crude phenyl
dithiadiazolium chloride were investigated. It was found
that recrystallisation of the salt from thionyl chloride gave

a product of reasonable purity but the analytical results were
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invariably high in chlorine. The purification procedure
was adapted by using a mixture (4:1 by volume) of 1,2-
dichloroethane (CH,CICH,C1) and thionyl chloride as the re-
crystallisétion Solvent and washing the purirfied material
m&th fefluxing hexéne ﬁo remove any residual thionyl chloride.
Double purification by the above method yielded'a oompound
with good analytical results and this procedure was ﬁhe one
génerally used throughout the Wdfk in thils thesis. However,
reoéntly it‘was found that sulphur dioxide provides a faéile
singié stage purification solvent as sulphur, ammonium
chldfide and ammonium sulphate are virtually insoluble in.
the'sblvent,46 whereas 4mphenyl~l,2,3,5~dithiadiazolium ?

ohloride is highly soluble.

Crystais of A4-phenyl-1,2,3,5- dithiadiazolium

chloride were produced by slowly cooling a refluxing toluene

'solution of the salt to room temperature. The crystals are

bright orange and needle shaped, containing toluene of crys-
tallisation. The X~-ray crystal structure of the salt was

determined using these crystals by Hazell(l979)a47

2.%.2 'The Reactions of 4-Phenyl-1,2,3,5-Dithiadiazolium
Chloride '

The reactions of 4-Phenyl-1l,2,3,5~dithiadiazolium

48

chloride reported by Bell, Durrant49 and Roesky38 are

presented in table 2,2,

From table 2.2 it can be seen that with the
exception of the results published by RoeSkij little pro»-
gress had been.made in the field of dithiadiazolium chemistry
since 1970. (The anion exchange reactions reported by
Roesky were published after the majority of the work in this

chapter had been completed). -



TABLE 2.2 Reported Reactions of 4-Phenyl-

1,2,%,5-Dithiadiazolium Chloride

Reactant

Water

Nitric acid
Acetic Anhydride
Iron (III)Chloride
Sodium Iodide

Sodium Iodide

Epichlorohydrin
Cyclohexene oxide
Acetonitrile

Antimony (V) Chloride

Phenyl Llithium

Diphenyl Mercury

~ Antimony (V)Chloride

Trifluoromethyl
sulphonie acid

Bis(fluorosulphonyl)imide

Triethyl oxonium
tetrafluoroborate

Nitrosyl Hexafluoro-

phosphate

Solvent

SOC1

SO

CH.C1
Cetlyy

0014

02H5002H5

Celg
Cchl2
CH2012
CH2012
CH2012

CH Cl2

2

Product

PhCN28206H3

PhCN2SEO6H3

PhCNQSQCl

+ -
PhCN282 FeCl4

Hydrolysis Products

Postulated to be
PhCN282+I'

Hydrolysis Products

PhCN28201

PhCN282Cl

Postulated to be

+ -
PhCN282 SbC16

PhCN282CI

Postulated as
Ph20N282

+ -
PhCN232 SbCl6

+ -
PhCN282 CFBSO5

T -
PhCN,S, "N (SO.F),,

+ -
PhCN2S2 BF4

PhCN

..'. -
25, PFg
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Ref.
49
49
49
49

49
49

48
18
48
48

48
48

38
.38

38
38

38

From the work reported by Durrant and Bell in

their theses, four new phenyl-dithiadiazolium salts and

derivatives have been formulated.

three of the formulations (PhCN

g 48

PhECN2 o

work in this chapter,

reinvestigated.

the other PhCN.S.tFecl

S I,49 PhCN,S SbCl6

272
) have been brought into queétion by subsequent
4

Of these four species,

48
22

272 4

and

‘was not
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2.3%.2(i) The Preparation and Purification of
4=Phenyl=1,2,3%,5=-Dithiadiazolium Halides

The formation of the bromide and iodide salts
of the 4-phenyl-l,2,3%,5~dithiadiazolium cation was first noted
by the colour of the infra-red discs of PhCN28201 using KBr
and CsI dispersants (experiments 2.2.2(ia)(iia), pages 28,31 ).
The infra-red speotfa of the discs was recorded and although
the spectrum of the PhCNgsgcl/KBr was very similar to that of
PRCN,S,CL, that of the PhCN,S,C1/CsI disc was significantly
‘different (table 2.3).

TABLE 2.3 Infra-red Spectrum of PhCN282+CI" using a
gseries of Dispersion Salts

KC1l Dispersant KBr Dispersant CsI Dispersant PhCN282I49
1604m 1604m 1600m 1600w
1585w 1588w 14941
1498w 1500w 1480m
14508 1458s 14558 1460vs
1395vs, br 1402vs, br 1380s 1378s

' 1365vs 1358m
1305w 1295w 1255w
1222w 1220w 1220w
1190w 1210w (sh)

1182w 1180w 1173m 1181w
1158s 1164s 11358

1080vw
1078w , 1074w 1068w
1036m 10%6m 1024s 1028m
1009w ’ 1009w 1005w 972m
930m 930m 028w
900s 899s 905m

: 868m 860m

850vs 850vs 852m

830w 832vs
802m 802m 826m
792m © 790m 795vs

778s 782vs

750w 7668

T05vs 702vs 690s 694s

682s

_ 676m 676s

670w 670w : 670m(sh)
610vw. 610vw
558s 5568 538w
520w h22s 520m
470w 470w 472m(sh)

462s
410w 420w ‘ 408w
318m 328m 325w

286W ‘ 285w
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(A photographic comparison of the chloride and iodide salts
of the 4-phenyl- l 2;35,b-dithiadiazolium cation is given in
flgure 2.9).

From the infra-red data presented in table 2,3,

. page-57,+ it appears as though the deep red-PhCNQSQBr and

PhCNgsgcl adopt the same configuration with posslibly slightly

more anion-cation interaction in the case of the bromide than

the chloride. However the infra-red spectrum of the presumed

iodide is significantly different and will be discussed later
(page 76 ). It can be seen from table 2.% that the infra-red

~spectrum reported by Durrant+9 for PhCNQSZI 18 significantly

different_ﬁ#mthat of the PhCN,S,C1l/CsI disc. Hence doubt

2 2
1s thrown on the identity of the species postulated as

5 21 by Durrant.

Initially the bromide and iodide salts were
isolated in a reasonable pure state by subliming the product
out bf the groﬁnd mixture of either PhCNQSECl and KBr or
PhCN,,8,C1 and NaI (experiments 2.2.2(ia),(iia), page 28,31 ).

However as yields achieved by this method were low, the syn-

thesis of the salts by solution reactions were investigated{

’ka) Synthesis of 4-Phenyl-1,2,3,5-Dithiadiazolium Bromide

The reactions of sodium and potassium bromides with
pheﬁylwdithiadiazolium chloride using toluene, benzene,l,4 -
dloxan, dichloromethane and nitromethane were unsuccessful
almost certainly due to the relatively low solubility of the
alkali metal bromides.ln the aforementioned solvents. The
exchange reaction did however occur with Et4N+Brw, NH#kBr”
and LiBr using the solvents nitromethane, dichloroethane,
monoglyme, tetrahydrofuran and sulphur dloxide. The réaction

probably proceeds in the above examples due to the bromides

'having a reasonable solubility in the solvents listed.
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Of all the reactions that yield 4-phenyl-1,2,3,5-
.§ithiadiazolium bromide the best route is probably that
1n}whi¢h phenyl dithiadiazolium chloride is reacted with
"lithiﬁm‘bromide using tetrahydrofuran as a solvent, the
crude produét thus produced, being recrystallised from sul-

phur dioxide (experiment 2.2.2(i,b), page 29 ).

QQS' Synthesis and Purification of A-Phenyl-l,2,%,5-
T Dithiadiazolium Todide '

Réaction of phenyl dithiadiazolium chloride with sodium
iodide was found to occur in numerous solvents (CHBNOQ,

CH2ClCH2Cl, C6H T.H.F., CH OCH2CH OCH 1,4~dioxan and

sulphur dioxide) producing a deep purple solution from which
" a greén«brown predipitate was 1solated. The infra-red
'Spectrum of this precipitate was identical to that recorded

272
difficulty was however experienced in purifying the product

for the PhCN,S,Cl/CsI disc (table 2.3, page 57 ). Great

ﬁo give congistent,good analytical results. Recrystallisation
‘from a variety of solvents was investigated but invariably
1pooﬂanalytical results were obtained. Initially this waé

- thought to be due to hydrolysis products but after the re- ;
action using sulphur dioxide as the synthetic and recrystalli-
sation solvent, it was deduced that the basic impurity was

the alkali metal chloride by-product (experiment 2.2.2(ii,c),
page 32 ). The metal chloride, although virtually insoluble
in all the recrystallisation solvents used, therefore appears
to pass through the sinters (grade 4) thus affecting the re-
corded analysis of the product, The reason for the metal
chloride passing through the sinter must be due to the fact
that the particle size of the metal chloride is smaller than
the pore size of the sinter used. Hence it seems likely that
the metal chloridé produced in the reaction is so insoluble

in the synthetic solvent, that precipitation of the salt
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occurs in a very fine form. Conseqguently virtually no
recrystallisatioh‘process except that using a very fine
sinter (very small pore size) will purify the product.
Purification of the salt was however achieved by the use
of vacuum sublimation, consistent analytical results being

recorded.‘

2.3.2(ii) The Reaction of 4-Phenyl-1,2,3,5~ |
Dithiadiazolium Chloride with Lewis Acids

As would be anticipated for an ionic chloride
containing a large cation, reactions of U4wphenyl-1l,2,3%,5~
dithiadiazolium chloride with the Léwis acids boron tri-
thoridey tin tetrachloride and antimony pentachloride
\readily occur (section 2.2.4, page 36 ). All the products
are brightly coloured, (SnCl62" yellow; BCl4" orange and
Sb016‘"bright red). Hence the SbCly  salt of the phenyl
dithiadiazolium cation synthesised by'Bell48 which 1is re-
ported to be white must be regarded with some suspicion,

espeoially as Roesky38 also reports that the PhCN2S?+SbCl6“

is red. All the salts give infra-red and mass spectra con-
sistent with the species containing the PhCN282+ cation

. + ~49
(cf.‘PhCNQS2 FeCl4 )

2.%.2(i1ii) Formation of other salts of the 4-Phenyl-
1,2,%,5-Dithiadiazolium: Cation

(a) Salts containing Fluoro-anions

Both the tetrafluoroborate and hexafluorophosphate salts
were prepared but not isolated in purified forms, such that
consistent analytical data could be obtained. (These re-

actions are not reported in the experimental section).

The tetrafluoroborate salt was obtained from the re-

action of silver tetrafluoroborate with phenyl dithiadiazolium
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chloride using nitromethane as a solvent. ?he salt obtained
was deep red and gave infra-red and mass spectra consistent
with the formulation PhCN,S,'BF,”.

The hexafluorophosphate salt was synthesised by the re-
action of ammonium hexafluorophosphate with phenyl dithia-
diazolium chloride using sulphur dioxide as a solvent. The
infra-red spectrum of the soluble product indicated that the

hexafluorophosphate salt of the phenyl dithiadiazolium cation

had been produced (NH4+PF6_ only very slightly soluble in 802).

No further investigations into the synthesis and purif-
ication of the above salts were made due to the isolation

and characterisation of the compounds by Roesky.38

(b) Formation of the Acetate and Benzoate Salts of the
4-Phenyl-1,2,3,5-Dithiadiazolium Cation (experlments

2.2.711, 113 pages 34 -, 35 ).

Attempts to produce the benzoate and acetate salts of
the 4-phenyl-l;2,3,5—dithiadiazolium cation from the re-
action of sodium benzoate and acétate with phenyl dithia-
diazolium chloride using organic solvents, failed. However
both salts were produced on reacting excess ammonium benzoate
or acetate with PhCNESQCl using sulphur dioxide as a solvent.
The resulting products were very deeply coloured (black/purple).

The acetate was found to be unstable decomposing in

tetrahydrofuran solution at rosm temperatufe yielding anothef

carbon-sulphur-nitrogen heterocycle (see section 2.3.3,

page 62 ).

The infra-red spectra of the isolated benzoate and
acetate salts were consistent with them containing the phenyl
dithiadiazolium cation and the aceftate or benzoate anion.
Although the colour is very deep, probably implying a relat-

ively high degree of anion-cation interaction, little or no
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shifting of the basic infra«red.bands associated with the
- dithiadiazolium cation (reference PhCN,S,Cl, table 2.3,

pége 57 ) is observed. Hence the degree of interactioh
‘,required to modify the observed colour of the salts must
be much less than that required to effect the vibrational

spectrum.

(¢) The Formation of the Thiocyanate salt of the 4-Phenyl-
1,2,%,5=-Dithiadiazolium Cation (Experiment 2.2.3(i,a,b),

page 33,34).

.f Th¢ reaotion of sodium thiocyanate with phenyl dithia-
diaZoliumbchloride using monoglyme, tetrahydrofuran,.or ai-
‘dhloroethane‘as solvents produced a deep purple solution.
_;virtually immediately. However after refluxing for ca. 20
min. or stirring at room temperature for 6h. an orange pre-
‘gipitaﬁe was fqrmed which was identified as (NCS)XB Hence a

reaction subsequent to the metathesis reaction occurs.

The intermediate 4-phenyl-1,2,3%,5~dithiadiazolium thio-
cyanate was however isolated from the reaction of sodium thio-~
cyanate with 4-phenyl-1,2,3,5~dithiadiazolium chloride using
sulphur dioxide as a solvent. The salt is very deeply
colouréd (cf. acetate and benzoate salts) and gives an infra- .
red and mass spectrum (figure 2.8¢) consistent with the

s fnes™.

formulation PhCN2 5

2.3.% The Formation and Reactions of 4-Phenyl-l,2,-
Dithia-3,5-Diazole (PACN,S,),

(1) 4-Phenyl-1,2,~dithia-3,5~diazole was first
synthesised by the reaction of Sodium thiocyanate with phenyl
dithiadiazolium chloride using monoglyme as a solvent
(experiment 2.2.5(1), page 40 ). The compound was isolated
in a'high'state of purity as deep purple, needle shaped

crystals. The crystals gave excellent analyses and mass
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and inframred speotra_which enabled the species to-be
Pidéntified,with ease, 1in the products of other reactions.
(The infra-red spectrum is shown in.figure 2.9, page 88 ).
‘The cfystals_obtéihed from the NaNCS/PhCNESQCl reaction were
'sent‘for X-ray structural determination studies to Vegas

(Instituto de Quimica Inorganica "Elhuyar" Madrid), the results

of which are discussed in section 2.3.4, page 72.

Tt was found that 4-phenyl-1,2,-dithia-3,5-
diazole 1s formed in many reactions of the phenyl dithia-
Vdiazolium cation with organo-metallic species, metals, and

reducing anions,.

Equations 2.6-1%

» [N . R g ‘
2PhCN,S,C1 + 2L1N3 (CH3OCH2)2' (PhCN282)2 + 2LiCl + 3N, ‘(2,6)
2PhCN,S,CL + 2KCN ———Eﬁi;~—> (PhCN,S, ), +2KCL + (ON), — (2.7)

+ -
~2PhCN,8,C1 + 2CH5COONa 5559 2PhCN, 8, ?HBCOO + 2NaCl
‘ THR (2.8)
& )
(PhCN232)2 + CoHg + 2002
AY i
2PhCN,S,C1 + 2PhMgBr (CQH55§V@6H5CH3 > (PhCNQS2)2 + MgBr,
+ MgCl, + C1oH10 - (2.9)
. . .
2PhCN,S,C1 + 2CH;L1 C6H14/(CH500H2)2' (PhCN,8, ),
+ 2LiCl + CHg (2.10)
- - S o i
EPhCNQSQCl + 204H9L1 C6H14/C6H50H3, (PhCN282)2

+ 2LiCL + CgHyg (2.11)
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2PhCN,S,C1l + SnCl, (CHEOCHQ)é% (PhCN282)2 # SnCl, (2.12)

XPhCN

5S,CL + M > 72 (PhCN,S, )+MCL (2.13)

TH.F. or (CH,0CH,),

(M = Zn, Hg : table 2.1, page 45 )

Therefore, as can be seen from the above equations
BT 4—phehyl-l,2,-dithia—},S—diazole is a thermodynamically

stable.Species.

Particular note is made of the reactions of phenyl
dithiadiazolium chloride with Grignard and organo-lithium
spécies. Bé1148 reported the reactions of diphenyl mercury
and phenyl lithium with Ymphenyl-1,2,3,5-dithiadiazolium
chloride and frpm the diphenyl mercury reaction isolated
PhHgCl and a compound postulated to be Ph,CN,S, (figure 2.10).
46

Figure 2.10 Postulated structure of Ph,CN,S,.

Ph

d

L N—s

Ph—“~C:::‘IID

“N—3S

The product obtained by Bell from both the re-

actions of PhCN~S~Cl with Ph.Hg and PhLi was black and by

272 2

analogy‘wifh the reactions of PhCN2SQCl with PhMgBr, C4H Li

, . 9
—and CHELi (experiments 2.2.5(vii-ix), pages 43 , 44 ) it is
bélieved that Bell isolated partially hydrolysed 4-phenyl- : j

1,2-dithia-3,5-diazole,with a biphenyl impurity.:

The mechanism by which 4-phenyl-1l,2-dithia-3,5-
diazole is formed in the reactiohs of phenylldithiadiazolium
chloride with Grignard and organolithium species is believed
to proceed via an intermediate in which the organo grouping
S

is bonded to one or both of the sulphurs in the "CN " ring.

272
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The intermediate then dissociates yielding phenyl dithia~
’ dlazole (figure 2. ll)

Figure 2 ll Suggested mechanism by which CH3Li
o .A" reacts with PhCNQSQCl

oo, o

- CHt;

AR :v'. N— 8
<O
N¢—~S | |

N—-S

~ O

NLs
\S\9H3-'t}

I

 (PhCN..S

NS5 )p + CoHg b

N-~S : R
Cl + CH L1 et ]+ Licl
v 2 N~—~S o PERE

fsTheheolours of all the known phenylndithia;_f
J’diesdliumVSQits‘fall into two categories; those that'are-
brightly-éoloured,(red, orange and yellow), and these that
are‘purpie-black (tahle 2.4). With the eioeption of phenyl
dithiadiazolium iodide (which is discussed separétely'in |

k section 2. 5v4(iv); page 75 ) all purple-black salts deeompose
on heatlng to yield phenyl dithiadiazole, whereas the‘
,brightly coloured salts do not. It is suggested that the
tddegree of enion-cation interaction 1is greatest inrthe“purple-

black salts and thus they are more prone to decomposition

’than.the brightly coloured salts in which the degree of anion-.

cstion interaction is much less. The anions of the black-
dpurple salts are those anions which are generally regarded

~ as being "soft”, i.e. relatively highly polarlsable. ~ Thus
with7a'large'cy01io cation the degree of 1nteraetion is.th‘

expected to be significant. There are various salts‘(e.g.
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TABLE 2.4 Colours of the 4-Phenyl-1,2,3,5-Dithiadiazolium Salts

Salt

PhCN,8,C1
PCN,S,Br
PhCN,S, I
PhCN,S,BF),
PhCN,S,BC1,
PhCN,S,SbC 1,
PhCN,S,PF
(PhCN282)2(8n016)
PhCNESQFeCl445
PhCNQSQCF380338
*
PhCN,,S,NCS

*
PhCNQSECH COo0

5

*
PhCNESEPhCOO

(* Denotes the salts that decompose yielding phenyl

dithiadiazole).

Colour

Orange

Red
Black-Purple
Red

Orange

Red

Orange

. Yellow i

Orange

Yellow l
Black-Purple i
Black-Purple ‘

Black~Purple

SbCl6' and Br ) in which a lesser degree of anion-cation-

interaction is noted.
cally symmetrical and thus the degree of cation-anion inter-
action is not as great as in the cases of NCS', CHBCOOf and

PhCOO ™, consequently‘the SbCl6- and Br salts are red not

black-purple.

Both the acetate and thiocyanate salts decompose

- The SbCl6_ and Br ions are spheri-

in T.H.F. or monoglyme at room temperature. However the

benzoate does not decompose in the above solvents at room

temperature but requires refluxing for 8h. in monoglyme to

achieve the decomposition.

It is thought likely that the
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relative stability of the benzoate salt is derived from

the fluldity of the m-electrons associated with the phenyl

ring, which maintain a relatively strong carbon-carbon bond
between the "002"‘and "C6H5" fragments, even when there is

significant anion-cation interaction draining electron den-

sity away from the anion.

In the reactions of the phenyl dithiadiazolium
cation with thiocyanates,;dyanides and azides it is believed
that the mechaﬁism proéeéds-via;én intermediate in which the
anion interacté‘strongly with.the sulphur-sulphur bond in.
the dithiadiazolium ring. - Complete one elevtron transfer
from the anion to the cation then occurs with the formation
of . two radical»species‘whiéh dimerise;with théir_own.kind
forming 4-phenyl-l,2,-ditnia-3,5—diazole and the by-product

'(g.g.»(CN)g and,(NCS)g). ‘ Due tb'the highly‘exothermic nature
of the reaction of the dithiadiaZolium cation with azides it
is not thought 1ike1jAth§t*an intermediate cage specles of
the form PLON,S, (figure 2,12) will be isolated.

Figure 2.12 Postulated Mechanism by which:
PhCNESQCl reacts with LiN3

Ne——8 =~ o N8

/// 1. o /// \\\ .
2Ph~C o Cl+2LiN, =——> 2 [Ph-~C N{ +2LiCl1l+2N
NPt O b
4‘ . . . | Nﬁs

- l -

(PhCN282)2 + Ny

4

2.3.3(i1) Purification of 4-Phenyl-l,2-dithia-3,5-diazole

Phenyl dithiadiazole ié highly soluble in most
organic solvents and is soluble to a limited extent in hexane

and pentane."vao main pfdéedures for the purifidation of the
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compound have been found. The first is by the extraction
of the material using refluxing pentane and the second is by

sublimation Zn vacuo.so

The purified product obtained by
the above methods, although in a high state of purity, is
recommended to be recrystallised from a solvent such as re-
fluxing monoglyme, dichloroethane or T.H.F., the éolvent being
cooled slowly to room temperaturé, gso as to form reasonably
large crystals. The reason for'the above recommendation is
that the phenyl dithiadiaéolé, obtained by extraction with
pentane or by sublimation, has a very high.surface area and
as the salt is highly mdsture sensitive the degree of hydro-
lysis on exposufe to the atmosphere‘for‘only a few seconds
is very significant. In the case of crystals the surface

area is much less, per unit mass, and consequently so is the

percentage hydrolysis if exposed to moisture.

2.3.3(iii) Reactions of 4-Phenyl-1,2-Dithia-3%,5-Olazole

(a) The Reactions of Phenyl-pithiadiazole with the
Halogens and Lewls aclds

A-Phenyl-1,2-dithia-3,5-diazole reacts readily with
chlorine, bromine and iodine (experiments 2.2.6(i)(a,c,d),
pages 46 - 48) yilelding compounds which are the same colour
and give the same analyseé, mass and infra-red spectra as
the 4—phenyl—l,2,3,5-dithiadiazolium chloride, bromide and
iodide salts (table é.}, page 57 ). Hence it appears as =
though phenyl.dithiadiazole is oxidised back to the phenyl

dithiadiazolium cation by chlorine, bromine and iodine.

A similar style of réaction was found in' the reactions
of excess tin(IV)chloride and antimony(v)chloridevwith phenyl-
dithiadiazole (experiments 2.2.6(ii), (a,b), pages 48,49).
‘The dithiadiazole appears to abstract a halogen from the

Lewis acid, forming phenyl dithiadiazolium chloride which
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then reacts with.the'excess Lewis acid to produce either
(PhCNESE)QSnCl6 or PhCNgs SbCl6.} It is thought likely that

the reduced species SnCl2 and SbCl3 are formed which are not

able to reduce the respective SnCl62' and SbCl6 salts back

to the dithiadiazole.

2.%.3(iv) Reactions designed to substitute atoms,
- or groups of atoms, into the basic
five membered "CMQSQ" ring

(a) The Reactions of Phenyl Edthiadiazole with Group VI
Polycations , . v

Phenyl dithiadiazole~was reacted with 382+(AsF6‘)2

and Se4 (AsF6 )2 (experiments 2.2. 6(111) (a,b), page50 )
1n an attempt to synthesise PhCN284 AsF6 and PhCN2828e2 AsF6',

respeotively. ;;The reactions occurred virtually 1mmediately
on mixing the,tWOvoomponents. From‘the infra-redespeotrum.
of the soluble produot'anditheHWeight‘of‘insolubles 1t was
readily'deduoed that‘oxidation of the dithiadiazole to the
hexafluoroarsenate(y)salt of the dithladiazolium cation ocecurs,

with deposition of elemental sulphur and selenium (equations

2. 14 15).

| e , S |
(PhCN 32)2 + S8 (AsF6 ) —50, 2PhCN282 AsFg~ + Sg (2.14)
(PhCN282)2 + Se4‘ (AsF6,) ——§6E—a 2PhCN232_AsF6 o+ 4se (2.15)

(b) Reactions of.Phenyl:Dithiadiazole with Unsaturated Species
No reaction:Wasvnoted to occur in the'reactions of phenyl
dithiadiazole with diphenyl acteylene or tetrasulphur tetra-'-
nitride in refluxing-solutions. Fielder50 also 1nvestigated
the photolytic reaction of . tetrasulphur tetranitride with '

‘phenyl dithiadiazole but no reaction was found to ocour._

A reaction did ooour between phenyl dithiadiazole and‘r{

trichlorotrithiatriazene but by analogy with the reactions .
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of 'the dithiadigzole with the halogens and Lewls acids
(SnClu, SbCl5), the main product isolated was that of phenyl
dithiadiazolium chloride with tetrasulphur tetranitride as
the by-product (cf. Chapter Three, page 101 ).

It is therefore concluded that the basic five membered
CN282 ring, in the conformation found in 1,2,3%,5-dithiadiazoles
and 1,2,3,5-dithiadiazolium species, is highly stable with
respect to ring expansion. It is, therefore, thought somewhat
unlikely, that cations containingﬁlarger ring sizes are formed
in the reactionof ammonium chloride with sulphur dichloride
and benzonitrile, (experiment 2.2.1, page 26: synthetic
route to PhCN,S 201)

2.3.4 The X-ray Crystal Structures of 4- ~-Trichloromethyl
and 4-Phenyl-1,2,3%,5-Dithiadiazolium Chlorides
compared with that of 4 Phenyl -1,2-Dithia-3,5~Diazole

(i) 4~ Trichloromethyl -1,2,3, 5 Dithiadiazolium
Chloride , o

The crystal structure of 4-trichloromethyl-
1,2,3,5-dithiadiazolium chloride has been determined by N
Andreasen wseb.al 21 (1977) (figure 2.15, page 93). The
cation'is'a five membered.plancgr ring with the trichloromethyl
group co-planbar with it.:' From the relatively short bond
lengths within the ring;‘it is concluded that there is
extensive delocalisation'of the'ﬂ—syStem. The cation is
probably best regarded as an aromatic 6n-system52. A notable
feature of the. structure iS'the strong interaction}between
the chloride ion and the cation. ‘ The anion is'almost symmet-
rically 51tuated across the disulphide linkage, the contact .
distance being some T7S5pm. ehorter than that us1ng Pauling's
formula, assuming a +l/2vcharge on each sulphur and_a -1

53

" charge on the chlorine.
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(11} A4-Phenyl-1,2,%,5-Dithiadiazolium Chloride

‘The X-ray crystal structure of 4-phenyl-
1,2,3,5~dithiadiazolium chloride has been determined by Hazell
(figure 2.16 and tables 2.7-2.9, pages 94,89-90).

It would be anticipated that the "CN,S," ring
in both CClBCNESQCl and PhCN,S,Cl has the same basic.conflg-
uration, possibly with slightly modified bond lengths due
to ‘the different inductiVe_effeots of the CCl3 and Ph groups.
From the erystal structures of CCiBCNQSQCI and PhCN,S,Cl ‘it
is noted that the rings ane virtually identical, the main

. the .
differences being that the angle at, carbon closes slightly

in‘PhCN2SQCl relative tO“CClBCNQSQCl:(N - C=N: CClchQSQCl =

122. 20; PhCNgsecl-— 119, 0° ) Whereas the angle at nltrogen
N

opens oub marglnally (c - N - S : CClBCNQSECI : 113.5 :

PhCNgsgcl : 1145 )

Theregare;three marginally different PhCN2$2
units in the_crystal,strueture, the main difference being the
position of theSEhlorine nelativevto,the S-38 linkage. In
a%l cases the chlorine is%virtually symmetrically placed
aeross the>disu;phide»1inhage-(on average, 291.8nm from one
vsuiphur‘and 289 ﬁpm fromvthe‘other) ‘The degree of inter-
actlon between anion rand catlon, as quantified by the 8§ ***+*+* CL
_ contact dlstances, ‘is sllghtly less ‘In PhCN28201 than in
CClBCNESQCl (average EERARRARS Cl dlstance PhCN,8,C1 = 290. 6pm;
CClBSN28201~= 285.6pm).v Hence the most s1gn1flcant effects. -
onvthe "CNQSE"'ring of_ehanging the substituent at position 4

' ‘ BT
from CCl, to Ph is the closure of the N -}C - N angle and the

5
sllght drop in anion catlon interaction. - The deerease in the

/\
N-C-N angle is probably due to the mlnimlsatlon of the

' interaetlon of the hydrogens at positions 2 and 6 with the

nltrogens in the heterocycllc ring.
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The bondvlengths and angles in benzene have

i

been accurately determined from rotational Raman5 and neutron

diffraction55 spectra and also by crystallographic methods.56
Itdcan be seen that the C-C bond lengths in the phenyl group

of PhCN28201 are_some.l.8pm shorter than those in benzene

(C6H6 t 139.7pm; PhCNQSéCl : 137.9pm). Hence it would appear

as though there is some delocalisation of the positive charge

into «he phenyl ring.

(1ii) A4-Phenyl-1,2-Dithia-3,5-Diazole

The X-ray crystal structure of 4f-phenyl-
1,2-dithia~3,5~dlazole was determined by Vegas57 (flgures

2.17-19, {'—ables 2.10- 13, pages 95,93,90,92)

U31ng the T - electron countlng rules set out

52

by Banister~’, the spe01es PhCst2 would be postulated to be

an odd electron 7n-aromatlc and would, therefore, be expected

to dimerise (ef. S N2 figure 3.2 page 10758). The structure

of (PhCN,S was therefore postulated to be basically the

2 2)
same as in S6N4 , with two 67-rings being held together by

a two electron four centre,bridge in an opposited geometry
(related through a centre of symmetry). However from the

crystal structure it is seen that the units are in fact

eclipsed. The.difference in conformation between the S6N42+

dimer unit and that -of (PhCN282)2 is almost certainly a

+
32

which therefore arrange themselves, so as, to minimise the

functlon of the inherent p051t1ve charge on the S_N rings

electrostatic repulsions. . However in the case of the

(PhC dimer the ecllpsed arrangement 1is preferred due

NySp)p dim ' |
to the increased interaction of the singly occupied H.0.M.Os

of the monomeric units.
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The unit cell of phenyl dithiadiazole
contains 16 "PhCNQSQ" units, 2ll of which are grouped into
pairs, the as/ymetric unit being four "PhCN,S," units or two
pairs. Each dimer has an average S e¢«.es+. S inter-ring con-
tact distance of 310.9pm as compared with 302.7pm in S6N42+58
(sum of the van der Waals radii = 360pm). Hence the strength
of the four centre interaction in the (PhCN282)2 and (S6Nf+)
dimers is similar but slightly less in the case of (PhCN 82)2.

All the phenyl groups, as well as the
SBl-le'CBI"NBE'SBE and S4l-N41-C41-N42-842 rings are com-
pletely coplan ar. The atom groups C -C2-C3 7 for all
four PhCN282 units in the qéﬁxpetrlc unit are also coplan ar.
are not coplan-ar due to the significant deviations of N12
and N,q (81pm and 54pm, respectively), from the plane des-

cribed by the other four atoms in the ring.

The two PhCN,S, units which form the dimer
unit are almost parallel but are slightly twisted with res-
pect to each other. The dihedral angles formed by the least
squares planes through the two molecules are 6.56° and 7.04°
for the dimers 1-4 and 2-3% respectively. The twist of one
PhON282 unit relative to the other (figure 2.19, page 93)

can be quantified by the Values of the torsion angles at the

intermolecular 8-S bonds (table 2.11, page 91 ).

The bond lengths and angles within the phenyl
group are similar to those observed in benzene, A comparison
of the C~N, S8S~N and 8-S bond distances in the PhCN232 unit

with various related systems is given in table 2.5.
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TABLE 2.5 Comparison of C-N, S-N and S-S distances of
phenyl-dithiadlazole with related species

y 59 60
(PhCN282)2 PhCN,S,C1 00129N23201 C5H5N NHgsojH

C-N(pm) 133.4(av) 134.0(av) 131.8(av) 134.0 -
S-N(pm) 162.5(av) 159.0(av) 158.4(av) - 177.1

S-S(pm)  208.9(av) 199.1(av) 200.9(av) - -
(av = average)

It can be seen from table 2.5 that all the
C-N bond lengths compared-are similar, as are the S-N bonds,
except for that in NHESOBH which ié a formal single bond and
is noted for comparison,to show the evident multiple bond:
character of the S-N bonds within the ring. The main area
of difference noted in table 2.5 is the S-S bond distances
which increase by some 8pm in (PhCN282)2 relative to
PhCN » .

SECl and CCl CNQSECl. It would therefore appear as

2 3
though the molecular orbital into which the extra electron

is placed, on reducing a dithiadiazolium salt, is.of such a
symmetry as to be antibonding across the S-S linkage. Hence
on reducing the dithiadiazolium sait to the dithiadiazole an

increase in S-S bond distance is observed.

Due to the "CN282" ring being heteronuclear
" the T-electron density will not be evenly distributed around
the ring (cf. pyridine6l (figure 2.13)).

Figure 2.13 w-electron densities in pyridine6l

0.951 \
,/’///(3 |
C \\\\\\\C 1.062
C ¢ 0.881
\N
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- The greatest m-electron densities are,
therefore, found at the hetero-atoms of greatest:electro-
negativity. Hence in the case of (PhCN282)2 the T-electron
density will be greatest atvthe‘3,5 nitrogens and least at
the 1,2 sulphurs. It mayftherefore be suggested that the E
sulphurs of one monomer'unit interact the W-system of the
other thus leading to the observed sulphur-sulphur inter-
ring interactions. The relatively high m-electron density
at nitrogen and the relatively low density at sulphur could
also be the reason for the long range inter-dimer interactions,

(Nypreeeees S and 512 RRRRE 321) Both the ng----~ S

| o=
and 812 reee 8, contact distances (315pm and 340.2pm res-

32

pectively) are:only‘slightly less,than the sum of the van |
der‘WaalS'radii (N """Si:assum_ing_sp2 hybridisation of the
nitrogen = 315pm, g oerees s - 360pm). Tt is likely that

the deviations of N12 and N21 from the plane of the rings

towards S and 842 respectlvely, as well as the twist in the

32
rings forming the dimers ingure 2. 19, page 93 ) are related

to these long range 1nteractions..

(iv) The Postulated Structures of 4-Phenyl-
1,2,3,5-Dithiadiazolium Salts deduced
from their Infra-red,Mass and E.S.C.A.Spectra

~ From thefbattern and position of bands in
thé infra-red and mass'spebtra;it was deduced that the follow-
ing saltscontamxa'dithiadiazolium.cation with the same config-
uration as_observed in PthQSQCl.
(a) Bromidegv'(b) °Thiocfanate; (e) Hexachloroantimonatetw;
(d)v HexachlorostannateiﬁvyéL(e)' Tetrachloroborate(ll? (8) Tetra-.

fluoroborate, (g) Hexafluorophosphate 6& Gi Benzoate (i) Acetate

. There 1is: 1nsufficient anion-catlon 1nter-

action in the above salts' to perturb the observed vibrational

- spectrum of the cation;""
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The iodide salt does however have a
significantly different infra-red spectrum to those observed
for the aforementioned salts. The iodide is black but does
not decompose on heating to yield phenyl dithiadiazole. It
is soluble in non-polar and non-coordinating solvents and
sublimes readily at 120°C.°° The "salt! therefore,has the
abparent physical properties of a non-ionic speciles. In
vorder to determine whether the ibdine was covalently bound,‘
the E.S.C.A. spectrum wasfreoorded; (A. Harrison and
P.J. Stephenson, University of Durham). The bihding energy
of'the IBd orbital in PhCNQSQI was compared with the binding
energies of the de orbitals in iodobenzene and with the I
anion of Ph,I*I; (table 2.6)

TABLE 2.6 Comparison'of,the I3d‘binding-energies in .
PhCNesgvaith those in known structures

N v o S
PhGN282£ vC6H4£ (C6H5)21 E

I

54 binding energy (eV) 620.7 | 620.1 :619.7'

. Hence from table 2.6 it would appear as
though the 1odine in PhCNQSQI is essentially anionic but Wlth
signlflcant interaction w1th the catlon, thus raising the ob-
seryed blnd;ng‘energy relatlve to»that.of a non-interacting
iodide. |

Comparison of the infra-red spectra of
PhCNgsgcl, PhCN,8,I and (Phcmgsz)é ind;¢ates,that there.are
similarities between that of (PhON,S,), and PhON,S,I (figure
2.9, page 88 ). It is thought likely that the basic differ-
ence in the infra-red spectra of (PhCN282)2 and PhCN282 X"

1s due to the neutralisation of the poéitive'charge on the
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ring and not the interactions caused by the [PhCN 82 ]
dimerising. Thus PhCNgsgI could be regarded as the mid

point between PhCN282 and [?hCNESQJS, the degree of anion-
cation interaction being high.. It is suggested that the 62
"soft", highly polarizable iodide anion (ionic radiusca. 2L2pm))
is of the correct size to interact strongly with the relat-
ively electropositive disulphide linkage in the "CN282+"

ring (PhCN282 Cl ;8-S : 199.1 pm). The strong cation-anion
interaction will almosf certainly decrease the effective
positive charge on the CN282 ring and hence-cause~an.increase'

in the S-S bond distance ((PhCN,S,) = 208.9pm).

2 ¢ S'S(averagaj

It is therefore concluded that although
the infra-red spectrum of PhCN2SQI is distinctly different
from that of either PhCN,S,C1 or (PhCN,S,), and may there-
fore be regarded, at first sight, to be consistent with that
of a completely different ring system, the compound does
- exist as PhCN282+I— but with a high dégree of catidn-anion
interaction thus significantly changing the basic PhCN282+ )

spectrum.

2.3.5 Attempts to produce 1,4-di-1,2,%,5-
Dithiadiazolium Benzene Dichloride

.S —N N———C

chA l ::> <::> \\\‘ @ | 01®

l

I N-—=8"

(C8H4N484012)
The mechanism by which 4-phenyl-1,2,3,5~-dithia-
diazolium chloride is postulated49 to be formed in the re-

action of (NSCl), with PhCN is via the nucleophilic attack of NSCL

>
on the carbon of the nitrile group (figure 2.14).
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Flgure 2.14 Postulated Mechanism by which NSCLl
reacts with PhCN to form PhON,S c1.9

22
' . -
(NSC1) 5 &= . 2NSC1L | > 2/2N, + 228,01,
c1 c1
Y —s” )\
ééi,/] I 4%7 ¢/> e
R - C Cl ———s R = C + 8C1
0
N==85 \\‘N =8
\\\01 ' \\‘01
\
- ///N___S‘ |
R - ¢~ ® 7:01f + 8C1,
\N_‘__S'

It was,therefore,thought likely that in the re-.
aotlon of 1,4~ dlcyanobenzene with NSCl, one cyano group would
activate the other, to attack by the NSCL unit. Hence the
first intermediate in the reaction sequence would be expected
to be NCC6H4CN S Cl . The_dithiadiazolium ring para. to
the second cyano group would then activate the cyano group
-to.attaok by the thiazyl ehloride entity. However the cyano
group in NCC6H4CN 82+Cl' destablilizes the dithiadiazolium
ring relative to that in PhCN,S,*C17 and 1f (SN COGH,CN,S 8,5%)

(c17) is formed as an intermediate the effect of one dithia~

2
diezolium ring on the othen is such that the species decomposes
yvielding NCC6H40N282+lef | The_destabilization of the
NCC6H40N S to1” salt relative to PhCN282 *01” is seen in the
ease with which the PhCN282+Cl' salt 1s produced as compared
with phe cyano derivative. PhCN282 Cl can be pfoduoed by

the reaction of behzonitrile with trichlorotrithiatriazene-

49

in carbon tetrachloride.at:6006, whereas on reacting 1,4~
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dicyanqupenzene with trichlorotrithiatriazene in benzene
at 8000, nio dithiadiazolium product was isolated (experiment
2.2.7(i1), page 53J.

2+)

Hence it is concluded that (C8H4N2S2 (c1™)

2
cannot be readily synthesised due to the mutual destabilization

of the two dithiadiazolium rings.

2.%.6 Comparison of the Known Chemistry of the 4-
Trichloromethyl and 4-Phenyl-1,2,3,5-
Dithiadiazolium Chloride

Quite an extensive chemistry of the 4-phenyl-
1,2,3,5-dithiadiazolium cation has been developed in this

38

thesis and by Roesky. There is however litftle or no
analogous chemistry of the trichloromethyl derivative. In
investigations, cérried out concurrently with work reported
in this thesis, FielderSO failed to produce the reduced form
of the trichloromethyl derivative or any salts by analogous
reactions to those reported in this thesis for the phenyl
derivative. It is suggested that the reduced form of the
trichloromethyl derivative is not formed due to the repulsive

interactions of the freely rotating CCl groups. In the

5
anion exchange reactions of CClBCN282+Cl' the chlorines of
the CCl3 group may also participate to some extent, thus

leading to the mixtures of products reported by Fielder.

Hence it is concluded that the most extensive
chemistry of any of the possible derivaties of the 1,2,3,5-
dithiadiazolium cation will be for the case where, the sub-
stituent at position 4 is phenyl or some other plachr de-
localised system (e.g. naphtho). No interference with anion
exchange reactions will be observed for such a derivative

and the eclipsed dimer system can be produced without
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destructive interaction from freely rotating substituents

at position 4.
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FIGURE 2,9
Infra-red Spectra of h-Phenyl-1235-Dithiadiazolium

salts and 4-Phen y! -1,2-Dithia - 3,5- Diazole.
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TABLE 2.7 Crystal Data for PhCNESECl

6CgHSCN,8,01 CgHoCH
Triclinic :_SpacevGrbup P
1577.0(13)om ;
756.5(6)pm
1379.1(11)pm
100.25° (&)

il

a

b

il

‘ (]

it

a
109.81°(5)
95.25°(5)
R = 0.056

B

il

$

1535 reflections 172 parameters

TABLE 2.8 Mean Standard Deviations in the Crystal

Struoture of PhCNgsgclw
Lengths | ' Angles :
o (S-8) = 0.5pm 6(8 -Cl - 8) = 0.10°
o (S-C1) = 0.5pm o(C1 -8 -8) =0.15°
o (N-C) = 1§m - (S -8 -N)=o0.40°
o (C-C) = lpm o(S -N-¢) = 0.70°
o (C-H) = 5pm | 6(C-¢C=-C)=0.70°
o (S-N) = lpm o(N - C - C) =0.70°
d(N -C - N) = 0.8°
o(C-¢-H) =3




TABLE 2.9 8-Cl contact distances between Molecules

90

in the Crystal Structure of PhCNQSQCl
: Cl(l) co s o S(l) = 318.8pm 01(2) ...... 8(2)
byttt Ss) = 220-9em Cligy ™™ 5 (5)
Cl(l) S(é) = 326.3pm Cl(g) ...... 8(6)
Cl(l) """ S(j) = 341.lpm
01(3) """ S(j) 310.2pm
01(3) """ S(L’.) = 332.5pm

(Numbering system the same as used in f

igure 2.16)

il

%18, 1lpm
319.8pm

3%3. 4bpm

TABLE 2.10 Crystal Data for 4-Phenyl-1l,

-Dithia-%,5-Diazole

C7H5N28? .

Orthorhombic,

MW 181.25

a = 1606.1(1)pm
b = 3298.4(5)pm
c = 5774.0(4)pm
Vo= 3.0429(5) x 107 pm’
Z = 16
R = 0.082
Dx = 1.58g e
Flooo) = 1488
X = 71.07pm
-1

— K
Mo = 299 cm
2513% reflectinng

132 positional parameters

Space Group Pp

264 thermal

P, P, (No.19)
1“1 ~1

parameters
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TABLE 2.11 Torsion angles in (qucNgsg)X (figure 2.19)
Atoms = Angles(°)
Nip = 811~ Syp - Nyp 8.43
Nip = 810 = 8y - Ny 6.91
N21 - 821 - 831 le 3,61
(Numbering system same as used in figure 2.18)
TABLE 2.12 Mean Standard Deviations in the
Crystal Structure of (PhCN282)2
Standard deviations lengths (pm) Angles(°)
involving 8 | 0.5 0.2
N 1.0 0.4
C e Ooll'




(a)

(b)

S10 = Sp;
S1p ~ Sp1
S1p = Sy
S .. -N
30

S . -N
50

S . -N
31

S . -N
31

Sop T Sxp

Nop - S

Ssp = Sz

Sp1 = 8%

12

12

12

12

in
@CN232)2 ‘
Symmetry code
= x - 1/2, 3/2 -~ ¥V, =2
o x4 Vo2, 2 - v, -z .
Lengths (pm)
812 LR A § 821 = 340-2
832 ----- ng = 515.0
831 ...... ng = 338.0
841 ce N21 = 309.0
842 . N21 = 317.0
Angles(O)
Soo 157.9 S11 7 815 7 8y T8
S31 128.6 821 - 812 - 841 73.
N21 101.9 821 - 812 - ng 164,
- 812 100.1 842 - N21 - 821 105.
- Cyp 109.7 Syp = Npp = Cpp 97
- 812 95.0 841 - N21 - 821 104,
- Cll 78.8 841 - N21 - 021 97.
- ng, 7.3 841 -~ 842 - N21 72.
- N . 102.0 Sll - 842 - N21 85.
12 »
- N . 163.9 NlIL2 - 842 - N21 166.
12 '
- ng - 65-5 842 - Sz'l'l - Ngl 68.
- ng . 97.7 | 812 - 841 - N21 80.
- N - 156.2 N41 - 841 - N21 162.

12

TABLE 2.13% Geometry of the Intermolecular Contaots

(Numbering system same as used in figure 2.17).

92
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Figure 2.15

X-ray crystal structure of 4-Trichloromethyl-1,2,35 -

Dithiadiazolium Chloride

158 .7




Figure 2.16

X-ray crystal sfructure of &4 - Phenyl -1,2,3,5-

Dithiadiazolium Chloride

o4
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Figure 2.17

. Stereogram of 4-Pheny!-1,2-Dithia- 3,5- Diazole
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Figure 2.18

X-ray_crystal structure of 4-Phenyl -1,2- Dithia -

3,5- Diazole.

340:2
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CHAPTER THREE

THE‘REDUCTION OF SULPHUR-NITROGEN SPECIES

‘3.1 Introduction

There are four main sulphur-nitrogen species with
" Wwhich chlorine is associated invthe form of the‘chloride

anion or as covalently bound chlorine.

1. Thiotrithiazyl chloride (34N201')
2.  Thiodithiazyl chloride (33N201 )

3. Chlorothlodlthlazyl chloride (S N,C1 to17)

4, Trichlorotrithiatriazene ((NSCl)B);
 The‘four-Qbmpounds form a series,in which the first
two species (S4N§Cl and S§N201 } contain cyclic sulphur-
hitrogen cations with no covalent Sulphuf—chlorine linkages.
The species SBNQCl Cl represents the sole example of a
cationic compound containing a covalently bound chlorine
and an anionic chlorine. This compound may therefore be
regarded as the mid-point of the series listed above, asv

F(NSCl) contains three covalently bound chlorine atoms and

3

is therefore not ionic.

The chemistry of the aforementioned sulphur-nitrogen
cations and triohlorotrithiatriazena although investigated
by a number of reseérch,groups throughout the world, over a
period of two decades, is still largely unexplored. Few
potential industrial uses of the spe01es have been found and
their appllcatlon to organlc synthetic chemistry has been,

in the main, undeveloped.

// & nscl\:HCF ,;,\
:,_».i.‘q L}b“' /00 }

gecTioN /
Libral o
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%.1.1 Thiotrithiazyl Chloride (8,NC1)

2

The thiotrithiazyl cation is probably the least
molsture sensitive of all the cationic sulphur-nitrogen
species and is far more stable to moisture than any sulphur-
nitrogen species containing a covalently bound chlorine

(e.g. SBN2012 and (NSC1) The cation is often formed by

3).

the thermal decomposition and rearrangement of other sulphur-

nitrogen species both in the'vapour’phasel and in solution.

(a) Preparation of Thiotrithiazyl Chloride

38N, + 28,01, — 4S4N301 Yield; 90% (ref.2.4) (3.1)

3SBN2012 + 82012-———4 2S4N3Cl +3SCl2 Yield;
Quantitative (ref.5) (3.2)

The above two routes are those normally used to syn-
thesise S4N501. Various other routes via trichlorotri- ;
thiatriazene4 and by the use of other chlorinating agents |

6 4,7.8 Direct synthesis

2
by the reaction of sulphur-chlorides with ammonia9"ll or

e.g. S0Cl,~ and CHBC(O)Cl, are known.

lithium azidelg’does not provide a high yield of product.

(b) Physical Properties

| Due to the insolubility of 54N301 in non-polar solvents,
the compound is normally isolated as a fine yellow poWder.5
The finely divided form of the compound can cause irritation
of the nasal system and mild dermatitis. The salt is soluble
in highly polar or coordinating solvents, e.g. acetonitrile,

nitromethane, thionyl chloride, tetrahydrofuran, monoglyme

and to a lesser extent in sulphur dioxide.
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(c) The Structure of the Thiotrithiazyl cation

S4N301 was first prepared in 1880 and was shown to be
ionic by salt formation, cryoscopy and conductivity measure-

ments. The crystal structure of the ring was first deter-

14 and later by Cordes (1964)15,

)18

mined by Weiss (1962)1>

)16,17

Kruss (1972 , Row (1978)*° and Street (1979)%2,

+ . . SN 18
The structure of the 84N3 cation in 84N3N03 (1978)

is shown in figure 3.1.

18

t cation.

Figure 3.1 Structure of the S4N3

The bonding in the S4N; cation has been the subject of

much debate over the past decade. However Friedmango con-
cluded from the U.V spectrum that the bonding was "a 107-
system, conjugated throughout the entire ring, though limited
in extent across the S-S bond". This view was confirmed by

Adams et algl who concluded from S.C.F.M.0. and E.S.C.A.

calculations that the cation contained a 10r-delocalised ring.
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(d) The Reactions of Thiotrithiazyl chloride

(1) Salt Formation Reactions

Due to its ionic nature, the majority of the
reported chemistry of the thiotrithiazyl ring system is
that of salt formation reactions. The salts are almost‘

lnvariably synthesised from thiotrithiazyl chloride by one

of three routes:

(a) Metathesis in polar Solvents, e.g. Br 2 25 SCN-22 2>

BPhLQE and f25.

(b) Reactions with liquid or concentrated acids with the

evolution of hydrogen chloride, e.g. N0513’14’18’23,

010124, F26.and salts of the oxy-acids of sulphur24’27'30'

(¢) Reactions with Lewis acids, e.g. SbCléll, FeCliBl,

AlCl431, Hg01332 and the bromo analogues.53-36

(ii) Ring expansion

Thiotrithiazyl chloride is reported to react with
both lithium and aluminium azide forming tetrasulphur tetra-

nitride.t?

(iii) Reactions with Triphenyl Phosphine

Thiotrithiazyl chloride reacts readily with tri-
phenyl phosphine forming a series of compounds containing

both phosphorous-nitrogen and sulphur—nitrogen bonds, e.g.

[Pngp = w0 - PPhB] c1, [pngp - NHp| €1 ana [}Ph P =N, ]01337

(iv) Reactions with Amines

Thiotrithiazyl chloride reacts with trace amounts
of amines to form very highly coloured species which decompose
within short periods of time. The reaction has been suggested

as a possible method of observing amines in low concentrations,38
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(v) The potential applications of S4N301 to
Organic Heterocyclic Chemistry

The potential application of S4N301 to organic
heterocyclic chemistry was investigated by Barton and Bubb39,
who discovered that the salt reacted readily with benzophenone
hydrazone to give benzophenone azine and with benzophenone
phenylhydrazone to give N-(phenylthio) diphenyl methylenamine
(Ph2C=N-S—Ph).IW)fuﬁmerworkin this area has been reported by
Barton, who concluded from'his investigations that, "thiotri-
thiazyl chloride leads to a variety of interesting products
in reactions with electron rich organic substrates. However
the crude product is usually a complex mixture and yields of
pure substances are generally low. The multiplicity of
pathways by which these reagents can react, although mechan-
i1stically fascinating, imposes limitations on their synthetic

utility."

3,1.2 Thiodithiazyl Monochloride (85N201)

The chemistry of the thiodithiazyl cation is by
far the least studied of all the sulphur-nitrogen ring systems.

(a)  Preparation of the Thiodithiazyl Cation

The thiodithiazyl cation has been prepared by five routes:

(1) 384N,Cl,——> 285N Cl + 2NSC1 + 5C1, (ref.5) (3.3)

(11) 283N2012 + HCOOH —> 233N201 + 2HCL + CO, (ref.40)(3.4)
(111) 8N, + 8,01, —> 283N201 (ref.41)(3.5)
(iva) S,N, + 2NOC1 ——> S§,N,Cl + 35,C1, + NO+Ny (ref.42)(3.62)

(ivb) &(NSCLl), + 24NO — 633N201+12N001+382012+12N20(ref.42)(3.6b)‘

3

4 - ‘
(v) 48N+ T.5ASF—> USN ASFsilip+d 837 (AsFT), +2.5AsFy

(ref.43) (3.7)




106

(b) Physical properties

Thiodifhiazyl chloride is normally obtained as a deep
green powder which is mildly moisture sensitive. It is -
insoluble ih the majority of solvents but can be dissolved
to a small extent in sulphur dioxide although decomposition
to thiotrithiazyl chloride does occur if the éblution is

4y

warmed above ca. 5500 for prolonged periods.

(¢) Structure of thiodithiazyl chloride

N.Q.R. measurements on thiodithiazyl chloride indicate
that the chlorine exists as a chloride ion. >  Thus the
SBNZ cation is postulated to be a Twr-electron cation in either
a monomeric or polymeric form. The crystal structures of
both the hexafluoroarsenate(}]f3 and chloro-disulphate46 salts

have been determined and a SN, ring of similar dimensions

32
deduced. The existence of the species as a monomer or dimer
- was however in dispute for a period of time.  Banister et al

determined the chloro-disulphate salt to be dimeric whereas:
Gillespie et al believed that the‘hexafluoroarsenate<V)salt
was a monomer having a five line E.S.R. spectrum. Recent
work by Gillespie has however concluded that the system is
dimeric with a low concentration (approx. 1 in 106) of monomer

unitss which cause the observed E.S.R. spectrum.

The crystal structure of the chloro-disulphate salt

is presented in figure 3.2,
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Figure 3.2 X-ray Crystal Structure of the 63N2+)
46

2

. . + -
cation in (83N2 )2 (018206 )2

(d) The Reactions of Thiodithiazyl Chloride

To date there are only two types of reactions that
have been studied.

(i) The thermal decomposition of thiodithiazyl chloride:

83N201é ——Eij%;-é S4N,C1 IEBt%:R;;?rS4N501 (ref.5)  (3.8)
in vacuo in vacuo
(ii) The formation of salts:
284N ,C1+2HS05C1 ————} (83N2+)2 (520601‘)2 + 2HCL (ref.46) (3.9)
S4NpCLH3H, 8,0, ——> 83N2+H83016 + HS0,CL42H,80, (ref. 47)  (3.10)
SHN,CL + MC1y '§66I5* 83N201+ MCL),” (ref.46) (%.11)

(M = Fe, Al)
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(e) Formation of Related Species

L 48

Recent work by Street et a has produced two

closely related compounds, SSe2N2+cl‘ and SSe2N2+Br"

(equation 3.12)., Both these compounds are postulated to

be dimeric with a 4 centre (seleniums), 2 electron bridge

(c.f. figure 3.2, page 107).

2Sex4+Se2X2+2[(SiMe3)2N]2 S ——> (SSe2N2X)2+8MeBSiX (Equ.3.12)

3.1.3 Chlorothiodithiazyl Chloride (S5N,C1,)

Chlorothiodithiazyl chloride can be regarded
as the pivot point in the series of sulphur-nitrogen com-
pounds with aséociated chlorine atoms. It is the only
cyclic sulphur-nitrogen species known that possesses both

covalently bound and ionic chlorine.

(a) Preparation of Chlorothiodithiazyl Chloride

45,C1,+2NH,C1 —> S3N2012+8H01+5S (refi.1,5) (3.13)

32 3 32
(M = Al, Fe)

S, N,CL+MCL, ——> S,N,C17MCL,” (ref.46)  (3.14)

The primary synthetic route to 83N2012 is via disulphur
dichloride and ammonium chloride, the product crystallising
out on the walls of the air condenser. Jollyl quotes é

yield of 12g of product from 100g NH,C1 and 100cm> S, <l .

Yields of »25g per 100g NH,C1 and 100em” 8,01, have

been obtained in this thesis (ca. 40-50% yield based

on 82012).

(b) Physical properties

Chlorothiodithiazyl chloride is normally obtained as

large orange-red crystals which conglomerate forming a solid
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mass. It is highly moisture sensitive, rapidly darkening

to give a black surface coating on exposure to moisture.
Chlorothiodithiazyl chloride is only slightly soluble in

the majority of polar and coordinating solvents and is in-

soluble in non polar oganic solvents.

(e¢) Structure of the Chlorothiodithiazyl Cation

v The X-ray crystal structure of the chlorothiodithiazyl
cation was determined by Zalkln et al (1966).49 The structure
showed that SBN2012 was an- ionic species with one dhlorine
covalently bound to a sulphur and the other_aniohic. Thé
sulphur atom to which the chlorine is dovalently bonded is
out of plane with the remaining "82N2” fragment which is
itself virtually plaqggr. The structure of,the chlorothio-

dithiazyl cation is shown in figure 3.3.

Pigure 3.3 Structure of the Chlorothiodlthiazyl Cation49
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(d) Reactions of Chlorothiodithiazyl Chloride

The chemistry of the chlorothiodithiazyl cation is
not highly developed, even though it is probably the most
readily synthesised sulphur-nitrogen compound. It is however
a key material in the production of the other chlio sulphur?

nitrogen cations and trichlorotrithiatriazene.

(i) Formation of other Sulphur-Nitrogen Ring Systems:

3840,Cl, + S,C1, —_— 28)N,C1 +35C1, (ref.5) (3.15)

N,CL + 2NSC1 + SC1 (ref.5) (3.16)

A
383N2012 f————% 23 5

)
, 3S3N2Cl2 + 3Cl, —— 2(N501)3 + 38C1, (ref.5) (3.17)

(ii) Salt Formation:

.\ ) ,
33N2012 + MCl3 "§6EIZ 33N201 MC1, (ref.50) (3.18)

(M = Al, Fe)

S_N.Cl, + HSOLF ——> S.N.C1 80,F ~+HcL (ref.50) (%.18)

32V 3 32 3

(iii) Reactions with Qrganometallic compounds:

SN,C1

301, + 2PhMgCl ~—> 8_N,Ph

3NoPhy + 2MgCl, (ref.51) (3.19)

S |
/>y ' f

RR‘NSOQN(SiMeE)2¢SBN2012———4 RR”* NSO N =S8 %+ 2Me38101

N\ F
(ref.52) (%.20)

+S_N,Cl,———> P_N_F_S_N_+2Me, nCl (ref.53)(3.21)

P_N,F N(SnMej)g zNaClo 35 5°3°3 73

5735

3.1.4 Trichlorotrithiatriazene (NSCl)5

Trichlorotrithiatriazene is the trimeric form
of thiazyl chloride (NSCLl) and is a nebkral species, all the

chlorines being covalently bound to sulphurs.



111

(a) Preparation of Trichlorotrithiatriazene

(i) From other Sulphur-Nitrogen Heterocycles:

38Ny + 6Cl, ————> 4(NSC1) (ref.54)

3

384NpCly + 301, ——> 2(NSC1), +3SCL (ref.4)

3 2

38Ny + 680201 —> W(NSC1l), + 6so2 (ref.55)

2 5

383N Cl + 380 Ccl ————9 2(NSCl)3 +. BSO + ESCl

2
(ref.55)

(ii) ~From Ammonium Chloride and Disulphur Dichloride:

68201 + BNH401'-———% -(NSCl)3‘+ %38 + 12HC1 (ref.l)

2

(b) Physical Properties

(NSCl), forms yellow platelsts of density 2.09g em™?.

3

It is highly moiSfure sensgitive, decomposing with the evol-

(3.22)
(3.23)

(3.24)

(3.25)

(3.26)

ution of sulphur dioxide and the formation of ammonium chloride.

The trimer is highly Soluble in carbon tetrachloride and
benzene, forming a mint green solution above ca.60°C. If
however chlorine is bubbled through a refluxing solution of
(NSCl)3 in carbon tetrachloride, the green colouration is no
observed. It is recommended by Jolly56 that chlorine be
passed through the recrystallisatién solvent 1f a very high

purity product is required.

(¢) Structure of Trichlorotrithiatriazene

The crystal structure of (NSC'l)3 was first determined
by Wiegers et al (1962)57 who later refined the structure
(1966).58v The structure of trichlorotrithiatriazene is

presented in figure 3.4,

t



112

58

"Figure 3.4 Structure of Trichlorotrithiatriazene

It is concluded from the relatively short, equi-distant,
S-N bond lengths that a delocalised w-system is present in

58

trichlorotrithiatriazene.

(d) The reactions of Trichlorotrithiatriazene

(i) The reactions of trichlorotrithiatriazene with

alkenes and nitriles have been discussed in Chapter Two

(page 24 ).

(i1) The fluorination of trichlorotrithiatriazene is

discussed in Chapter Pour (page 158).

(iii) The reactions of trichlorotrithiatriazene with

Lewis acids e discussed in Chapter Five (page 225).

(iv) The formation and reactions of thiazyl chloride

are discussed in Chapter Five (page 228).
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(v) The reaction of trichlorotrithiatriazene with

transition metal complexes:

Mo(oo)6 + (NSCl)3 —_— M.ost3-013 + 6CO0 (ref.59) (3.27)

Na.Bn505H5)Cr(CO)3] + (NSCl)3 — (n5c5H5)Cr(co)2Ns (ref.6gé)
_ (3.

(vi) The reaction of trichlorotrithiatriazene with

N-H groups:

(a) With Sulphur Imides:’

4(Nsc21)3 + 38N H) — 6S4N4 + 12HC1 (ref.61) (3.29)
(NSC1)5 + 3S,NH —— 3S)N, + JHCL + 12/8'Ss(ref.62)(3.30)
2(NSC1)5 + 65 NH ——> 38, + 6HCL + 9/5 Sg(ref.3) (3.31)

(b) With Organic Imides:

C6F58N(H)SC6F5 + (NSCl)3 —_ C6F58N:S:NSC6F5 (ref.62)
(3.32)
(MeBSi)gNH + (N301)3-———+ MeBSiN:S:NSiMej (ref.63) (3.33)

(¢) Reaction with Ammonia:

Q0
+ NH 187G NH, " (8N

(NSC1) T) (ref.64) (3.3%)

5 5

(vii) Reaction of trichlorotrithiatriazene with

trimethyl silane derivatives:

(SCL) + Me,SINSNSiMe,— 84N5+Cl— + 2Mey8iCL  (vef.65)
(3.35)
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5.2 Experimental

3.2.1 Reductions of Sulphur-Nitrogen Species by Iodide

(i) The solid phase halide transport reaction
between SENQCl and KT

Approximately 0.lg (0.63 mmole) of SBNQCl was groind
with dry potassium iodide (0.2g, 1.2 mmole) under dry box
conditions. The mixture was then pressed into a disc
(3000 1b. iﬁQ) and the infra-red spectrum recorded. A
control disc was also made from potassium chloride and thio-
dithiazyl chloride. No shifting in peaks was noted for the
'KCl/SBNQCl disc relative to the infra-red spectrum of SBNECl
recorded using a nujol mull. Distinet and substantial shifts
were however noted in the 83N201/KI disc relative to the
SjNgcl/KCl disc.

Infra-red spectrum of the SBNQCl/KI disc: 1400 w.br, 928s,

728m, 700s, 552s, 348s om™ T,

(cf. SyNy, (main peaks) 925s, 719s, 696s, 557s, 552s,

347s cm_l).66

(ii) Solid phase reaction between»SBNQCl and NaT

SBNQCl (4.83%g, 30.28 mmole) was ground with dry Nal.
(10.29¢g, 68'. 60 mmole) at room temperature, under dry box

conditions. The mixture was then loaded into a soxhlet

>y,

extraction thimble and extracted with 1,4-dioxan (100 em

A deep brown solution was obtained which, after cooling and

5

evaporating down to 20 cm”, ylelded a brown precipitate.

Infra-red spectrum of the brown precipitate (nujol mull):

928s, 728m, 700s, 5558, 345s em T. (cf. SAN4)66 i
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(111) Reaction of S,N,Cl with NaI in nitromethane (CH,NO,)

To a slurry of S N201 (2.13g, 13.4 mmdle) in refluxing

5
CH3N02 (40 ij) was added dry,‘pewdered Nal (4.00g, 26.f.mmole).
The reactien was refluxed fer_6h. and‘the resulting deeply
coloured solution-filﬁered hot and allowed to‘coolvslewly to

) robm temperature. The solvent‘wesbthen removed, by_the
-passage of dry nitrogen acToss the surface of the solutioﬁ,
and a red-brown residue obtained (1.51g). eThe crude‘material
was recrystallised from benzene (l5 cm3) andthe orange crystals
formed on cooling were isolated and their infra-red spectrumv
recorded.

Infra-red spectrum of the crystalline material (hujol mull):

930s, 726m, T700s, 550s, 350s om™t (cf.k84N4)66

(5ield of 8Ny : 0.62g, 50% based on S NQCl)

3

- (iv) ‘Reaction of SqNECl with NaT in CH3N02

To a slurry of SqNBCl (1.463, 7.1 mmole) in refluxiné
CH3N02 (30 cm3) was added pre-dried, powdered, NaI (1.52,
10.1 mmole). The solution rapidly deepened in colour forming
~a very deep red-purple solution.’ A pdrple haze Was noted in
the flask. After refluxing for 40 min. the system was £ilt-
ered hot and the filtrate evaporated to dryness using a é
stream of dry nitrogen across the surface of the solution:
The crude product (1l.24g) was recrystallised from benzeneu

(20 em?) and the resulting orange needles isolated. The

~infra-red spectrum of the crystals was recorded.

Infra-red spectrum of the crystals (nujol mull):

930s, 728m, T00s, 555s, 350s cmfl( cf. S4N4)66
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(v) Reduction of SBNECI by saturated aqueous
solution of Nal

NaI (1.93g, 12.87 mmole) was dissolved in ice cold
distilled water (10 cmj) and the resulting solution poured
on to carbon tetrachloride (30 cm3). To the vigorously
stirred two phase system was added SEN2C1 (0.81g, 5.08 mmole).
A rapid reaction occurred forming -a deeply coloured solution.
After stirring for 10 min. the two phases were allowed to
separate and it was noted that the CC14 phase was deep purple-
red in colour. The carbon tetrachloride phase was isolated
and the solvent removed. The resulting residue was washed

with methanol (2 x 10 cmj) and dried in vacuo.

Infra-red of the product (nujol mull): 3200 m.br, 1415m,
1240m, 1200m, 1020m, 930s, 730s, 700s, 660w, 602m,
560s, 350s em T (cf. S4N4)66

(vi) Reaction of S4N301 with Nal in Sulphur
Dioxide (802)

84N5C1 (1.24g, 6.03 mmole) and Nal (1.86g, 12.40 mmole)

were placed in a 100 cm” flask and 80, (15 cmj) condensed in.
The reaction was stirred at -12°¢ for 4n. The initial yellow
colouration deepened slowly to an intense orange-red over the
4h, The SOQ was then removed and part of the residue (ca.O.lg)
shaken with CC14 (2 sz). No purple colq&;ation in the 0014
was seen.

Infra-red spectrum of the red product (nujol mull): 1165s,

1 v 010)

(ef. S4 3

1000vs, 675s, 562m, 470vs cm”
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3.2.2 Reduction of Sulphur-Nitrogen Species by
the Sodium salts of the Oxy-acids of Sulphur

(1) Reduction of S,N.Cl by Sodium Metabisulphite (Na

zNp 25205)

¢l (10.58g, 66.33

To a stirred, refluxing, slufry of SBNQ
mmole ) in nitromethane (100 cmj) was added Na28205 (14.23g,
74.9 mmole). An immediate reaction occurred evolving a gas
(identified as 802). The system was'refluxéd for 4h. until
no further evolution of gas was noted and filtered hot. On
cooling the filtrate orange crystals were deposited. These
crystals were isolated and the filtrate pumped to dryness.
The resulting residue was then washed with ice cold water

(3 x 10 cm5), ethanol (2 x 5 cmj),and ether (2 x 5 cmj) and

dried tn vacuo, The crude product was then recrystallised

from benzene (45 om3) yielding orange crystals.

Infra-red spectrum of the product (nujol mull): 1170vw,

930s, 732m, T04vs, 555s, 350s cm™ T (cf. S4N4)66

(%ield of S4N4 : 3.24g, 53% based or\SBNQCl)

by Na,S,0. in CH_NO

(i1) Reduction of S,N,Cl 25205 SN0,

3272

To a stirred, refluxing, slurry of 83N2C12 (6.13g, 31.44

mmole) in CH NO,, (50 cmE) was added Na28205(10.l4g, 5%.37 mmole).

)
A deep red solution was rapidly formed as was a green-black
residue. The reaction was refluxed for 16h, filtered hot
and cooled slowly to room temperature. The large orange
crystals formed on cooling the filtrate were filtered off and
the filtrate evaporated to dryness using a stream of dry
nitrogen. The residue was washed and dried as in experiment

3.2.2(i) and the product recrystallised from 1,4-~dioxan,the

product being deposited as orange needle shaped crystals.
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Infra-red spectrum of the product (nujol mull): 932s,
733m, T06s, 560s, 3555 cm (ef. 84N4)66

Analysis found; N, 28.13%, S)Ny requires; N, 30. 43%

(31e1d of SNy 1.06g, 37% based on S3N2012)

v(iii) Reduction of S4N301 by Na28205 in CHjNO2

To a refluxing solution of §)N,Cl (2.3%g, 11.34 mmole)

5
28205 (
A rapid reaction occurred producing a deep red solution and

in CHgNO, (25 cn’) was added Na 2. 41g, 12.68 mmole).

gradually over a period of 20 min. all traces of 84N Cl dis-

3
appeared. The reaction was refluxed for 2h., filtered hot
and allowed to cool slowly to room temperature. Orange
aystals were deposited on cooling and these were filtered off.
The filtrate was evaporated to dryness and the residue washed
as in @xperiment 3.2.2(i). The resulting product was soxhlet
%)

extracted using benzene (25 cm and an orange crystalline

material obtained.

Infra-red spectrum of the product (nujol mull): 930s, 731lm,
7055, 555s, 348s cm™T (cf. S4N4)66

Analysis found; N, 26.84%, SN, requires 30.43%.
(gield of SNy, 0.83g, based on SN C1, 40%)

(iv) Reduction of 84N3C1 by a Saturated Aqueous

solution of Na28205

Na28205 (4.23g, 22.26 mmole) was dissolved in ice cold
water (20 cm3) and S)NC1 (v.94g 9. 44 mmole) added to the

5
vigorously stirred solution. A rapid reaction occurred
forming a deep green suspension. The reaction was stirred

for.15 min., filtered and the residue washed with ice cold
water (4 x 10 cmj), ethanol (2 x 5 cmj) and ether (2 x 10 cmj)

and dried Zm vacuo.
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Infra-red spectrum of the product (nujol mull): 3150m.br,

1415s, 1235s, 1205s, 1050m, 1015s, 930s, 730s, T702s,

662w, 605m, 560s, 528s, 350s cm—l.(cf. 84N4)66

(v) Reaction of SjNQCl with Sodium Dithionite

TNaZSEOM) in CH

3NO2

To a refluxing suspension of S_N,Cl (H.32g, 27.08 mmole)

372
in CH3N02 (100 cmB) was added sodium dithionite (6.16g, 35.4
mmdle). A rapid reaction occurred yielding a deep orange-red
solution and a finely divided yellow precipitate; The system

was refluxed for 4h., filtered hot and cooled to room temper-
ature. The precipitate was washed with ice cold water to
remove any Na28204 and then by ethanol (2 x 10 cmz) and ether
(2 x 10 cmz). The yellow product was then dried <n vacuo

and its infra-red spectrum recorded.

Infra-red spectrum of the product (nujol mull): 1165m, 1000s,

685m, 570m, 475m em™ L. (cf. S4N3016)

3.2.3 Reduction of Sulphur-Nitrogen Systems by Metals

(a) The Reduction of S/N compounds by Metals using
Organic Solvents

The reductions of S/N compounds by metals using organic
solvents involved essentially the same experimental technique

in each case, the results of which are presented in +able 3.1.

Experimental technique

To a stirred slurry/solution of the S/N species was
added excess metal powder. The reaction was monitored by
T.L..C., usihg a standard S4N4 sample for comparison. If the
rate of reaction was low at room temperature the system was

refluxed until complete reaction had occurred. The reaction mixtwe

was then filtered and the precipitateard excess metal woshed = -
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with 1,4-dioxan. The filtrate was evaporated to dryness
and the residue obtained extracted with benzene. The pro-
duct was isolated and the infra-red spectrum, yield and

analyses obtained where applicable.

TABLE 3.1 The reduction of S/N compounds by metals
using organic solvents

S/N compound Metal Solvent = Conditions Product Yield

(on”) (8,Ny)
CH_.NO R.T. SNy, SN
34,01 Fe > e B TET2 gy
SBNQCI Zn T.H.F. R.T. S4N4, S4N2
SENECl Hg CH3N02 R.T. S4N4
SBNQC} Al CH3N02 R.T. Not identified
SBNQCl Mg CHBNO2 R.T. S4N4, S4N2
SBNQCl Cu CHBNO2 R.T. Not identified
THF Reflux S,N,, S,N
8 ,N5C1 7n FRTR2 0 gog
Monoglyme Reflux S4N4, S4N2
CHBNO2 Reflux S4N4, S4N3Fe014
S4N301 Fe T.H.F. Reflux S4N4 60%
Monoglyme Reflux S§N4
()
84N301 Mg T.H.F. Reflux 84N4
S4N301 Ag T.H.F. Reflux No reaction
: T.H.®. Reflux S4N4
SBNgcl Fe 35%
Deep red low
melting pro-
SENEClE Zn Toluene Reflux duct possibly
SyNo
(NSCl)5 Fe Monoglyme R.T. Syl 67%

(* Activated magnesium isolated from a Grignard reaction).
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(b) Reaction of Potassium with SBNQCl using 1,4-Dioxan
as a solvent

To a refluxing slurry of SBNECl (1.84g, 11.54 mmole)

in 1,4-dioxan (50 omB) was added small freshly cut pieces

of potassium. A rapid reaction occurred yielding a deep
red solution. The thin layer chromatogram was run of this
solution using a standard S4N4 sample for comparison (eluting
solvent benzene ; R, values of the spots = 0.93 (S&Ng) and
0.84 (S4N4)). Addition of excess potassium to the system
caused the solution colour to change to deep blue-pﬁrple and
then with more potassium to a very deep purple. The thin

layer chromatogram indicated that no S4N4 remained in solution.

The reaction was terminated at this point.

(¢) The Reduction of S/N compounds by Metals using
Sulphur Dioxide as a Solvent

(i) Reduction of SyNCLl by Iron powder

5
¢l (1.06g, 5.16 mmole) and Fe powder (1.28g, 22.86

S4N3
mmole) were placed in a pre-dried, vacuum tight pyrex vessel,
(figure 1. 1, page 14 ) and sulphur dioxide (12.43%g) condensed
in. An orange-red solution was formed which did not alter
over 22h. of agitation. The sulphur dioxide solubles were
filtered off and the insolubles washed ca. 20 times to

remove all the soluble fraction. The solvent was then slowly

evaporated off leavihg an orange-red residue (0.98g).

Infra-red spectrum of the residue (nujol mull): 1165w, 1000m,

930s, 730m, 700s, 675w, 550s, 470w, 370s, 355s om ™t

(ii) Reaction of (NSCl)3 with Pe powder

(NSCl)B;(O.69g,_2.82 mmole) and Fe (L.57g, 28.04 mmole)

were loaded in to a pre-dried, vacuum tight, pyrex vessel
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(figure 1.1, page 14 ), and sulphur dioxide (7.19g) condensed
in, Initially a pale green solution was fqrmed but after
agitating at room temperature for 30 min. a deep orange-red
‘solution was produced. The reaction was agitated at room
temperature for a further 5h. to ensure complete reaction

‘and then the solubles filtered off. The residue was washed
with SO2 until no further evidence of any solubles was noted
and then the solvent slowly removed, resulting in the formation

of a deep orange-red micrbcrystalline product (0.52g).

Infra-red spectrum of the product (nujol mull): 1130s,br,

1050w, br, 730m(sh), 720m, 529s, 51l5m(sh), 370vs, cm-l.

Raman spectrum of the produot_(red line) 736w, 675m, 650m(sh),
610s, 385s, 330s, 268m, 335vs, 186vs, 133m cm T.

(cf. Infra-red spectrum S5N5+FeCl4_: 1143s, 1047w, 1OLl7vw,
731m, 72lm(sh), 685m, 608m, 528s, 370s, 327s cm ¥). T

(iii) Reaction of SENQCI2 with Fe powder

S4N,C1 (0.65g, %.%% mmole) and Fe powder (l.16g, 20.7

5 2 ,
mmole) were placed in a pre-dried, vacuum tight pyrex vessel
(figure 1.1, pagel4 ) and SO, (8.4%g) condensed in. A deep
orange solution was immediately formed which did noft change

in appearance over the period of 6h. of agitation.  The
solubles were completely filtered off from the excess iron

and the sulphur diOXide slowly removed,yielding a bright

orange-red microcrystalline species (0.63g).

Infra-red of the orange product (nujol mull): 1165w, 1028m,
990m, 925m(sh), 91l4m, 864vs,br, 750m(sh), 730s, 710m,
685s, 680m(sh), 675m(sh), 668w(sh), 580m, 570w, 555w,
490m, 470m, 430m, 370vs cm™ T

Analysis: found: 8,38.9; N, 14.15; Fe,13.67; C1,33.6%.

SN FeCl) requires: §,38.65; N,13.53; Fe,13.53; C1,34.30%
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(iv) Reaction of (NSCl), with Zn/Cu couple

5

(NSCL)3 (0.53g, 2.17 mmole) and Zn/Cu powder (1.56g,

23.86 mmole) were placed in a pre-dried vacuum tight pyrex

vessel (figure 1.1, page 14 ), and S0, (9.13g) condensed in.
A very deep red solution was formed on warming to room temper—
ature and this was agitated for 4h. The solubles were then
removed and the residue washed wiﬁh recondensed 802. During
one washing of the insolubles an exothermic reaction occurred,
in which the zinc was seen to burn in the atmosphere of sul-
phur dioxide producing a white compound (Zn0/ZnS). The re-

action was terminated at this point.

(v) Reaction of (NSCl)3 with Ag wool

(Nscl)., (0.59g, 2.41 mmole) and Ag wool (0.47g, 4.35

5
mmole) were placed in a pre-dried, vacuum tight pyrex vessel
(figure 1. 1, page 14). The vessel was then evacuated.

On evacuation it was noted that the silver became black in
colour and a blue film was formed around the top of the con-
taining bulb. The bulb was cooled to liquid nitrogen ftemper-
atures and the blue colqg;ation took on a bronze metallic
appearance. Sulphur dioxide (5.32g) was then added to the
system and the film dissolved yielding a very deep green
solution. The vessel was agitated at room temperature for
28h., during which time the colour of the solution changed to
pale orange. The solution was filtered and the residue washed
with recondensed solvent to remove all the solubles. The
solvent was then slowly evaporated leaving an intractable tar
from which it proved impossible to remove all the sulphur

dioxide. The experiment was thus abandoned.

The reaction of thiazyl chloride (NSCl) with silver metal

was investigated and is reported in Chapter Five (page 238).



(vi) Reaction of (NSC]'.)3 with Hg.

(Nsol)3 (0.64g, 2.62 mmole) and Hg (28.42g, 141.7 mmole)
were placed in a pre-dried, Vacuum.tight pyrex vessel (figuré
1.1, page 14 ) and S0, (9.13g) condensed in. The reaction
was agitated for 16h, at room temperature and the resulting
orange-red solution filtered off. ‘The residue was washed
- with recondensed solvent to remové all the solubles. = The
solvent was then slowly evaporated from the filtrate leaving
: an orange residue. |

Infra-red spectrum of the residue (nujdl mull): 928s, 728m,

700s, 5508, 350s em™t. (cf. S4N4)66

T.L.C. (benzene glutant) Ry. of product = 0.84 (cf.S4N4:Rf=O.84)

(vii) Reaction of S,N,C1

AP with Hg

S5N,01, (1.72g, 8.82 mmole) and Hg (4.16g, 20.75 mmole)
were placed in a pre-dried vacuum tight pyrex vessel (figure
l;l', page 14 ) and S0, (12.63g) condensed in. The system
was warmed to room temperature and the resulting orange-red
solution agitated with the metal for 4h. The solubles were
~then completely removed into the second bulb and the solvent
—slowly removed from the system ylelding an orange product.
Thé SO2 insoluble speciles was essentially excess mercury but
had a pinkish tinge .to it. The infra-red spectra and thin

layer chromatograms of both 802 soluble and insoluble compon-

ents were recorded.

Infra-red spectrum of the soluble product (nujol mull):

1165w, 920s, 72hm, 695s, 5458, 340s om™1 (cf. 84N4)66

T7.L.C. of soluble product (eluting solvent benzene) Rf=0.84

(c:. S)Ny R, = 0.84).
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Infra~red spectrum of the SO, insoluble product (nujol mull):

2
1015m, 970s, 959s, 945s, T15vs, 585m, 570m, 480m,br,
446m, 435m, 370s em L.

The solubility of the pinkish 802 insolubles was tested
in benzene, hexane and ether, in which it was found to be
essentially insoluble. However with D.M.S.0., nitromethane

and T.H.F. a red solution was formed. The compound was

‘ thérefore extracted from the excess mercury using refluxing

T.H;F. (20 cmB) and the resulting deep red solution pumped
to dryness. The infra—red’spectrum and thin layer chromato-

gram of the product were recorded.

Infra-red spectrum (nujol mull): ll65W, 1022s, 928s, 726m,
7008, 650w, 629s, 550s, 373s, 3U5s em™t (cf. S4N466 and
S4N267). T.L.C. (eluting solvent benzene) Rp = 0.93 and 0.84,

(Cf.84N4 Rf = O-84§ S)-I-NQ Rf = 0-92).

5.2 4 Reduction of Sulphur-Nitrogen Compounds
by Molten Salts

SyN5C1L (4.86g, 9.05 mmole) and pre-dried KCNS (2.13g,
21.96 mmole) were ground together in dry box conditions and
the resulting mixture placed in a sublimation tube fitted
with a 1iquid nitrogen cold finger. The tube was thén
evacuated and the temperature slowly raised to the melting

point of the KCNS (oil bath temperature of 165°¢). The

volatile species produced at this Temperature were sublimed

“on to the cold finger over a period of 4h. A deeply coloured

sublimate was obtalned which did not change in appearance on
warming to room temperature. The véssel was left under
vacuum for four months to allow any polymerisation to occur.
The vessel was then opened under dry box conditions and the

infra-red spectrum of the sublimate recorded.
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Infra-red spectrum (nujol mull): 1165w, 1000w, 928s, 728m,

705vs, 675w, 552s, 348vs em™t  (cf. S4N466 and 84N5016)

. 3.3 Discussion

It has been noted in this thesis (Chapter Two, page 28)
that solid phase halide transport reactions occur on‘grinding
potassium bromide or cesium iodide with l4-phenyl-1,2,3,5~
dithiadiaZOlium chloride.  Hence due to the similarities
in the heterocyclic ring between the dithiadiazolium cation
and the thiodithiazyl cation (both have a 5-membered ring,

the -CN282+ ring having 6m-electrons and the SBN2+ cation

having Twr-electrons), the solid phase halide transport re-

actions of SENQCI were investigated.

KC1l, KBr and CsI dises of S5N,C1 were made and their
-infra-red spectra compared, using the KCl/S;NQCl diso as a
control. Little or no shifting of the peaks in the KBr/
53N201 dise relative to the KCL/SN,Cl disc were noted whereas
significant shifting in the bands occurred in the CSI/SBNQCl
disc, relative to the KCl/SBNQCl disc. The infra-red spectrum
of the CSI/SENQCI was compared with a series of standard infra-

. red spectfa of sulphur-nitrogen systems and was concluded to
be consistent with that of SAN466. Thus a reduction of the

thiodithiazyl cation. appeared to have occurred.

There are very few examples of the reduction of sulphur-
nitrogen cations, the only one being that reported by Muthmann

and Clever (l896)68

in which they reduced 54N301 to SN, and
'B5N2”with zinc using methanol as a solvent.  Reductions of
S4N301 by HI and KI (in conc. HC1l) were reported by Padma and
wahy69(l97l) who reduced the S4N3+ cation to sulphur or

hydrogen sulphide, ammonia, hydrogen chloride and iodine.
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It was therefore decided to investigate the reductions

of the readily available sulphur-nitrogen cations (S4N +Cl_,

3

83N2+01' and 35N201+01') and trichlorotrithiatriazene (NSCl)5 .

3.3.1 The Reduction of Sulphur-Nitrogen Specles by Iodide

Having observed the solid phese reduction ef
thiodithiazyl chloride (SjNgcl) by iodide in an infra-red
disc (experiment 3.2.1(i), page 114) preparative scale, solid
phase reductions were investigated (experiment 3.2.1(ii),
page 114). The product was separated by eXtraction using'
1,4-dioxan yielding a brown precipitate which was_idehtified
from its infra-red spectrum, to be.SqN466. Due to the low
yield of product obtained by the solid phase reaction tech-
nique, solvents were sought in which solution reductions could
be investigated. The relatively high dielectric constanﬁ of
nitromethane (£ = 35.9 )70 and the absence of unsaturated
centfes and hydroxylic hydrogens, indicated that nitromethane
would be a suitable solvent for the reduct;on of sulphur-
nitrogenvcations by iodides. Both §yN3Cl and SjN,Cl were
successfully reduced by ilodide in nitromethane solution yielding
tetrasulphur tetranitride (experiments 3.2.1(iiﬂ,(iv), page
115 ), The yields recorded were not as high as initiaily
expected. However these were improved by evaporating the
solvent off using a stream of dry nitrogen, rather than pumping
off.the solvent undef reduced pressure. The pumping off of
the solvent under reduced pressure lowered the recorded yields

due to 84N4 being removed with the solvent into the muck traps.

In an attempt to obtain high yields of S4N4 using cheap

. easily obtainable solvents, sulphur-nitrogen cations were re-

acted with saturated solutions of NaI. in ice cold water, ethanol

and methanol. In all cases hydrolysis of the S/N species'
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- occurred but some S4N4 was isolated. In the reaction of
‘SBNECl with Nal in ice cold water (experiment 3.2.1(v),

page 116), reduction was shown to occur by the formation of
}a red-purple carbon tetrachloride phase. The yield of 84N4
from experiment 3.2.1(v) was approximately 15% thus being a

synthetically non-viable route to S4N4.

Sulphur dioxide was investfgéted as a possible solvent

for the reduction of 5,N;Cl by Nal (experiment 3.2.1(vi),

3
page 116).  The solubility of NaIl in 80, is high (L.5g in
10g of 80, at 0°¢)" and thus the Nal should be completely
dissolved under the conditions employed in experiment 3.2.1(vi).

The expected reduction did not however occur under these mild

conditions, S4N3I being the only S/N product.

Although the reduction of S/N cations by iodide in .
nitromethane solution provided a useful route to crude S4N4,
difficulty was found in separating the iodine, produced as é
by-product of the reduction reactions, from the tetrasulphur
fCetranitride. Therefore reducing agents not producing a -
by-product that was difficult to separate from the reduced

S/N species were sought.

3.3%.2 Reduction of Sulphur-Nitrogen Species by the
Sodium Salts of the Oxy-acids of Sulphur

The reduction of the sulphur-nitrogen cations (S4N3+Cl_,
+ - = \ . .
S3N2 Cl and SBNECl Cl™ ) by sodium metabisulphite (Na28205)
were investigated predominantly in nitromethane (CHENOQ)
solutions (experiments 3.2.2(1)-(iii), pages 117-118), 1In
all cases reduction of the cations to Sy Ny occurred with the

evolution of sulphur dioxide. The yields of 34N4 recorded

were generally in the region 45-55%. Again yields of S4N4
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were improved by the eraporation of the solvent at atmospheric
pressure rather than at reduced pressure due to the removal
of S4N4 into the muck traps with the solVent at reduced
pressures. The lower than expected yiélds for the reduction
reactions using sodium metabisulphite are thought to be due
to the water of crystallisation possessed by the reducing
agent <Na28205' 7H2O), which is difficult to remove without

SO and SO,.

3 2
It is also noted that although sodium metabisulphite

dissociating the salt into Na2

and sodium dithionite are generally regarded as reasonably
strong reducing agents in aqueous solution, their reducing
power 1is likely to be significantly modified in other solvents.
This is typified by the reaction of S3N201 with sodium

dithionite (Nagsgoq.QHgo) in CHENOQ, (experiment 3.2.2(v),

- page 119). No reduction reaction occurred using sodium

dithionite as the reducing agent, the only reaction being

' . . 5
the thermal cracking of S3N201 into S4N301.

The reduction of various sulphur-nitrogen systems by
saturated, ice cold, aqueous solutions of sodium metabisuiphite
were investigated. The reaction of 84N301 with the gqueous
reducing solution (experiment 3.2.2(iv), page 118) was the
most successful, almost certainly due to the relative stability
of the S,N;" catlon to hydrolysis worib. SN,T and SaC1T
Tetrasulphur tetranitride was obtained in approximately 15%
yields which, although signifiéant due to the lack of complete~-
hydrolysis of the reduction intermediates, was of little syn-

thetic value,

Due to the problems of drying the metabisulphite and
dithionite salts without their decomposition and due to their

modified reducing power in aprotic solvents, no further
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'investigations using these reducing agents were done. In

" order to avoid problems with water and unwanted side products
the investigations were switched to the use of metals as
reducing agents. Smith72 and Fielder did however continue
to study the reductions of S/N species by reducing anions e.g.
8,05° "+ C,0,°7 and H,P0,”, and recorded yields of SN, in

the region of 40-60%. |

4

%.3.35 The Reduction of Sulphur-Nitrogen Systems by Metals

There are numerous examples,in both main group
and transition metal chemistry, of metals reacting with halogen
containing organic species, forming the organometallic com-

pound and the metal halide (e‘quationsj.36—3.34)?3

R X + 2Li ———— RLi + LiX (3.36)
IMeI + 288 ——> Me,As'T ™ + AST 5 (3.37)
C1SiMe,CH,C1 + Mg —— (Me,SiCH,), + MeCl, (3.38)
203@015 + 37n + 1200 — 20r(co)6 + 3ZnCl, (3.39)
3¢r013'+QA1 + AICLy + 6Cglly — 3 (n-CéH6)2Cr+AlCl4_

(3.40)

Hence it seemed likely that both main group and
transiﬁion metals would reduce the sulphur-nitrogen cations
and also trichlorotrithiatriazene, to 84N4 and the metal
chloride. The postulated advantages of using metals as re-

ducing agents were:

.(a) the ease of removing all traces of moisture;

(b) the ease of separation of the excess metal and metal
chloride from the reduced product;

(c) the expected non-participation of the metal chlorides

in the reaction.
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Various transition metals were successfully employed
as feduoing agents (Fe, Zn and Hg) in a number of organic
solvents (CHBNOQ, monoglyme, T.H,F. and l,2-dichloroethane).
Group I metals (Na and K) reacted with the sulphurfnitrogen
species (experiment 3.2.3(a), pége 119) initially producing
SyN, (identified from T.L.C.). Further reduction then
.ocourred yielding initially a deep blue solution, then a
purple solution which did not change colour on adding more
reducing metal. It is likely that the blue and purple
solutions observed are due to the presence of the 85N5- and

T4

anions. Due to their previous isolation and the

S4N5“

highly explosive nature of the sulphur-nitrogen anions thé

salts were not isolated.

Probably the best synthetic routes to S4N4,by the re-

ductions of S/N species using metals in organic solvents are:

(i) Reduction of (NSCl)3 by Fe using monoglyme as a
solvent.
(ii) Reduction of S4N301 by Fe using nitromethane as
a solvent.
(iii) Reduction of S4NBCl by Zn using T.H.F. as a solvent.

(iv) Reduction of SBNQCl by Zn using T.H.F. as a solvent.

The redﬁction bf S/N species by transition metals does,
therefore present a convenient synthetic route to S#N4.r
There is however one major yield reducing factor. In certain
cases the metal chloride produced as a by-product is Lewis
acidic in nature. Thus it reacts with the chlorine contéiﬁing
S/N starting material, or an intermediate, forming the MCl4"
anion which stabilises the S/N cation making the S/N species

~less prone to reduction (eguation 3.41).

S4N3+Cl t FeCly ——— Syl FeCl), (3.41)
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The formation of such salts is known to occur particularly
when using CH3N02 as a solvent, due to the isoclation and
characterisation of the salts from their infra-red spectra.

Hence in the case of the reduction of S4N Cl with Fe in

)
CHBNOQ, 25% of the S/N starting material is stabilised, w.r.t.

“reduction, as the Fe014‘ salt.

A second by-product formed in the reduction of 83N2+’

+ + , f e
SBNECl and S4N5 by meta}s is tetrasulphur dinitride (S4N2).
Hence sulphur is not, as originally believed, formed in the
primary reaction sequence. The overall equation for the

reduction of S4N3+ by Fe (n CHBNOQ must therefore take into

account the formation of S,Ny, SN, and 84N3+FeCl£ (equation 3.42).

16/5 85CL + /5 Fe TN, 2SNyt 28Mp

+ 4/3 SyN5+ FeCl)” (3.42)

The reduction of S4N301 by Fe using a coordinating
ether as the solvent (monoglyme or T.H.F.) does not however
produce an identical series of products. S4N4 and 84N2 are
isolated but one species present in the insoluble products
appears, from its infra-red Speotrum (1280m, 1240m, 1180m,
1115m, 1065s, 1015s, 980m, 860s(sh), 850s, 800m, 555s, 410m,
370s, 3555 cm ©) to be the.l:1 adduct between FeCly and mono-

glyme (CH OCH,CH,O0CH).

(Infra-red spectrum of FeClB:C4H1002: 1282m, 1240m, 1200mw,
1181m, 1112m, 1065s, 10l4vs, 980m, 862ms, 850s, 804m,
555m cm™ 1), T2

+ -

Hence the formation of the S4N3 FeCl4 salt is not
observed due to the sequestering of the iron ((II)chloride by
the solvent. The effect of the solvent in detérmining the

nature of the products is highlighted in the reduction of
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trichlorotrithiatriazene ((NSCl)B) by iron,using as a solvent

(i) monoglyme (CHBOCH CH,OCH,) and (ii) nitromethane (CHBNOQ).

2772 3)
(NSCl)3 was initially reduced by iron using monoglyme as the
solvent and good yields of SyN), were obtained (table 3.1,
page 120). - However subsequent work by Fielder, whilst
attempting to increase the yield of 84N4, using CH3N02 as the

solvent, produced cyclopentathiapentazenium tetrachloroferrate

(III)(S5N5+FeCl4') in yields of ca. 55%.

Hence the nature of the final product of the reaction
was determined solely by the coordinating power of the mono-

glyme sequegting out the FeCl, which,in the case of the CH,NO

> 32
reduction, entered into the reaction mechanism (equations3.43,44).

4(NSCl)3 + 4PFe monoglyme* 38Ny, + 4C4H1002-Fe013 (3.43%)
+ -
5V<NSC].) + 4Fe _FI_‘I;I\T(-)—;) 3851\15 .FeClq + FeCl:5 (3.44)

The reaction of trichlorotrithiatriazéne with tetra-
sulphur tetranitride and iron(iII)chloride, has been reported
by Banister and Dainty (1972),31 to produce cyclopentathia-
pentazenium tetrachloroferrate @II} It can therefore be
suggested that the initial reaction of iron with trichloro-
trithiatriazene produces tetrasulphur tetranitride and iron
ﬁII)chloride, which in the presence of (NSCl)3 reagts, by an
identical mechanism postulated by Banister and Dainty,‘forming
SgNg FeCl,™.

The reductions of S4N301 and SBNQCl by metals are believed
to follow essentially the same mechanistic route. It has
been observed that on extracting SBNECl with refluxing CHjNOE’
S4N3Cl is isolated as a fine yellow precipitate and (NSCl)3
from solution. Hence it is concluded that the reductions of

SENQCl in refluxing solvents probably proceed via SqNBCl, the
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rate determining step being the rate at which S4N301 is
produced. The first step in the mechanism in which both
S4N,C1 and .S4N301 are reduced by metals is, therefore, post-
~ulated to be a one electron reduction of the 84N3+ cation. -
A suggested mebhanism for the reduction of the S4N3+ cation
v'and subsequent formation of 84N4 and S4N2 is given in
) figure 3.5.
. PIGURE 3.5 A possible mechanism for the reduction of

SNt and s,N, T by metals and the subsequent
32 43

rearrangement reactions.

283N201(S) ——d ESBNECl(soln) —_— 84N3 CI” + NSCLl + 888

SNy + e — [S_4N3].

s P
S0 O >

—g
+ [NES - N= s]““ c1”

l
[NS] + NSCl1

. 1
2 [s] s s, s B,



136

NSCl + EQN]

yysc1 —Metal o 5,1,

A
28,0, ToseTorron® SNy, t 48 (vef. 44)

Smith72 has shown that thermal cracking of 84N Cl

3

oceurs in refluxing solutiors of nitromethane, yielding S4N4

76y,

(ef. vapour phase cracking

The reactions of metals with sulphur-nitrogen species .
were, therefore, carried out in liquid sulphur dioxide at

. amblent temperatures in order to show that S4N4 iS produced
via a reduction mechénism and not via a thermal rearrangement
process (section 3.2.3%c, page 121). The main experiments of -
interest in this series of experiments are the reactions of
chlorothiodithiazyl chloride (stgclg) and trichlorotrithia-~
triazene (S,N,Cl,) with the metals iron and mercury. Sulphur

53773

dioxide does not form stableisolatable complexes with Lewis

acid chlorides (cf. monoglyme, THF75) and hence the formation

-of Lewis acidic chlorides will affect the course of the re-



137

action to a greater or lesser extent depending upon the

strength of the Lewis acid.

3.3 The Reactions of Sulphur Nitrogen Species with
Metals using Sulphur Dioxide as a Solvent

(1) The Reaction of Trichlorotrithiatriazene
with Iron and Mercury

The reaction of ftrichlorotrithiatriazene with
iron produced 55N5+Fe014“(experim‘ent %.2.%(c,11), page 121)
in approximately 60% yields. The reaction was quite rapid
being essentlially complete within 30 min. The S5N5+ salt
is isolated in a virtually pure state, there being no S4N4
or 84N2 impurities. The salt is highly soluble in SO2
crystallising out of the solvent as deep orange crystals.

The reaction of 83N3013 with excess mercury
( &xperiment 3%.2.3%(c,vi), page 124) was very rapid, possibly
due to the high surface area presented by the mercury.

The product was filtered off from the excess mercury and

identified by T.L.C. and infra-red spectroscopy as S4N4.

From the ébove results 1t is surmised that, as
stated previously, the nature of the final products in the
reduction of sulphur-nitrogen species by metals is a function
of the Lewis acidlc strength of the chloride formed as the
by-product. The iron @II)ohloride is a strdng enough Lewis
acid, in sulphur didxide solution, to abstract chloride ions
from either the sulphur-nitrogen starting material or an
intermediate, thus forming an ionic product (85N5+Fe014—).
However mercury;ghloride is not a powerful enough Lewls acid,
in sulphur dioxide, to affect the basic reduction reaction

and thus 84N4 is the sole sulphur-nitrogen product (figure
3.6).
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Figure 3.6 A suggested mechanism for the reduction of
trichlorotrithiatriazene by mercury

?l il'
AN e TN,

n—Q

NI N

!

1/2 S4N4 + NSC1 + HgCl2

N=s-c1 —H&y N=g-Hg-c1 Ny /o 5N, + HecL,

(ii) The Reaction of Chlorothiodithiazyl Chloride -
with Iron (experiment 3.2.3(c,iii), page 122)

As observed in the reaction of trichlorotrithia-
triazene with iron, the formation of the iron(iII)chloride
intermediate plays a significant role in the determination of
the overall mechanism of the reaction. The compound pro-
duced in the réaction of chlorothiodithiazyl ohloride with
iron is, as expectéd, Ey analogy with SBN3013/Fe reaction,
the tetrachloroferrate @II)salt of a‘sulphur—nitrogen cation.
The infra-red spectrum of the cation is hoWever,‘significantly
different {rom that of any of the sulphur—nitrogen cations
previously synthesised. The compound was analysed as having
the stoichiometry, 85N4Fe014. Using the guide-lines set
down by Bahister for calculating the number of T-electrons
associated with sulphur-nitrogen heterodycles7z it can be
seen that the cation 85N4+ is an odd electron species

*+) and therefore the cation will probably exist as
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There are at least three possible structures for
SlON82+' TWo structures based on two S4N4+ units connected
by a disulphide bridge ingures}.?a,b) and one structure
) + . .
based on a 8§,N) cage and two 83N2 units (flgure 3.7¢).

Pigure 3.7 Structures based on two 84N4+ rings and
a disulphide bridge

(a) Structure 1

(b) Structure 2  (cf. 84N5+)78
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(¢) Structure based on a 84N4 cage and two,83N2+ units

Structure 3

Without an X-ray crystal structure of the compound it is
impossible to arrive at a firm conclusion as to the con-
figuration of the postulated SlON82+ cation. However certain
structures seem more likely than others purely by virtue of
the synthetic route used to prépare the species. In struct-
ure 5 the basic units upon which the structure is based are

postulated to be SN,  and SyN,. The S,N * unit is readily

, 3 32

formed by the dechlorination of the 83N201+ cation and the
S4N4 unit by the subsequent reduction of the 83N2+ cation by
the metal, (cf. the reductions of SBNQCl by metals, table
3.1, page 120), An overall reaction scheme may therefore
be postulated for the reaction of SBNEClQ with iron forming

a species with structure 3 (equation 3.45).
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Equation 3.45

483N2012
Fe
4S_N.C1
32 ~
Z/Fe Fe
+o - .\\a 2+ -
283N2 FeCl) + o TNy — (leN8 )(FeCl4 )2
i.e. 483N2012 + 2Fe > (leN82+)(Fe014')2 + 2/8 Sg

Mechanisms by which structures 1 or 2 could be formed
can be devised. However due to the ease with which the re-
action proceeds, it would appear unlikely that significant

"

breakdown of the " ring occurs, which would probably

S5 o
have to be invoked for a structure containing a disulphide
bridge. Further support for the conclusion that SlON82+ is
based upon an S4N4 cage and two 85N2+ rings 1s drawn from ‘
the reactioﬁs of(;roup VI polycations with S4N4 (Chapter Six,

page 276).

The basic unit around which all of the products are
based in the reactions of Se42+(AsF6—)2/S4N4 (ratios 1:2 and
2:1) and in the reaction of 882+(ASF6-)2/S4N4(ratio 1:2), is

+ + .
the SBNQ' or Se,SN, ~unit.

The soluble product isolated from both the reactions
of 882+(ASF6_) and Se42+(AsF6-)2 with S,N, (ratio 1:2) gave
2+

2
the same infra-red spectrum as that noted for the SlON8

oatiqn. In the case of the selenium reaction the analytical
result implied a low selenium substitution into the cation.
This 1s almost certainly due to the substitution of one or

both of the "SBNEH units by "SSegNé“ units. The low percentage
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substitution of SSegNé rings for S rings in the SlON82+

32
cation (structure 3) is probably due to a sulphur-sulphur

inter-ring bond being more favoured than a sulphur-selenium

inter-ring linkage and thus the former is more prevalent.

The structure postulated for SlON82+ (structure 3) is
. based on two previously reported species, SyN Cl+ 49 and

32
S4N4F2.78 The 83N2 rings will adopt the same structure as
in 85N201+, the sulphur to which the chlorine would be attached
in SBN201+ being bonded to the sulphur of the 84N4 ring.

The 84N4 ring will adopt the same conformation as in S4N4F278

the sulphurs to which the fluorines would be attached in

S,NF, being bonded to the SN, units (_figure 3.8).

Figure 3.8 A Diagrammatic representation of the structural
units from which SlON83+ may be regarded as

being constructed.
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" Interpretation of the infra-red spectrum observed for
the.Species (SlON82+)(FeCl4')2,using the known infra-red
spectra of the basic units (83N201+ and S,N,F,) is not
feasible, due to the mass of the suhstituents on each ring.
Hence whereas 54N4F2 is an S4N4 ring with two substituents
of M.W. = 19, in SlON82+ the substituents can be regarded as
cations of M;w. = 124, The effects of the increase in mass
of the substituents and the inkherent charge will change the
basic infra-red spectrum of S4N4F2 very significantly but

it is not possible to determine the overall effects of this

change.

(iii) Reaction of Chlorothiodithiazyl Chloride with Mercury

The reaction of SBNQCl2 with mercury as the reducing
metal and sulphur dioxide as the solvent, was studied with
first, a great excess of mercury and second, with only a slight
excess of mercury (experiment 3.2.3(c,vii), page 1214). The
reaction with a great excess of mercury proceeded rapidly
producing SN, and S)N, (cf. table 3.1, page 120). However
in the second reaction in which less mercury was.used, two
distinct products were formed, one soluble and the other in- .

soluble. = The soluble product was readily identified from

its infra-red spectrum and by its thin layer chromatogram
(compared with standard 84N4 sample) as 84N4. However the
insoluble component contained a species which gavé an infra-
red spectrum significantly different to any of the products
previously isolated from the reductions of sulphur-nitrogen
species by metals; By analogy with the reaction of mercury
with trichlorotrithiatriazene it seems likely that the mercury
chloride produced in the reaction will not affect the reduction

mechanism by'abstracting chloride ions from the sulphur-nitrogen
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starting material or an intermediate. Hence it is concluded
that the species must either be a neutral sulphur-nitrogen
species or a mercury thionitrosyl. The solubility of the
specles was tested in various solvents and was found to be,

~ to all intents and purposes, negligible in non-polar or non-
coordinating solvents (benzene, di-ethyl ether and hexane).
Hence it is suspected that the species is not a neutral
sulphur-nitrogen compound (c¢f. solubility of SyNy, S)N, and
(NSCl)5 in benzene). It’thérefore appears as though the
species is either a mercury thionitrosyl or a mercury chloride/
sulphur—nitfogen heterocycle adduct. From the colour of the
compound, piﬁk—red, it can be deduced that the species is

not Hg(NST)2 (cream)79 or HgS(NS)8(green)3. It is known that
the oompound dissociates yielding 84N2 and S4N4 in tetra-
hydrofuran at room temperature. It may therefore be suggested
that the compound is an HgCl, gdduct which dissociates in

T.H.F. with the formation of an HgCl,.-THF adduct®l, SR

2
and S,N,. It has however been reported by Heal that Hg_(NS£k79
dissociates, on heating, yielding S4N2. Hence the decom-
position of both an adduct and a thionitrosyl can be postul-

ated to give the observed products.

3.3 Attempts to product (SN) by the Reduction of
Sulphur-Nitrogen Speciles

Reactions of S4N301 with activated metal surfaces, (e.g.
with Mg isoclated from a Grignard reaction and with molten

alkali metals) using solvents failed to produce (SN)X.

The reported methods of producing (SN)x are by the vapour

phase cracking of S4N4.81 Hence the reduction of S4N301

by molten KNCS, % vacuo, was atbtempted (experiment 3.2.4,

page 125 ), It was hoped that the S/N fragments formed in
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the reduction process would sublime on to a cold finger and
"thus polymerise. Although a very deeply coloured sublimate
was formed the infra-red spectrum, recorded four months after

its formation, indicated the presence of 84N§Cl and S4N4 only.

3.4 Conclusions

From work reported in this thesis and that of Smith,72
it can be seen that SqNBC;, SBNgCl, S}NQCIQ and (NSCl)3

are all reduced with ease by a wide range of' reducing agents,

yielding S4N4 and S4N2 as an impurity.

The formation of SN, by an Zn situ method allows a
considerable number of synthetic reactions involving 54N4'
to be done without the isoclation of the intrinsioélly eXx-
polsive nitride. The reduction of sulphur-nitrogen species
f'orming S4N4 in sttu,may therefore, represent a useful
industrial method of prepaving the nitride for organic

82

synthetic reactions.

The use of sulphur dioxide as a solvent has facilitated
the i1solation of a series of intermediates and the deter-
mination of various aspects of the mechanism by which metals

reduce sulphur-nitrogen speciles.

In work, subsequent to that reported in this thesis,
' Hauptman83 and Smith84 have concentrated on the vapour phase
‘reduction of 34N3Cl using metals and sodium iodide and have

isolated various halogen doped sulphur-nitrogen polymers.

Although solution reductions are no longer being investigated,
the vapour phase work is continuing in earnest, as the route
represents the rirst synthetically viable procedure for pre-
paring analogues of (SN)X without the use of the potentially

hazardous Squ.
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CHAPTER FOUR

THE INVESTIGATION OF SYNTHETICALLY VIABLE
ROUTES TO SULPHUR-NITROGEN-FLUORINE
COMPOUNDS

4,1 1Introduction

Liftle work had been done in the field of sulphur-
nitrogen~fluorine chemistry until 1955 when Glemser synthe-
sised a series of compounds, (S4N4F4, SN F,, and NSF), by
reacting tetrasulphur tetranitride with silver dif‘luoride.l

Since then,'a range of S/N/F compounds have been prepared,

(mainly by Glemser et a22_4) and their spectral properties
studied by many groups throughout the world.5_9 Structural
10,11

studies indicate that these species adopt both cyclic

5

and acyclic” configurations, in which delocalisation across

10,12 There are two main

the sulphur-nitrogen bonds occurs.
reviews by Mews and Glemser (197213, 197614) which cover

most aspects of sulphur-nitrogen-fluorine chemistry to date.

4,1.1 Thiazyl fluoride (NzS-F)

Preparation

Thiazyl fluoride has been prepared by a variety
of routes: |
(a) NSF is produced by the oxidative fluorination of systems
containing S—N bonds.

Tetrasulphur tetranitride is fluorinated by several

powerful fluorinating agents, e.g. silver difluoride15’16,

15

cobalt trifluoride ™, and mercury difluoridel7(equation 4.1).

SyN), +4HgF, ————> UNSF + 2Hg ¥, (4,1)

S4N4 may also be fluorinated using selenium tetra-

)18 18,19 or

fluoride (SeF,)™", sulphur tetrafluoride (SF,)
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iodine pentafluoride (IF5)18, or in a low temperature
reaction with elemental fluorinego, generally giving .

NSF in low yields (figure 4,1).

Figure 4.1 Fluorination of 84N4 to give thiazyl fluoride.13

SyNy

SLF5 SF)
o) 19
2 SoF
(?22) NSF S4N4(NSF)4 84N4(SbF5)4 .NSF NSF
50°¢ 145%
NSF " NSF (10%)

(b) Ammonia reacts ﬁith sulphur-fluoride species to produce

. 10,21
thiazyl fluoride (equation 4.3) 8,2
20°¢ 3
SF4 + 4NH3 -—f‘—l'é'w—') NSEF + 3NH4F ( .2)
system

. . A
(c) Reactions of nitrogen trifluoride with sulphur2 or

metal sulphide523 (equations 4.3 and 4.4).
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(o] :
NP, + 38 320-400°C | o 4 S, C(43)
molten 30%
280°% .
NF3 + MoS, > NSF + MoF3 (4.54)

Thiazyl fluoride has also been observed as a product
in flash photolysis reactions between nitrogen tri-
fluoride and carbon disulphide or carbon oxide sulphide

'(008)24.

(d) Reactions of sulphur tetrafluoride (SF4) with nitrogen

containing species:

Ph,P = N-R + SF), ———3 F,S IN-R + PhPF,
N = S-F + RF
71% when R = S1(CHy)s; (rer.?3)
(%.5)
HoN-C-NH, + 28F, ———> F-C-NSF, + NSF + 4HF (ref.20)

I I
0 0 -
(%.6)

(e) Thiazyl fluoride is produced by the decomposition of

S/N/F compounds, (equations 4.7 - 4.,9).

CCl

SN yF) —-r—e-ﬁﬁ—xa 4NSF (1“~'ef'.15) (h.7)

F-C-N = SF, ——> COF, + NSF (refs.“"*<l) (1.8)
2 0 2
I 20°¢C
0 .

) 110°%¢
2’2 high vacuunm

Hg (NSF HgF, + 2NSF (ref.-°) (4.9)

2
Most of the reactions cited above produce thiazyl

fluoride in relatively low yields, although reactions 4.5 .

and 4.9 are synthetically viable. Equation 4.9 is the route

28,29

- cited in most recent papers. The production of thiazyl
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fluoride by the decomposition of the mercury salt is virtually
quantitative, and little purification is required as no other

volatile species are formed.

The mercury derivative, Hg'(NSFg)2 was first prepared
in 1969 by Glemser et a1°° from the reaction of mercury di-
fluoride with N-fluoroformyliminosulphur difluoride

(SF2 #vNC(O)Fkthe latter was synthesised by Ciifford and

Kobayashi31 using silicon tetraisocyanatewith SF4:
15000
SF), + Sl(Nco)4 T > SF, = NCOF
sealed tube 60% yield
2SF, = NCO)m+ HgF 24 hr., Hg (NSF,), + COF
2 2 room 22 2

temp. 80% yield

The mercury deriVative cah be recrystallised from
-chloroform, yielding colourless, monoclinic neédles, which

decompose slowly in glass at room temperature.‘

The thermal cracking of the mercury species (equation 4.9),
at 110°C in vacuo is the preferred route to thiazyl‘fluoride,
beihg essentially quantitative. It is knéwn that thiazyl
fluoride cannot be stored at room temperature without
decomposition.13 Thus, the above method provides a useful
synthetic route, as the mercury derivative may be stored

indefinitely at low temperatures under nitrogen.
Structure

The structure of thiazyl fluoride (figure 4.,2)
has been elucidated from infra-red32 and microwave spectrajj,

and the force constants calculated34(table 4.1).



155

Figure 4.2 Structure of thiazyl fluoride; (distances inpm).}3

1446

TABLE 4.1 Force constants, bond lengths and X-$-N bond

angles for various sulphur=-nitrogen s;pecieS.34
. Species S~N stretching S-N S-X S-X X-S-N
force constant bond stretching bond bond
k length force length angle
: S_T (pm) constant (pm)
(N m™") | - kgy
(N m™t)
: NESF3 1255 141.6 a9 155.2
Nz T 1185 (143) - -
' /
N=S-F 1070.9 1446 287.1 164.6  116° 52
| | i ’
N=S-C1 1009.5 145 138.0 216.1  117° 46
N=S-Br 987.5 (145) 129.4 (226)  118%3°

- Peake and DOWQQ§54 noted that the S-N stretching force
constant (kSN) was high in all thiazyl halides, the value
of kSN decreasing with decreasing electronegativity of the

~ halide. The value of k (the S-X stretching.force con-~

SX
- stant) was noted as being low relative to that found in com-
parable.systems. A simple qualitative molecular orbital
tfeatment was invoked to explain these values, (figure 4.3).
The(interaetion of the halogen with SEN_causes partial de-

/ .
localisation of the odd electron of the [%EN:]radical,



Figure 4.3 Molecular orbital scheme for NSX

w
! \
] \\
!
! A
! ! Ny
) ! ARY
) ! A\
¢! ] .
) ',' f '
I 1 !
g ! ’,’
¢ ! i
! : !
l’ ! I
!
o I
Ci (3p) H— H— "‘4"‘\ ,’ II ,’
. , B !
\! ,’ !
!
'EAY 1 !
PR ' !
| \ [
) \ I
) "'41"" )
i I
f 1
! 1
. | ]
! 1
. \\ '
\ 1
[}

XSN

156

SN




157

(contained in the pm* orbital); into the sulphur- halog.en
molecular 6fbital. The degree of delocalisation is directly
related to the electronegativity of the halogen. Thus, when
the halogen is fluorine, the sulphur~fluorine bonding MO is

similar in energy'tobthat of the P, atomic orbital of fluorine.

- It is therefore suggested that there is a significant ioniec

contribution to the -sulphur-~fluorine bond. Hence, the S-F
bond will have a rather low stretching force constant, whereas
the partial removal of an electron from the pa* orbital of
ESﬂﬂ‘ has the effect of enhancing the sulphur-nitrogen

stretching force constant.

Spectral and Thermodynamic Data

32

(a) Gas phase infra-red spectrum

TABLE 4.2 Gas phase infra-red data for thiazyl fluoride

Branch Frequency Intensity - Assignment
em™t ' L
P 356 s
minimum 366 V3
R 380 S
P 627 Vs
(Q) 640 Vs v,
R 651 Vs
1000 W Vo v3
P 1270 m
Q 1283 m Vo T Vg
R 1295 ‘ m
P 1361 s
Q 1372 s v, '
R 1387 S
1720 VW vg vy
1920 VW v2 + Vo + Vo
2020 VW Vit vy
2730 W v + v
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() 9 n.m.p.2?

<l

= 24071080 Hz

“reference (KF) = 24062460 Hz

Chemical shift, (§) = 3.58 x lO4 ppm

Standard Heats of Formation and Bond
Dissoclation Energies

Date AH§298 NSF (g) p°(N-8)  D°(S-F) Ref.
kJ mol™t kJ mol™t kI mo1”t

1968 + 125 339 - 35

1970 +(172 T 8) 297 ¥ o1 36

1973 -(20.9 Y 3.7y 526 ¥ 13.8 380%25.1 37

Chemical Reactions

Thiazyl fluoride (m.p. = -89°C; b.p. = 0.4°C)
is highly moisture sensitive. It is recommended that the
synthesis of NSF be carried out in quarté#or polythenel
apparatus due to the reaction of thiazyl fluoride with glass

15

to form silicon tetrafluoride.

Due to the instability and difficulty of handling

NSF, only a few reactions have been reported.(jigure 4,4 page 159 )

4.1.2 Qligmeric Forms of Thiazyl Fluoride:
Trifluorotrithiatriazene (S5N3F3)

Preparation

Trifluorotrithiatriazene (S3N3F3) may be prepared

by three routes:

38

(a) fluorination of 8,N) with fluorine at low temperatures

(b) the exchange reaction between trichlorotrithiatriazene

with silver difluoride (equation 4.10)

— 3 SoNLF, (ref.O?) (4.10)

SzN,C1 o 3=

35015 + AgF
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Figure 4.4 Réactions of Thiazyl Fluoride

(87)
NS ur, " NSF'BF3(72)
AsF5 ' ' BFB
Shr, o
(2) _(13)
NSFQ\\\ 0s+NSF2
AgF2 CsH

\\\\\\\ ’/////// (28)

g0 e H,0 — NSF — Co”'— Co(nsF), 2
AN
e, \ Cl,/CsF
(15)N851// ST | \\\BHNSF2(84)
\
CF,CFCE, HF
\
H,NSF,
\
HF

(88)

(CFB)QCFSN:S:NSCF(CFE)g NH,F + SFq(lM)



(c) . polymerisation of thiazyl fluoride.
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22

Struoture

Trifluorotrithiatriazene forms colourléss, highly

reactive crystals, which crystallise in the space group

R3

- Cji' with a hexagonal cell,40 ingure 4.5).

4o

Figure 4.5 Crystal Structure of. NS5F.

delocalisation of the m-system,

(a)

The equivalence of bond lengths implies extensive

40 as observed in (NSCl)3.4l

Spectral Data
17

Infra-red spectrum

1080s, 720s, 650s om™*

l9F nmr

v = 24066220 Hz

Vreference (KF ) = 24062680 Hz

Chemical shift () = 1.47 x 1O4 ppm

ref.32

N, L NP L

15
Chemical shift with CFCl5 as external reference = ~44,1 ppm.
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Chemical Reactions

T(a) Reactions with Lewis aczid.~:~:42'44 are summarised in
equations 4.11 to 4.14.
: liquid SO, s '

S3N3F3 + BF3 - SBNBFQ BFA_. (4.11)
liquid SO, o,

S NP5 + ASFy > SN4F, AsE (4.12)
liquid SO, + ’

SNoF5 + ShFg > S3N5T, SbFg” (4.13)

o - 85°% oy
53N3F2 ASF6 —_————) NS ASF6 + 2NSF

- (b) Hydrolysis of S_N.F 13

533
1
S B 7
/ \ 2 Nz - F
N N
i | > + - ——> H-N=8=0
S S |
7 N\ N\
B F
-
N\
H
N=5S-F

N=zS8-0H

\ 4

T—O—> W

4.1.3 Oligmeric Forms of Thiazyl Fluoride:
Tetrafluorotetrathiatetrazocine (S4N4F4)

Preparation

Tetrafluorotetrathiatetrazocine (S4N4F4) is
prepared by the fluorination of S4N4 using

(a) Silver fluoride, (equation’l#.lB)1

cc1 |
SN, + 4 AgF, 2t §NF, + b AgF (4.15)
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or

(b) fluorine at low temperatures, (equation 4.16)38
o _
SyNy + 2F, =8¢, SyFy | (4.16)

(It should be noted that, gnlike 83N3F3 s 8yN,F) cannot be

prepared by the polymerisation of NSF).

Structurell

S4N4F4 crystallises as white needles from carbon

tetrachloride. The spacé group is P Ce

421

Figure 4.6 Structure of SNy F),

From the X-ray structure ingure 4.6), it is seen that the

. T-system is localised in tetrafluorotetrathiatetrazoesine.
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This contrasts with the delocalised systems of trifluoro-

and trichlorotrithiatriazene.

46

Physical Properties

Some physical prbperties of S4N4F4 are summarised

in table 4.3.

]

TABLE 4.3 Physical Properties of -8y N)F)

Property

Melting point 153°C; (decomposes at 128°C)
Sublimation temp. 80°¢ (high vacuum)
Solubility in CCL, 3.448 gam™ at 20°C

Density 2.3%26 gcm"3 at 20°¢

Spectral Data

(a) Infra-red spectrum46

1117, 786, 760, 645, 520 em™ T
(b) Y% nim.r.

v = 24066420 Hz

—

- _ 32
r,efereme_.(1<1?) = 24062680 Hz (ref.” )

Chemical shift (6) = 1.55 X lO4 ppm

T T

Singlet at -35 ppm; (CFCl5 as external reference) (ref.lj)
Reactioné

(a) Thermal decomposition (equation 4.17)

(@]
S)NF), _250C, yNgF (ref.™O)

(b) Hydrolysis (equation 4.18)

13
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Reactions with Lewis acids are summarised in

equations %4.19 and 4.20.

SyNyF) +4.BF3 —d 4NSF +4BF

5 (ref.2) (4.19)
excess
SyNyFy + 2AsF5 —— not AsF6"+ 83N3F2+A5F6_(ref.45)
ASF . (4.20)
! |
4 - + -

4,1.4 N-substituted Imido-~Sulphurous Difluorides,
YR-N=SF2)

(I) R = Halogen; N-halo-imido-sulphurous difluoride °

Preparation

A1l the N-halo-imido-sulphurous difluorides have

been reported. The most synthetically viable route is via

the mercury bis-imido-sulphurous difluoride, (figure 4.7)30’47.

Figure 4.7 Formation of X-N=SF2 (X = Halogen)

s> PN =S (ref.4?)

F.; -78°
2 30
_—» CIN = SF, (ref.””)
Cl,;
/ 2
Hg(NSFQ)Q\\\Br ;
\\\\ ® T BN = 57, (rer.”?)
I, 50°¢

\ IN = SF2 (re»f.BO)

N-chloro- and N-bromo-imido~sulphurous difluorides may also.

be synthesised from N-halohexamethylsilanes and sulphur

‘tetrafluoride, o (equation 4.21).

_SiMe ¥ _
X - N7 3 4+ 8F, ——> X ~-N=28 + 2Me SiF (4.21)
Nas 4 N 3 :
SlMe3 B



165
Structure

By comparing the electron diffraction results of
N-chloro~imido-sulphurous difluoride49 with results of an
X-ray crystallographic study of Hg(NSF2)2 50, it is deduced
that both specles adopt very similar configuratiohs, ingure

4.8). The S-N bond distance in Hg(NSFg) is very short and

2
‘is comparable13 with that in thiazyl trifluoride (141.6 pm)51
and thiazyl Pluoride (144.6 pm).”>  The SRR bond angle in
Hg(NSF2)2 is 130.6° which is significantly larger than the
angle of 120.0° in the N?chldro-derivative. This is explained

by the degree of participation of the nitrogen lone pair in

the bonding which opens out the angle.13

Figure 4.8 Structures of Hg(NSF2)2 and CLNSF

2




TABLE 4.4 Raman and Infra-red Data for X-N=SF
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Spectral Data

(a) Infra-red and Raman spectra for the N-Fluoro,
N-Chloro~, N-Bromo-, and N-IZodo-Imido-

Sulphurous Difluorides.

- The infra-red and Raman frequencies are. summarised

in table 4.4,

(LR frequencies are in brackets); =
(all frequencies in cm'll
F-N=SF, Cl-N=SF,  Br-N=SF, IN=SF, Assignments
1133(1150) 1176(1200) 1208(1214.7) (1235) Afvs (N=8)
770(770) T41(752) 735(745) (725) A (8-F)
809(822) 539(548.5) 465(468) - v (N-X)
611(615) 640 (644.5) 593 - 8 (SFQ)
435 409(409.6) 405 - w (SF,)
200 165 135 - s, (X-N-8)
696(712) 694 660(699)  (675) Ky (s-F)
455 409(409.6) 405 - o (SF,)
150 145 135 - 5, (S-N-8)

(b) Yy n.omr. spectrumBj.

14N chemical shifts relative to aqueous NH4+ are
positive (i.e. downfield); = 127 ppm for Cl-N=SF,.
Reactions

L with C e
ReactlonsAunsaturated systems are summarised in

equations 4.22 to 4.28.

” —hv s C1F20F2N8F2 (ref;54) (4.22)

h

Cl-N=SF2 + FQC = CF

_ _ v 54
C1-N = SF, + 2F,C = CF, —¥—> CIF,COF,CF R NSF,(ref.>") (4.23)
90°% " oy
Br-N = SF, + F ,C = OF, —29Cs Br,cCRNSF, (ref.”") (4.24)
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2C1-N = SF, +2F,C-CF = CF BY  h GCFCICE.NSF
3 2 2772 (4, or
(77%) | (4. 25;
+ FBCCF(N'=}SF27CFQCl(ref,5 )
(23%)
CF

3 \ - = - — -_].'_2._(2.0_0_ ! —_ X - - 55 i :
. _C-N=N + C1-N = SF, —555= Cl-i?-N~—>SQE (ref.=) (4.26)
3 CF5
60° T
Br-N = SF, + ch\\c . 5Oh§. Br-C-N = SF, (ref.22)  (4.27)
Fadine CF
F5C 3

A o v PFC CF A
FBCC:CCF5 + Br-N = 8F, —— "3\, _ o~ D (ref.” ") (4.28)

e e
NSﬂQ

(trans~ and cis-isomers)

Br

Reactions 4.27 and 4.28 are believed to proceed by one of

. |
two mechanisms: ) : _

(i) via homolytic fission of the N-X ‘bond and
subsequent free radical attack,56

(ii) by an addition mechanism.”'

II R = Alkyl or Aryl; N-Substituted-Alkyl :and Aryl
Imido-Sulphurous-Difluorides

This large and varied group of compounds is covered

in an excellent review. by Glemser and Mews>> (1972) and is

therefore not discussed in detail in this thesis. Some

reactions of the R-N = SF, system with various R groups are

summarised in equations 4.29 to 4.32.

R-N

(R =

R-N

R-N

= SF, + 2 C1F —> RNCl, + SF, (refv.t_ 29 (4;29)
FCO, CF5CO, CFy, (CF3)2CF, and FQSN(CFQ)Q)

= SF, + 3HF ——> SF) + R—NH3+F- (rer. 1™  (4.30)

= sF, + 27, <L R-N-SF5 (ref.??) (4.%1)

F
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CHSN = SF, + C1 —HC1, CH,CIN = SF

2 2
+ CHCLN = SF,
+ CPN = 5C1, (rer.00) (4.32)

(Note that chlorine does not add across the double bond).

4.1.5 Thiazyl Trifluoride (NéSFB)

Preparation

There are four main preparative routes to thiazyl

trifluoride (N;SFB),(equations 4,33 to 4.36).

SN, + 12 AgF, ~£%§%ﬁ§4 NSF (refs. 2 17) (4.353)
NSF + 2 AgF, ——> NSF5 (refs.2?12) ’ (4.34)
OCENSF.. + 2 AgF —%gggé NSF.  (rer.0l) (4.35)
2 &% T6 nr. 3 \rel. .
(—COFQ)
150°¢ | 62
S,F0 + NH3 o systeﬁ? NSF3 + SF, + 3HF (ref. <) (4.36)
3tructure

The structure of thiazyl trifluoride has been deter-

d,32 32 51

mined from infra-re n.m.r., microwave

and photo-

electron63 spectra, (figure 4.9).
Figure 4.9 Structure of NESF3 51

N

m14r6
1552 O \\\\\
F Kig ____7\ F

F



. Spectral Data

(a) Vibrational spectrum32’64
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The vibrational speotrum is summarised in table 4.5,

TABLE 4.5 Vibrational Spectrum of Thiazyl Fluoride;

(Raman frequencies given in brackets)

Branch Frequency
(em-1)

P 324

P 332

Q 342(340 dp)
R 351

P 415

Q 429 (430 dp)
R 31

P 510

Q - 521(520 dp)
R 535

P 667

Q 678

R 690

P 769(768 p)
Q e

R 782

Q

811(812 dp) -

- 861

P 940

952
R 965
- 1155

Intensity

Assignment

Nor ¢ 6 (B)

S ¢ Vs (E)
SF3 5

(8,))

vas(SF)~‘
(vg + V5

5

PV (E)

Calculated  _
Frequency (cm

684

858
863

950

1153

l)
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TABLE 4.5 (contd.)

Calculated

Frequency .
Branch (cm‘l) Intensity Assignment Frequency (cm'l)

P 1241 W
R 1256 w y + Vg 1240
P 1504 , s
R 1530 s
P 1540 sh
Q 1551 ' sh V2 + \b 1550
R 1566 sh
- 1582 m \)l + \)4
- 1615 sh
- 1625 sh
Q 1635 fm Yy o+ Y _ 1622
- 1643 sh
- 1860 w Y o+ Ve 1857
P 1930 sh
Q 1950 w Vl + V5 1944
R 1966 w
~ 2040 w V1 v3 2036
_ Vo o+ VY 2290

2300 W gvi + “g 5326
- 2420 VW vy Fovy oy 2433
~ 3040 VW v oy 3030

(dp = depolarised; p = polarised)

.(b) 19F n.m.r.jg

v = 2406623 Hz for NSF

Yreference
Chemical shift (6) = 1.87 x lO4 ppm.

5
(KF) = 24062128 Hz
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Thermodynamic and Physical Data
13

36

‘Some physical and thermodynamic properties of

thiazyl trifluoride are summarised in table L4.6.

TABLE 4.6 Some physical and thermodynamic properties of NESF3

Prdperty Value
b.p. -27.1 ¥ 1.0%
0 o+ -1
AHf298(g) -356.5 = kJ mol .
D° (N-8) 518 T 8.4 kJ mo1™? ) calorimetric
o L -1 ) measurements
D~ (S-F) 318 - 29 kJ mol )

Selected Reactions of Thiagzyl Trifluoride

NSF3 is both chemically and thermally very stable:

(c.f. sulphur hexafluoride as opposed to thiazyl fluoride).

13

It does not react with dilute acids, and reacts only at

300°C with metallic sodium.l”

(a) Addition reactions to the sulphur-nitrogen multiple bond

Some addition reactions to the S=N triple bond in

thiazyl trifluoride are summarised in equations 4.37 to 4.43.

’ o}
N=SF, + 2HF 2905w - 5P (ref.05) (4.37)
(e} . :
N=SF5 + 2C1F =187G CléN—SF5 (ref . ‘67) (4.38)
_ 180°¢ f 6l
N:SF3 + SF) "Tﬁ§;"° FQSN—SF5 (ref.” ) (4.39)
0
2 N=SF + 3801, 200, [N(SClg)] * [?014] -

+ % N, + % Cl, + 2BF, (rer.%8) (4.10)
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CMe

| D
| N
NF, + 2 LiN(CR,)S1R, —=L0Cs Me.si N~g—N-CM (rer.9) (4. 41)
5 1 -5 3 THE eB 1-N=0= 63 o o
_ _ 0°¢ _ 70
N=SF + CF-CP=CF, —%gﬁ—e (CF) ,CF-N=SF,, (rer. ") (4 42)
N=SF5 + COF, ——3 O0=Cl-SF,
HF H
S SF.-N7 . (rer.™ (4.43)
5 3c=0
7
SF,.-N
5 \'H

(b) Adduct chemistry

» Thiazyl trifluoride forms adducts with BFB’ AsF5 and
SbF5 (equations 4.44). The structures of the products have
been belucidated from their vibrational spectra,42’73 there
'being no evidence of fluoride ion abstraction by the Lewis

acids.

4o
”/”/),; NSFB.ASF5 (ref. <)
ASF5
g 42 bl
= hY
NmSFE\ > NSFy.SbFy (ref. =) (4.44)
NSF.BF (refs. )
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4.2 Experimental

Fluorination of Sulphur-Nitrogen Species
with Chlorine Monofluoride

(a) Tetrasulphur Tetranitride and Chlorine Monofluoride

(1) Tetrasulphur tetranitride and chlorine
monofluoride (ratio 1:6)

Chlorine monofluoridé.(0.3267g, 5.99 mmole) was
condensed, (in three aliquots) onto tetrasulphur tetranitride
(0.1808g, 0.983 mmole) contained in a predried, vacuum tight,
teflon vessel. The reaction was held at -78°C for 15
minutes between additions to allow a controlled reaction to
bcéur. The system was warmed slowly, (over a period of 6
hours), to room temperature and kept there for 10 hours.

The volatilesvwere sampled at various slush bath temperatures,
and identified by their infra—réd, Raman, and l9F‘n.m'.r.
spectra (fable h.7). (The volatiles identified at one

slush bath temperature were removed before sampling at a

higher temperature).

TABLE 4.7 Volatiles observed at various slush bath
temperatures after the reaction between

Temperature (Ob) Species identified
-196 N,
~78. SFC1; SFys (80F,); Cl,
Room temp. NSF; SF4

(Standard spectra referenced in Appendix A, page 313 )

The volatiles present at room temperature were
completely removed and the infra-red and Raman spectra of

the residue (O.i853g) were recorded.



174

Infra-red spectrum (nujol mull): 1100 m,br(sh), 1052 s,br(sh),

1015 vs, 970 s,br(sh), 695 s, 618 w, 588 m, 500 s,br,
465 m, 422 w, 388 m em™ L.

Raman spectrum (green line): 1022 vs, 964 s, 718 w, 694 w,

595 m, 488 m, 482 m, 460 w, 4%2 w, 406 w, 380 m, 340 s,
304 m, 212 m, 208 m, 188 m, 182 m, 178 m, 110 s cm L.

19 n.m.r. of the volatiles present at -78°C (reference CCLl.F):

3
Chemical shifts = 75.9 ppm and 81.1 ppm.

Tetrasulphur tetranitride and chlorine
monofluoride . (ratio 1:5)

(11)

Chlorine monofluoride (0.16g, 2.94 mmole) was

" condensed, (in four aliquots), on to S)Ny, (0.11g, 0.60 mmole)

contained in a Monel vessel. The system was warmed to -9500
for 15 minutes, and to -78OC for a.further 30 minutes, between
additions. After all the ClF had been added, the reaction
was warmed slowly, (over a period of 6 hours), to room
temperature. This temperature was maintained for 12 hours.
The gas phase infra-red and Raman spectra of the volatiles
were recorded at different slush bath temperatures (table 4.8).
(At each slush bath temperature, the observed products were

removed before further sampling).

TABLE 4.8 Volatiles observed at various slush bath
temperatures after the reaction between
S4N4 and C1F (1l:5)

Temperature (°C)

Species identified

~-196 N,
-95 SF) 3 SOF,; SFSCl
-78 SFys 012; SOFQ; SF501
-22 SOF,; NSF 80201F
Room temp. NSF; SOEClF; SOF2

(Standard spectra referenced in Appendix A, page 313
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The volatiles present at room temperature were
completely removed and the infra-red spectrum of the residue

(0.16g) recorded.

Infra-red spectrum (nujol mull): 1050 s,br(sh), 1017 vs,

970 s, 800 w, 698 s, 660 w, 632 m, 590 s, 553 w, 520 s,
508 n(sh), 468 m, 465 m, 422 w, 410 vw, 390 s cm T.

(iii) Tetrasulphur tetranitride and chlorine
monofluoride (ratio 1:1.1)

ClF (0.12g, 2.20 mmole) was condensed on to
SN, (0.37g, 2.01 mmole) contained in a predried, vacuum
tight, Monel vessel. The reaction was wérmed slowly from
-78°C to room température (over a period of 4 hours) and
maintained at room temperature for 10 hours. The volatiles
were identified at various slush bath temperatures and the
weight loss, on removal of the Volt%ﬁles at each slush bath

temperature recorded (table 4.9).

TABLE 4.9 Volatiles observed at various slush bath
temperatures after the reactlion between
SyNy and C1F (1:1.1)

Temperature idzgig%igd @giiggigg (&)
~196 N, <0.01
-78 SF) 0.04
22
SF4§ NSF 0.05

Room temb. )

(3tandard spectra referenced in Appendix A, page 313)

A1l the volatiles present at room temperature were
removed and the infra-red spectrum of the residue (0.38g)

recorded.
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Infra-red spectrum (nujol mull): 1080 m, 1018 s, 952 m(sh),
922 s, 895 m, 791 w, 776 w, 722 m, 700 s(sh), 698 s,
69Q s(sh), 687 s(sh), 662 m, 630 w, 582 w, 558 s(sh),
550 s, 520 w, 510 w, 464 s em™?.

F n.m.r. (reference perfluorobenzene): no signals).

(+?

(iv) Tetrasulphur tetranitride and chlorine
monofluoride (ratio 1:16)

SNy (0.1988g, 1.08 mmole) was placed in a pre-
dried vacuum tight, Monel vessel and pumped on for 2 hours.
C1F (2 line atmos., 0.2740g, 5.03 mmole) was condensed into
the vessel and the reaction warmed to -78OC for 20 minutes.
On addition of a second aliquot of ClF (2 line atmos.) a
reaction was observed to occur forming an incondensable gas.
This gas was removed from the system and the reaction warmed
to -5500 for 30 minutes. No further incondensable gas was
formed. A third aliquot of C1F (2 line atmos.) was added
and the formation of the same gas was noted. This was
removed and the system held at —5500 for 30 minutes. The
final aliquot‘of ClF (0.5 line atmos.) was then added, with
the production of the non-condensable gas. After removal of
ﬁhis product, the system was warmed to room temperature and
maintained there for 12 hours. The pressure, gas phase
spectra, and weight loss on removal of the volatiles at the

various slush bath temperatures were recorded (table 4.10).

Sulphur dioxide was added to the volatiles present
at -78°C to test for ClF by the formation of sulphuryl
chloride fluoride (80201F) which has a strong and distinctive
T4

infra-red spectrum. No SOQClF was formed, implying that

no chlorine monofluoride was present.

No residue was obtailned from the reaction.
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TABLE 4.10 Volatiles observed at various slush bath
temperatures after the reaction between

Temperature (OC) Pressure Species Weight of

~196 730 Né 0.06
-78 290 SFy; Cl, 1.06
Room temp. 10 SF4 0.01

(Standard spectra referenced in Appendix A, page 313).

(torr) identified volatiles (g)

(b) Trichlorotrithiatriazene and Chlorine Monofluoride

(i) Trichlorotrithiatriazene and chlorine
monofluoride (ratio 1:3

Chlorine monofluoride, (0.09g, 1.65 mmole), was
condensed, (in three aliquots), onto trichlorotrithiatriazene
((NSCl)B), (0.13g, 0.5% mmole), contained in a predried,
vacuum tight, Monel vessel. The reaction was warmed to
~-78°C for 45 minutes between additions. After the final
addition, the system was Warmed to room temperature over a
period of 6 hours. This temperature was maintained for 10
hours and the volatiles sampled at vdrious slush bath

temperatures (table 4.11).

TABLE 4.11 Volatiles observed at various slush bath
temperatures after the reaction of (NSCI)

p)
and C1F (1:3)
O~ . Species
Temperature (°C) Pressure (torr) s dentified
-196 40 . Ng
-78 220 Cl,; SF); SOF,
Room temp. : . .0 - ' '

(Standard spectra referenced in Appendix A, page 313
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The volatiles present at room temperature were
completely removed, and the infra-red and Raman spectra of

the residue (0.10g) were recorded.

Infra-red spectrum (nujol mull): 1017 vs, 698 m, 646 w,

618 w, 554 w, 519 s, 390 s em™ L.

Raman spectrum (green line): 700 vw, 620 w, 495 m, 432 w,

376 s, 336 vs, 320 s, 211 w, 192 vs, 178 vs, 107 vs cm +

(ii) Trichlorotrithiatriazene and chlorine monofluoride
(ratio l:3)at elevated temperatureg

C1F (0.97g, 17.80 mmole) was condensed onto
(NSCl)5 (1.33g, 5.44 mmole) contained in a predried Monel
vessel. The temperature of the vessel was increased slowly
to room temperature and then to 60°¢c. This temperature was
maintained for 35 hours. The system was cooled to —19600,
-78°, -22°¢ and 0°C using a series of slush baths. The
pressure, gasggiiififgé:ggggé spectra, and weight of the
volatiles present at each temperature were recorded (table 4.12).

TABLE 4.12 Volatiles observed at various slush bath
temperatures after the reaction of (NSC1)

and CIF (1:3) at 60°C 2
o) Pressure Weight of Species .
Temperature (7C) (torr) volatiles (g) identified
-196 100 0.03 N, (by discharge)
*
~-78 200 1.09 g SF4 H SFSCl;.
*
*
-22 35 0.11 é SF) 3 SOF,;
( SO,C1F
0 10 0.03 SF)"; NSF
Room temp. 0 - -

¢ Main product)

(Standard spectra referenced in Appendix A, page 313 )
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) ' _ The volatiles present at room temperature were
completeiy removed and the infra-red and Raman spectra of the
residual pale yellow, sublimed, crystals (1.03g) were recorded.

Infra-red spectrum (nujol mull): 1017 vs, 698 s, 514 s,
1

389 s cm

Raman spectrum (green line): 702 w, 691 w, 619 w,br, 495 m,

456 w, 438 w(sh), 432 m, 376 s, 336 vs, 320 s, 211 m,

192 vs, 178 vs, 107 vs cm *.

.li
(iii) Trichlorotrithiatriazene and chlorine monoflupride
| (ratio 1l:%) at prolonged elevated temperature

{
C1lF (1.07g, 19.63 mmole) was condensed, (in two

3 (1.42g, 5.8] mmole). The temper-

|

| ‘aliquots), on to (NSC1)
ature was slowly raised from 47800 to 80°C. This final
temperature was maintained for 94 hours. The system was

then céoled and the volatiles dolleoted in slush baths of

varying temperatures. The pressuré, gas phase infra-red

spectra and weight of the volatiles at each temperature were

recorded (table 4.13). There was no residue.

TABLE 4.13% Volatiles observed at various slush bath temperatures

after the reaction of (NSC1.) and C1F (1:3) at 80“C

)
| vemerature () Pressuwe JOLERLOTL, oectes
~196 820 0.22 N,
-78 165 0.39°  SF)"; SOF,: SFg; SP.Cl
-22 8o 0.16 CSFy; 8,01,
0 o 1.21 8,01,%; sc1,”
Room temp. 210 0.50 sC1,
(¥  Main product) ,
| (Standard spectra referenced in Appendix A, page’l13)
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(¢) Investigation of the Mechanism of the Reaction of
Chlorine Monofluoride with Tetrasulphur Tetranitride
and Trichlorotrithiatriazene

(i) Thiazyl fluoride and chlorine monofluoride

Thiazyl fluoride (NSF) (100 torr, 0.33 mmole) waé
condensed into an infra-red gas cell. The spectrum was then
recorded, the pressure in the cell being controlled by the'
condensation of the NSF into an»iéolatable side arm. The
thiazyl fluoride was completely condensed into the side arm,
isolated, and ClF (300 torr, 0.99 mmole) expanded into the!
cell. The valve on the side arm was opened to allow re- ¢
action between the gases to occur. The gas phase infra-~red
spectrum was recorded after 5 and 15 minutes. The spectra

were identical.

Infra-red spectrum (gas phase): 894 m(sh), 884 s(sh), 870 s,

862 s, 856 s(sh), 858 s(sh), 732 vs, 723 vs, 712 vs(sh).

From the spectral data, the main infra-red active product was

identified as SF4 (standard spectrum referenced in Appendix A).

(i1) Thiazyl chloride and chlorine monofluoride

Thiazyl chloride (18 torr, 0.06 mmole) was expanded
into an infra-red gas cell and the spectrum recorded. Aliquots
of ClF were condensed into the cell and the gas phase infra-
red spectrum was reoprded after each addition. The variations
in the spectrum were used to identify the products and hence

the mechanistic pathway of the reaction (table 4.14). ¢
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TABLE 4.14 Species observed as products in the reaction
between NSCl and CLF

¢

Total pressure Approximate ratio Species observed in the
of ClF added - of ClF: NSC1 gas phase infra-red
(torr) spectrum

0 0 1 NSC1l
I *
20 1:1 NSCl; NSF ; ClNSF2
*
40 2 : 1 SF4, ClNSF2
_ % . %
65 3.5 ¢+ 1 SF4 H ClNSFg, NCl3
* *
90 5 1 SFM H NCl3
* *
165 9 1 SF4 H NCl3 ; CLlF

(* Main product)

(Standard spectra referenced in Appendix A, page 313 ).

(iii) Thiazyl fluoride and chlorine ¢

Thiazyl fluoride (10 torr, 0.033 mmole) was con-
densed into an infra-red gas cell and the spectrum was recorded.
Three aliquots of chlorine were expanded into the gas cell”
giving total pressures of (a) 20 torr, (b) 100 torr, and
(c) %00 torr. The infra-red spectrum was recorded after
each addition, but no change from the spectrum of NSF was
observed.

(Standard spectrum of NSF referenced in Appendix A,
page 313).

(iv) Thiazyl fluoride and chlorine in the
presence of sulphur dioxide

NSF (10 torr, 0.033 mmole) was expanded into a
gas cell and its infra-red spectrum recorded. Sulphur
dioxide (50 torr) was expanded into the same cell and the -
spectrum of the NSF/SO2 mixture recorded. Chlorine (lOO torr)
was condensed into the gas cell and the infra-red spectrum
of the reaction mixture was run 8 times over a period of 28

hours. The intensity of the bands due to sulphuryl chloride
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fluoride (Sozch), thiazyl fluoride and thiazyl chloride
were used as an empirical measure of their relative concen-
trations at any particular time. It was noted that a slow
-reaction occurfed in which 80201F and NSCl were produced,

and the concentration of NSF decreased.

(Standard spectra referenced in Appendix A, page 313).
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4.3 Discussion

4.3, 4 Fluorination of Sulphur-Nitrogen Species
with Chlorine Monofluoride

Chlorine monofluoride is known to act as a mild
fluorinating agent in a number of reactions. It has been
particularly successful in the preparation of peffluoroalkyl
derivatives of s.ulphur (IV) sulphur (VI) 75,76 selenium @V)and
seleniunl@f)77 The fluorination of certain sulphur nitrogen
species by chlorine monofluoride was therefore 1nvestigated

as a possible route to thiazyl fluoride (NSF).

The envisaged reaction between tetrasulphnr
tetranitride (S4N4) and chlorine monofluoride (ClF) was the
formation of thiazyl fluoride and chlorine (equation 4.3a),

S,N) + 4C1F ——> 4 NSF + 201, aH® = -503 kJ mol™! (4.3a)

(The heat of reaction is calculated from the standard heats
of formation of the gaseous species. See Appendix B, page 319).

It was however found that on reacting SAN4 with
ClF, in an approximate ratio ofl:4(experiments 4.2a(i,ii),
pages 173 , 174 ), sulphur tetrafluoride (SF4) and trichloro-

thithiatriazene ((NSCl),) were the main products. The‘pre—

)
sence of large volumes of SF4 and the low yleld of NSF suggested-
that ClF was reacting by a mechanism in which one sulphur was
completely fluorinated. The lack of fluorine in the residue

and the presence of (NSC1), and (NSC1), (identified by their

5
infrared spectra78) indicate that the only fluorinated pro-
duct 1is SFA. The weight of fesidue is consistent with the
total fluorine component reacting with S4N4 forming SF4 and
nitrogen and the chlorine component reecting inﬁhe'ratio 1:1
with the remaining NS units forming thiazyl chlqride (NSCl),‘
which then oligomerises producing (NSCl)3 and‘(NéCl)q, the

observed products.
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Due to the low yield of thiazyl fluoride from
the reactions of chlorine monofluoride with tetrasulphur
tetranitride, the exchange-fluorination reactions of chlorine

monofluoride with trichlorotrithiatriazene were investigated.

The proposed reaction of C1F with (NSCl)3 (ratio
3:1) was the formation dfrtrifluorotrithiatriazené with chlorine

as the by-product (e¢quation 4.3b).

(NSCl)3 + 3C1F —— (’NSF)5+ 301, - (4.3Db)

The initial reaction between (NSC1l), and C1F in -

)
the ratio 1:3 was carried out under moderate conditions, the
temperature not rising above 22°C (experiment 4.2b(i) page 177 ).
The products obtained indicated that the reaction had not gone
to completion due to the pfesence of unreacted (NSCl)3 and
sulphuryl chloride fluoride (SOEClF). The presence of

80201F was taken to indicate that ClF remained unreacted, as

S0,C1lF is formed by the reaction of 802 with ClF,74(The S0

2 2
being produced as a hydrolysis product of SFA, a major volatile
product of the fluorination reaction). Hence in subsequent
investigations the reaction temperature was raised in an attempt
to ensure complete reaction. If however too high a temper-
ature is employed for too long a period of time then complete
degradation of the sulphur-nitrogen system occurs ( éxperiment
4,2b(1iii), page 179). Heating the reaction to 60°C for 35h
(experiment 4.2b(ii), page 178) did not cause thermal degrad-
ation of the sulphur-nitrogen system but did ensure that com-
plete reaction of the chlorine monofluoride occurred. The

major products observed in €xperiment 4.2b(ii) (table 4,12,

pagel78 ) were identified by their vibrational spectra as
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SF), Cl, and (NSC1) Hence it was concluded that the

3°

proposed reaction (equation 4.3b) does not occur.
It was noted that, in both the reactions of S4N4
and'(NSCl)3 with C1F, the main volatile products were SF), and

N, and the main product in the residue was (NSC1) Thus it

3.
is suggested that the reaction of (NSCl)3 with C1lF should be

regarded as a subsequent reaction to that of SN, with C1F
(equation 4.3c,d).

N

X L

SyNy + 4CIF ——> SF) + (NSC1)5 + 301, + 3N, (4.3c)
AH® = -1155kJ mol”*

; 1

1(Nscl), + 4C1F ———> SF, + 201, + 2N

2 5 y * 5V 5N (4.34)
bH® = -585 kJ mol™t

Therefore 1f the ratio of ClPF : S4N4 is greater than
4 : 1 then the reaction proceeds via eguation 4.3d producing

SF) (équation 4.3%e).

N, + 8CLF —— 25F) + %(NSCl) + 3CL, + N

S ' "
4 3 2 (4.3e)

e} 1l

AH® = -1T740 kJ mol”

(Heats of reaction calculated from standard heats of formation
of the gaseous species. See Appendix B, page 319).

The above postulate may be checked by calculating
the theoretical weight of the residue from the knbwn number of
mmoles of both C1F and S)N, or (NSC1)(assuming that the
ratio of CIF : SN, » 4 : 1 and the ratio of ClF : (NSCl)3 »3:1)

( equation 4.3f,g).

Weight of residue in S4N4/ClF reactions =

§No moles NS - No :mole Cngx M.W.of NSC1 (4.35)
T :
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Weight of residue in (NSCl)B/ClF reactions =

g No moles NSCL -~ No wmole ClF%xM.W. of NSC1 (4.3g)
i)

and comparing the theoretical weight with the observed
(table 4.15):
TABLE 4.15 Comparison of the theoretical and observed

. residue weights for the reactions of
84N4 and (NSCl)3 with C1F.

Sulphur-Nitrogen No mmoles vNo mmoles Calculated Observed
reactant . ‘ Weight of Weight of
(Expt. No.) S/N reactant  C1F residue residue
Sy, (4.2a(ii)) 0.60 2,94 0.lig 0.16g
(NSCl)3 (4.2b(1)) 0.53 1.65 0.108 0: 108
(NSCl)3 (4.2b(11)) 5.46 17.80 0.97g 1.03g

From the results listed in table 4.15 it can be seen that there

is close agreement between the calculated and observed residue

weights. The observed weilghts are marginally greater than the
calculated. This is believed to be due to a low concentration
of (NSF)3 being present. Evidence for this is drawn from the

presence of NSF in the volatiles of all the listed reactions.
Hence it is suggested that on cooling the vessel to -19600 to
test for nitrogen in the volatiles, polymerisation of the NSF
ocecurs yielding (NSF)3 which is not completely removed on

pumping at room temperature.

If the postulate expressed in equation 4.3f ané g
is taken to its conclusion then when the ratio of ClF to 84N4
is greater than or equal to 16 : 1 and the ratio of ClF to
(NSCl)3 is greater than or equal to 12 : 1, no residue will
be obtained, the only products being SF,, N, and Cl, (equation
4,3h,1).

SyNy + 16 C1F — 4SF4 + 2N, + 8Cl2

(4.2h)

o} 1

AH® = -2900 kJ mol~
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(NSC1), + 1201F ———— 3SF), + 2 N, + 22 Cl

2 2 2

) : .
1 (4.31)

AH® = -1755 kJ mol”

(Heats of reaction calculated from the standard heats of
formation of the gaseous compounds. See Appendix B, page 319).

In order to vérify that using excess ClF would
produce only the gaseous products SF4, N2 and 012 (equation
4,.3h,i), C1F was reacted with S4N4‘&n a ratio of 17 : 1
(experiment 4.2a(iv) page 176). A highly exothermic re-
action ocecurred yielding én incondensable gas (nitrogen),
chlorine (identified from its Raman spedtrum) and sulphur
tetrafluoride (identified from its infra-red spectrum). No
residue was obtained. From the weights of the volatiles and
the lack of residue it was concluded that the reaction pro-

ceeds as outlined in equation 4.3h.

If the heat of reaction for the initially post-
ulated reaction of SqN4 with C1F, in a ratio of 1 : 4
(€quation 4.3a), is compared with that of the observed re-
action (€quation 4.3c), then it can be séen.that the obseréed
reaction is some 650 kJ mol'l more exothermic than thelpostul-
ated. Thus the primary reason for the difference between'the
postulated and observed reactions is the formation of the

highly thermodynamically favoured sulphur tetrafluoride.

4.3.b Mechanism by which Thiazyl units react with
' Chlorine Monofluoride

It is known that chlorine monofluoride adds to

29’ 58,2 673

unsaturated centres 79, the fluorine attacking-

the more electropositive end of the multiple bond. Thus it
seems likely the C1F would react with NSF by a multistage

67)

addition mechanism (cf. ClF/NSF3 forming SF), as the

final fluorinated product (equation 4.3j).
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1 3
NSF + 3C1F ———> 5 N, + 2 Cl, + SF, g
- «3J
A® = =600 kJ mol”t

(The heat of reaction is calculated from the standard heats
of formatlion of the gaseous species. See Appendix B, page 319).

In order to verify that NSF and ClF do react as postulated

in ‘equation 4.3j, NSF* and C1lF, in a ratio of 1 : 3, were
reacted in an infra-red gas cell;P‘YThe reaction was very rapid
forming SF4 as the only infra-red active species. Hence it

is believed that any NSF produced in a fluorination reaction
will react readily with C1lF forming SF4, 012 and N2, as

indicated by gquation 4.3j.

If the reaction of chlorine monofluoride with
thiazyl fluoride proceeds via an addition mechanism then the
first addition product would be C1-N = SF,, a known compound;s4
and the second would be ClgN—SF5 analogous to the species
ClgN—SFB. 67 Therefore a reaction was devised to observe
the intermediates formed in the reaction of thiazyl chloride
with chlorine monofluoride ultimately producing sulphur tetra-
2f1uoride. The reaction (experimént 4,2¢(ii) page 180) was

%done in a gas phase infra-red cell, aliquots of ClF being added

ito the NSC1l and the species produced being monitored by their
linfra-red spectra (table 4.14 page 181l). After the addition
lf the rirst aliquot of CLF to NSCL (ratio 1 : 1), the species
observed were NSCl, NSF and CIN = SFE' Hence 1t is concluded
chat the mechanism must proceed by an exchange process'followed

by addition of CLF across the multiple bond of Nz S-F (gquation

1.3k ).
ClF

S01 —Fgh—3 NSF —Sgy—> CIN = SF, (4. 3k)

(NSF was produced by the chlorine-fluorine exchange of
thlazyl chloride on a cesium fluorlde column, see experiment
4,4p, (v) page 205). ‘
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The presence of NSCl and ClNSF2 in the gas phase
infra-red spectrum indicates that step (a) and (b) must be
.of similar rates, rather than step (a) being very much faster
‘than step (b). The presence of NSF in the volatiles implies
that step (b) is not very much faster than step (a).

After the addition of the second aliquot of C1lF
(NSC1 : C1F = 1 : 2) the main prgdﬁct was ClNSF2 with traces
of SF4. Thus it is sugggsted that the thiaéyl halides are
more activated to attacklby chlorine monofluoride than CIN = SF2.
If the rate of addition of CLF to ClNSF2 was similar or faster
than the rate of addition of ClF to N=S-X then a higher concen-
tration of SF4 would be observed in the gas phase infra-red
'spectrum. Further addition of ClF fo the system caused
fluorination of the sulphur and chlorination of the nitrogen
producing SF4 and NClB. No ClQN—SF3 was observed. (equation
431 |

CIN = SF, _CAF [§12N - SF;J LIE CLN + SF)  (4.3.1)

Hence an overall reaction mechanism can be suggested for the
reaction of chlorine monofluoride with thiazyl chloride (figure

4,10).

The overall reaction of NSCl with ClF is there-
ifore the formation of sulphur tetrafluoride, nitrogen and

lthlorine (eguation 4.3m).

NSC1 + 4CLlF ———> SFy + 5 Cly, + 5 N,
(4.3m)

AHC = -650 kJ mol ™t

The heat of reaction is calculated from the standard
heats of formation of the gaseous species. See Appendix

B, page 319).
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Figure 4.10 The overall mechanism for the reaction
of CLF with NSC1l

‘//’_,,*NES-F —GE 5 ¢17y=sw, —
C1F C1F
% N
N=8-C1l ClgN-SF
Sk S 3
C1F C1F
¢ . . b
C1-N=S(F)C1 ) NCl, + SF,
Ly +2¢ e////’/’
afty 35U

*
( denotes species observed in the gas phase infra-red spectrum).

Thus the above reaction scheme outlines the most likely route
by which thiazyl units react with chlorine monofluoride to

\produce the observed products, SF4, N2 and 012.

4,3.¢c The reaction of Thiazyl Fluoride with Chlorine

It has been reported by Glemser et al 15that the
reaction of thiazyl fluoride with chlorine, in a glass vessel,

over a period of ten days, ylelds silicon tetrafluoride (SiF4),

thionyl fluoride (SOFE), and thionyl chloride (30012) as
volatiles and trichlorotrithiatriazene (NSCl)3 as the residue.
|Hence from the above information it is concluded that the
Lfirst step in the reaction sequence must be the formation of
ithiazyl chloride (equation 4.3n).

e oy e i 0]

NSF + Cl, T55777770 Nscl + CIF aHC = + 50 kJ mol™T  (4.3n)

The heat of reaction is calculated from the standard heats
of formation of the gaseous species. See Appendix B page.519).

As can be seen from equation 4.3n the proposed

reaction step is thermodynamically unfavoured. It is also

nown from this thesis (experiment 4.2c(ii) page 180 ) that

he reverse reaction occurs readily. Hence initially it would
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appear unlikely that NSF reacts with chlorine, as suggested
by Glemser. If however ®quation 4.%n is regarded as an
equilibrium lying in favour of thiazyl fluoride and chlorine,
then it could bé regarded as the first step in a multistage
reaction sequence in which ClF, produced in the first step,

reacts with the NSF forming SF, (equation 4.3.0).

3NSF + 3C1, F=———== 3NSCl + 3ClF

: L 2
NSF + 3C1F > SFy + 5 N, + 3 CL,
(4.3.0)
YNSF + 2 Cl, ————> 3NSCL + SF) + % N, + 2 C1
2 Cla - y t 3N+ 30l
AH® = —455 kJ mol”t

(The heat of reaction is calculated from the standard
heats of formation of the gaseous species. See
Appendix B page 319 ).

In order to show whether ClF is produced, as
suggested by equation 4.%.0, a large excess of sulphur dioxide
was added to the NSF/Cl2 reaction (€xperiment 4.2c¢(iv) page 181 ).
It is known that there is a rapid reaction between 802 and
ClF74 thus;any ClF produced by the reaction of NSF with 012
will be removed as 80201E which is readily identifiable by

its strong characteristic infra-red spectrum (équation 4.3p).

NSF + Cl, ———> NSCL + CIF A HC = + 50 kJ mol”t
le + 80, ———3 SOCIF AEC = =119 kJ mol™ T (4.%p)
P + Cl, + 80, ———> NSC1 + SO,C1F  AH® = -70 kJ mol™ T

{The heats of reaction are calculated from the standard
theats of formation of the gaseous species. See
|Appendix B page 319.

The rapid formation of SOQClF by the reaction of

1F with S0, will cause the equilibrium (equation 4.3n) to be

2
bnstantly moved in favour of the production of NSCl and C1F.
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Thus the observed concentration of 80201F should increase
with time. The above postulate was borne out by the results
obtained from experiment 4.2c¢(iv) (page 181), in which the

concentrations of both SO-ClF and NSCl increased with time

2
and the concentration of NSF decreased. Hence it is con-
cluded that the gaseous products observed by Glemser were

the products of hydrolysis, and the reaction with glass, of
SFA. The rate of the reaction 5e£Ween thiazyl fluoride and
chlorine is very low, as indicated by both experiments 4.2¢(iii,
iv) (page 181). The low rate of reaction is probably

due to the rate determining step being the thermodynamically

unfavoured formation of ClF (equation 4.3n).

k.3, 3 The Mechanism by which Chlorine Monefluoride
reacts with Tetrasulphur Tetranitride

The reactions of 84N4 with halogens and inter-
halogens have been widely studied39’78’8o_83 and compounds .
of‘vérious skeletal arrangements synthesised. Recent work
by Zborilova and Gebauer83 has shown that the initial product
in the chlorination of 84N4 by chlorine is 84N4012 and that
the initial product in the fluorination of S4N4 by IF5 is
84N4F2. Hence it was postulated that the initial product
in the reaction of 84N4 with CLlF weuld be S4N401F.

In the reaction of ClF with S4N4, in a molar
ratio of 1 : 1, (experiment 4.2a(iii) pagel75), at low
temperatures, no evidence was found for the existence of
SANMCIF as a stable isolatable species. From the weight
and infra-red and TOF n.m.r. spectra of the residue it was
conoluded that the species present in the residue were S4N4
and S4N4012. The presence of SF4 in the volatiles implies

that complete fluorination of one sulphur atom occurs at a
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higher rate than the addition of C1lF to S4N4. Using
basically the same equation as eguation 4.3j but with modif-
ications, (due to lack of chlorine to convert all "SN" units
into NSClL_the theoretical weight of residue is calculated
as 0.42g (observed = 0.38g). The discrepancy is believed
to be due to prolonged pumping at room temperature removing

all the (NSF)X species.

It is suggested that S,N,Cl, is formed by the
reaction of chlorine, produced as a by-product of the fluorin-
ation reactions of ClF, with S4N4, (c.f. Zborilova83). A
proposed reaction mechanism for the reaction of chlorine
monofluoride with tetrasulphur tetranitride is presented in

figure 4.11.

Step (a) in the mechanism is the addition of
C1F to the S.......§ bridge in §,N,. It seems likely that
fluorine, chlorine and chlorine monofluoride will all add 1,5
aoross the relatively electropositive sulphurs rather than
1,2 across a sulphur-nitrogen bond.  Thus the most stable
disubstituted 84N4X2 ring is formed with the least interaction
between highly electronegative substituents. It is not known
whether SyN,C1F (‘intermediate I) reacts with C1lF by an ex-
change mechanism (step (b)) followed by an addition mechanism
step (c¢),or by a single addition step (step (d)), to form
intermediate III. It can only be surmised that because
S4N4Clg can be fluorinated to 84N4F283 without the formation
of SF,, then step (b) and (c) may well be preferred to step (d).
It is however likely that both routes operate to some extent
in the actual mechanism. Intermediate III is then postulated

as dissociating into substituted thiazyl units. Intermediate

IV then reacts by an addition mechanism with chlorine mono-
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Figure 4.11 Proposed Mechanism by which ClF reacts with SyN),
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fluoride forming NSF and CIN = SFQ( These latter species
then react as previously indicated in equations 4.3%k,1l forming
SF), N, and Clg.
The species observed in the residue are, therefore,
formed by the reaction of S4N4 with chlorine. It_is suggested
that once S4N4Cl2 has been produced,then it is this compound
that reacts with ClF in preferenéé to S4N4 due to the sub-
stituted sulphurs being activated to attack by ClF, relative
"to the sulphurs in Squ. Hence the initial step in the
,mechaniém becomes the chloro-fluoro exchange between 84N4012
and ClF forming S4N4013 (Lntermediate I)which subsequently
reactgby the same mechanism as presented in fﬁgure h,11.
Therefore due tQ the homogeneous gas phase steps in the
'mechanism having a higher rate than the heteﬁéeneous gas solid
steps, a sufficient chlorine concentration is built up to
maintain the presence of S,N,Cl, in the system (figure 4,12).
However due to the basic reaction being heterOgeneous and the
concentration of ClF being initially much greater than that

of Cl the actual reaction mechanism will involve both attack

2)
on S4N4 and S4N4012 by C1F.

Figure 4.12 The Overall Reaction Cycle for the Reaction
of S4N4 with C1F

CLF
SyNy + ClF > 84N4012 > SFq + N2 + 012

SNy
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4.3.e The Mechanism by which Chlorine Monofluoride
reacts with Trichlorotrithiatriazene ((NSCl)B)»

In the reactions of (NSCl), with C1F the main

3
products observed are SF4, Clz, N2 and approximately 75% of
the (NSCl)3 starting material (experiment 4.2b(i,ii) pages
177 178). It therefore appears as though the chlorine
monofluoride reacts in such a way as to completely fluorinate
one sulbhur. A mechanism for the reaction of C1F and (NSC1)

3

is presented in figure 4,13,

Figure 4.13 Proposed Mechanism by which C1F reacts with (NSCl)3
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It is, therefore, suggested that the initial
attack of C1lF on (NSCl)3 is by an exchange mechanism.  The
chiorine monofluoride attacks a sulphur from the opposite side
to chlorines (probably an SN2 mechanism).. The effect of the
equatorial S-F bond is to activate the fluorine substituted
sulphur, relative to the chlorine substituted sulphurs, to
further attack by ClF forming theé intermediate VII. The
thermediate VII then dissociates into two thiazyl chloride
units and N—chloro-imido-digulphurous difluoride84, which
then react with C1F as indicated by figure 4.10. As postul-
ated previously, the rate of the homogeneous gas phase re-
actions will be, on the whole, greater than the heterogeneous
gas-solid reactions. Hence it seems likely that the majority
of the C1F will react with NSCl(g) and ClNSF2 forming SF4,

N, and Cl, thgs leaving approx imately 75% of the (NSCl)5

starting material unreacted.

4,3,5 Overall Conclusion to the Reactions of
ClF with S/N Compounds

The reactions of chlorine monofluoride with
sulphur-nitrogen species do not provide a synthetically
viable route to thiazyl fluoride. However should thiazyl
chloride become a readily available starting material, then
the reaction of NSC1l with C1F in a 1 : 2 ratio 'might. present
a very useful synthétic route to N-chloro-imido-sulphurous

difluoride (Cl-N=SF2).

The over-riding factor which prevents the iso-
lation of synthetically viable yields of NSF is the formation
of SF4 by the highly thermodynamically favoured addition of
ClF across the multiple bond. Hence 1if any multiply-bonded
sulphur-nitrogen speciles is formed in the presence of C1F,

then addition across the multiple bond occurs with the eventual



formation of SF4.

An overall reaction scheme is presented in

figure 4,14 for all the reactions investigated.

Figure 4.14 OQverall Reaction Scheme for the Reactions

of C1F with S/N Compounds

////////84N4
z//////Clg n
% ¥
SN,C1, CLF —s [84N401F]——— C1F —->|:34N4012Fé]
l (1) (I1T)
cl,
S Nlél * A nsc1*
>33 [NES—N=SF2:]
I l (1IV)

C1F | OlF ///

X
S.NLC1
[ENBC 21«3] NSF
(V1) |
|
C1F C1F
S.NLC1F ] Yysr,
[3 5015 2] CINSF,
(VII)
2C1F
Jr
*
SF),

* Denotes species observed.

Roman numerals refer to intermediates postulated in

figures 4,11 and 4.13.
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4.4 Experimental

_Exchange Reactions of Trichlorotrithiatriazene
with Casium Fluoride

4.4.a Exchange reactions using solvents

(i) Trichlorotrithiatriazene and Cesium Fluoride in
Sulphur Dioxide

Trichlorotrithiatriazene (0.53%3g, 2.180 mmole) and
powdered, anhydrous, cesium fluoride (3.300g, 21.71 mmole)
were placed in a pre-dried,Jvacuum tight F.E.P. vessel
(figure 1.3, page 15 ), and sulphur dioxide (12.136g) con-
densed in. The vessel was maintained at room temperature
for 48h. and the high pressure infra-red spectrum of the
volatiles present at room temperature recorded. The spectrum
indicated that only sulphur dioxide and a very low concen-
tration of sulphuryl chloride fluoride (SOEClF> were present.
The volatiles present at room temperature were condensed into

a holding vessel and the infra-red spectrum of the residue

recorded.

Infra-red spectrum of the residue (nujol mull) 1296m,br,
1230 m(sh), 1185 s,br, 1105 s, 1174 m, 925 w, 750 w,

700 w, 650vw, 600 m(sh), 592 s, 500 s,br, cm L.

(ii) (NSCl)3 and CsF in Arsenic trifluoride (ASFE)

AsF5 (10.134g) was condensed on to (NSCl)3 (0.907g,

3.710 mmole) and powdered, anhydrous CsF- (2.567g, 16.89 mmole ),
contained in a pre-dried vacuum tight pyrex vessel (figurel.l,.
page 14). The reaction was warmed to room temperature.

At ca. 0°C a vigorous reaction occurred in whioh the CsF
bonded together forming a solid mass. The AsF3 solution was
filtered off and the insolubles washed several times with

AsF3 to remove all the solubles. On standing for 1lOh. at
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room temperature large colourless crystals were formed s~

the AsF5 solution.  The solvent was filtered off these
crystals and the gas phase infra-red spectrum of the volatiles
present at room temperature recorded prior, to the removal of

_ the solvent. The infra-red spectrum indicated that a low
concentration of NSF was present, the predominant species
being the solvént. On removal of the solvent Zmn vacuo the

r
large colourless crystals gradually disappeared.

(111) (NSC1); and CsP in AsF, (Repeat of expt. h.ha(i1))

' AsF3 (7.312g) was condensed on to (NSCl)3 (0.614g,
2.511 mmole) and powdered, anhydrous, CsF (1.22g, 8.02 mmole)
contained in a pre-dried vacuum tight F;E.P. vessel. The
" reaction was warmed slowly to room temperature from -22°%
over a period of 2h, and maintained at room temperature for
60h. The gas phase infra-red spectra of the volatiles, at
various slush bath temperatures were recorded and assigned

(table 4.16).

TABLE 4.16 Volatiles at various slush bath temperatures
for the reactiom of (NSCD3 with CsF in AsF

i)
Slush batg temperature Pressure Species identified
' (7c) (torr) ,
-196 .10 N2
-78 ) 50 SF4, Ast
-22 50 Ast, NSF
r.t. 160 : SOQClF, AsFB, NSF

(Species identified from their infra-red spectra. Standard
spectra referenced in Appendix A, page 31@.

The volatiles present at room temperature were removed

but it was noted that on pumping the residue, AsF3 was belng
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constantly removed. - Thus an accurate residue weight could

not be recorded.

Infra~red Spectrum of the residue (nujol mull) 1300 w,
925 w, 715 m, 695 m(sh), 672 s, 640 s, 596 s(sh),
675 vs, 38% s, 340 s, em t,

(iv) (NSCl)3 and CsF in Freon 11 (CC1l.F)

)

Freonlil (5.04%1g) was condensed into a pre-dried F.E.P.
tube (§igure 1.3,page 15) containing (NSCJ.)3 (0.376g,
1.538 mmole) and powdered, anhydrous CsF (1.124g, 7.3%95 mmole).
The reaction was warmed slowly to room temperature and main-
tained at this temperature'for 24h. The gas phase infra-red
spectra of the volatiles at various slush bath temperatures

were then recorded and assigned (table 4.17).

TABLE 4.17 Species observed in the vapour phase of

the (NSCl)j/CsF reaction in CClBF
Slush bath temperature Specles observed
(%)
-78 CClBF
~-22 CClBF, SOF2
r.t. CClBF, NSF, SOF2
'(Species identified from their infra-red spectra. Standard

spectra referenced in Appendix A, page 31%.

Sulphur dioxide was added to the volatiles present at
-78OC to test for the presence of ClF by the formation of
Sogch,which is readily identified from'its infra-red spectrum.74

No evidence for the formation of ClF¥F was noted.

The volatiles (5.163%g) present at room temperature were
removed and the infra-red spectrum of the residue (1.364g)

recorded.
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Infra-red spectrum of the residue (nujol mull) 2020 s,br,

1230 vs, br, 1130 w, 1105 w, 1090 w, 925 m, 830 w, br,

718 m, 698 m, 660 m, 607 m, 550 m, em™ L.

(v) (NSCl)3 and CsF in perfluorobenzene (C6F6)

Perfluorobenzene (3.33g) was condensed on to (NSCl)3
(1.270g, 5.1q mmole) and CsF (2.730g, 17.96 mmole) contained
in a pre-dried, vacuum tight, Monel vessel (figure 1. 4,
page 15). The reaction-was warmed slowly to room temper-
ature and maintained at this temperature for lh. The infra-
red spectrum of the volatiles present at room temperature,
was recorded indicating that only C6F6 was present. The
reaqtion was then heated to 80°C for 2h. and the volatiles
present at room temperature were retested for the presence
of NSF. The infra-red spectrum indicated that NSF had been
produced and thus the reaction was heated at 8OOC for a |
further 40h. to ensure complete reaction. The gas phase
infra-red spectrum of the volatiles was recorded at various
slush bath temperatures and the species present identified
by comparison with standard infra-red spectra (table’4.l8),
(standard spectra are referenced in Appendix A, page 313).
TABLE 4.18 Species identified in the volatiles at different

slush bath temperatures from the reaction of
(NSCI)3 with CsF In CcFg

Slush bath temperature ( C) Species identified
-196 N,
-78 SOF2,'SF4
-55 NSF, C6F6
-45 ' NSF, C6F6
I’-t. C6F6, NSF

(Species listed in order of eoncentratlon in the gas phase
infra-~red spectrum)
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The volatiles were completely removed at room temperature
and the infra-red spectrum of the residue (3.34g) recorded.

Infra-red spectrum of the residue (nujol mewll) 922 m, 917 m(sh),
720 s, 698 m, 550 s, 342 s, cm L.

4,4.p Exchange Reactions of Thiazyl Chloride with
cesium fluoride without solvents

(i) The effect of temperature on the solid phase reaction
between trichlorotrithiatriazene and cesium fluoride

(NSCl)3 (0.845g, 3.46 mmole) and CsF (1.83%2g, 12.05 mmole),
were placed in a pze?dried, vacuum tight Monel vessel (jigure
1.4, page 15 ). The vessel was then connected to a Monel
vacuum line, equlpped with a vacuum-pressure gauge and the
line and vessel put under static vacuum. The temperature
was slowly raised and the pressure was thenmonitored with

respect to both time and temperature (table 4.19).

TABLE 4.19 Variation in pressure w.r.t. temperature on
heating the (NSClzé/CSF system

Temperature Observed pressure Time from commence-
o . ment of experiment
(7¢) (torr) (minutes)
r.t. 45 40
30 50 55
40 75 65
3 43 1170 67
| I5 - 1040 75

As is noted in table 4.19 a large increase in pressure
occurs at 4300. The vessel was cooled to —19600 to observe
the pressure of incondensable gas.(470 torr, nitrogen). The
incondensable gas was then removed and the reaction warmed
to room temperature, at which temperature the gas phase infra-

red spectrum of the volatiles present, was recorded. The
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infra-red spectrum indicated that SF4, SOF2 and NSF were

the major volatile products.

The above experiment was repeated bringing the temper-
ature very slowly up to the 4300 area. The same style of
reaction occurred with the rapid increase on pressure

occurring in the range 43-44°C.

(ii) The variation in observed pressure at a constant
temperature for the solid phase reaction between
trichlorotrithiatriazene and cesium fluoride.

Trichlorotrithiatriazene (O.?COg, 2.86 mmole) and
‘powdered anhydrous cesium fluoride were placed in a pre-
dried, vacuum tight, F.E.P. vessel and the system put under
a static vacuum (¢ f. experiment 4.4b(i)). The reaction
was then heated to 3500 and the pressure within the system

measured with time (table 4.20).

TABLE 4.20 Variation of the pressure of volatiles, generated

by the reaction of (NSCl)3 with CsF, at constant
temperature, with respect to time

Pressure (torr) Time from start of Expt.(minutes)
10 15
20 25
30 60
40 120

(volume of system = 60 cmj)

(iii) Solid phase reaction between (NSCl)3 and KF

(NSCl)3 (0.432g, 1.77 mmole) and KF (0.942g, 16.24 mmole)
were placed in a pre-dried, vacuum tight F.E.P. tube and placed
under static vacuum (¢ f. experiment 4.4b(i)). The system
was then heated and the volatiles produced were_monitoredb

by their pressure and gas phase infra-red spectrum. The
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reaction was heated to 120°C but no thiazyl fluoride was
produced, the only product observed in the gas phase infra-

red spectrum being NSC1 .

(iv) Reaction of thiazyl chloride with cesium fluoride

(NSCl)3(0.683g, 2.7793 mmole) was placed in a pre-dried,
vaéuum tight, F.E.P. vessel and on top of this was placed a
one inch layer of passivated F.E.P. chippings. A layer of
powdered, anhydrous, césium fluoride (7.073g, 46.53 mmole),

5 cm in length, was then placed on top of the F.E.P. chippings
(figure 4,15, page 216). The vessel was then placed under
static vacuum (¢ f. experiment 4.4b(i)) and heated slowly %o
7OOC. The gas phase infra-red spéctra of the volatiles were
monitored over é period of 4h. but nd evidence for the form-
ation of NSF was noted. Thiazyl chloride was the(only specles

observed in the gas phase infra-red spectrum.

(v) The reaction of thiazyl chloride with cesium fluoride
at 1100C

In a typical reaction (NSCl)3 (2.436g, 9:.9¢ mmole) was
placed in a pre-~dried pyrex vessel and connected to a Monel
column (&" diam. 25 cm. in length) packed with powdered
anhydrous CsF (8.10g, 53.29 mmole). The column was then
connectéed to a vacuum line and the whole system evacuated
(Pigure 4.16, page 217). The column was then heated to
160°C for 1lh. in a dynamic vacuum to remove any water and
then cooled to 110°C for the reaction. The system was then
placed under static vacuum and the (NSCl)5 heated slowly-to
7OOC, the thiazyl chloride being cryogenically pumped through
the column, at 110°C, in to the collecting vessel at ~196°C.
The volatiles formed on the column were monitored by their

gas phase infra-red spectrum. Initially the main products
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were SF4 and NSF but after ca. 10 minutes the concentration
of SF4 in the volatiles had dropped to virtually zero. For
the majority of the reaction the main product produced on
the column was NSF but after approximately 75% of the (NSCl)5
had sublimed, it was noted that the NSC1l was passing through the
column unreacted. The reaction was, therefore, terminated. -
The gas phase infra-red spectrum of the volatiles condensedf

in the collection vessel (1l.66g) was recorded and indicated

» and SO,CIF.  The weight loss of

the column and (NSCl)3 bulb was recorded (1.64g) and also the

the presence of NSF, SOF

weight of unreacted (NSCl)3 (0.21%g). Hence, assuming that
all the volatiles are of the form (NSF)X (x =1 or 3),

a yield of 85% thiazyl fluoride is calculated.

(vi) The exchange reaction between thiazyl chloride
and KF on a column

Experiment 4.4b(v) was essentially repeated using a
KF column. The column was heated to 130°C in an attempt
to obtain an exchange reaction. However, 1little or no
exchange occurred, the major volatile products coming off
the end of the column being NSC1, SF4, N2 and some NSF.
A yield of only about 10% wasobtained using KF as the ex-

change reagent.

4.5 Discussion

Exchange reactions of Trichlorotrithiatriazene
with Cesium Fluoride

Thiazyl fluoride and its trimeric and tetrameric olig-
omers have been synthesised by the oxidation-fluorination of
both tetrasulphur tetranitride (S4N4) and trichlorotrithia-

15'181 39: 80

triazene (NSCl)5 by silver difluoride (AgFg). The

direct exchange reaction of the chlorines in (NSCl)3 for
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fluorines by the use of an ionic fluoride has, however, not

been previously investigated (Rquation 4.5a).

(NSCl)3 + 3MF s (NSF5+ 3MC1 (4.5a)

at-elevated temperatures

85

In all the reactidns of (NSCl)3
there is a significant concentration of NSCl monomer.
Hence depending upon the temperature at which the exchange

reaétion occurs, the mechanism is either predominantly that of

exchange with the trimer (equation 4.5a) or with the monomer

(equation 4.5b).

3NSCl + 3MF y ONSEF + 3MCL | (4.5Dp)

In order to find the most suitable metal fluoride for
the exchange reactions (4.5a,b) it is necessary to be able
to calculate the difference between the heats of formation
of thé chlorinated and fluorinated sulphur-nitrogen species.
The heats of formation of the trihalotrithiatriazenes have
not been reported and thus it is possible only to estimate
the heat of reaction of the monomer exchange mechénism. The
heat of formation of NSF is known but that of NSC1l has been
calculated from known S-Cl bond energies and the N=S bond
energy in thiazyl fluoride (see Appendix B, page 319). Hence
in determining which ionic fluoride to use as the exchange
reagent the criterienpresented in équation 4.5c was uséd

(table 4.21).

NSCL gy + MF () AH° NSF,y + MCL (.

Y : M
(o] 0 0] ¢} O
= + aHOMC1, | - aHONSC1, .\ - AHOMF 4.
AH AHfNSF(g) A £ (O) £ (g) A £ (C) ( 50)
AC = AH?MCl(C) - AH?MF(C) ~ 100 kJ mol™t

o) 1

f
reaction to proceed readily.

O -
AHfM01(c) - AH MF(C) >100 kJ mol for the exchange
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TABLE 4.21 Thermodynamic comparison of a series of .ionic
fluorides w.r.t. the exchange reaction:

NSCL(,y + MF(C)____AES; NSF gy + MCL
Cation AH?MF(C) AH?MCl(O) ‘Heat of Exchange Reaction
kJ mol~t kJ mol™t aE® (kJ mol”t)
it -612 -408 + 103
Nal -569 ~411 + 58
KT -562 436 ¥ 27
cst -531 R | -2
NHﬁ 467 -315 | + 52
gt -203 -127 -24
Ball -1200 -860 + 71
pptt -663 -359 + 20
Tl(é) -138 -67 -28

(Standard heats of formation arereferenced in Appendix B, page 319

From table 4.21 it can be seen that, even allowing for
a miscalculation of the heat of formation of thiazyl chloride
of ca. 10 kJ mol—l there are still only three feasible ionic
fluorides for the exchange reaction, CsF, AgF and T1F. In
~no case is the exchange highly favoured but relatively speak-
' ing, AgF and T1F would be noticeably better exchange réagents
than CsF. Due to the unavallability of both thalium and
silver fluorides at the time of this work (though both are
available from Alfa Vertron) the exchange reactions using

cesium fluoride were investigated.

4,5.a The exchange reactions between Trichlorotrithia-
thiazene and Cesium Fluoride in solvents

The exchange reactions between (NSCl)3 and CsF

using sulphur dioxide (4.4@(1) page 199) and arsenic tri-
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fluoride (experiments 4.4a(ii,iii) pages 199 200 ) proved
‘unsatisfactory due to reaction of the solvent with the.oesium
fluoride forming CSSO2F‘and CsAsF4. The reaction Qf cesium
fluoride with arsenic trifluoride was highly exothermic

" (experiment 4.4a(ii), page 199 and it was found necessary

to control the temperature of the reaction. Large colour-
less crystals were formed from the resulting ASF3 solution

in experiment 4.4a(ii) which disappeared on removal of the
solvent from the system under reduced pressure. It is
suggested that the crystals observed were (NSF)3 which is
known to sublime easily at room temperature13 thus being \
removed with the solvent (Asgﬁ Bpt. 6300, vapour pressure at
13.400 = 100 torr),86 Low concentrations of thiazyl fluoride

were observed in the gas phase infra-red spectrum of the

volatiles present at room temperature. Hence it is believed

that exchange does occur, forming (NSF), but due to the

3

similarities in vapour pressure Qf'(NSF)3 and the solvent,

the isolation of the product is difficult.

In order to minimise the reaction of cesium

fluoride with the. exchange solvent, Freon II (CCl.F) (€xperi-

5
ment 4.4a(iv) page 201) and perfluorobenzene (C6F6)
(experiment 4.4a(v) page 202 were employed. The exchange
reaction'between cesium fluoride and trichlorotrithiathiazene
.in these solvents was, however, slow. The low rate of re-
action is almost certainly due to the low solubility of éesiUm
fluoride in the solvents. However with sufficiently finely
ground cesium fluoride and long reaction times significant
yields of thiazyl fluoride and trifluorotrithiatriazene were
obtained »(jield (0013F) : 41%‘;(061?6) : 65%). The yield

of product is however artificially low due to the presence of
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a small quantity of a sulphur-nitrogen species in the
residue. The sulphur-nitrogen compound in the residue
appears, from its infra-red spectrum (925 s, 720 s, 698 S,
550 s; and 342 s cm';) to be §)N,. The mechanism by which
both SN, and SF) (seen in the infra-red spectrum of the
volatiles) are formed is thought to be highly complex involv-

ing the formation of ClF at some stage.

As can be seen from tables 4.17 and 4.18 the
separation oEAthiazyl fluoride from the solvent presented a
deoided problem. During the evacuation of a Vessel contain-
ing CsF and (NSCl)B, prior te‘condensing ih the solveht, it
was hoted that a gas was released that gave a blue discharge.
The concentration of this gas was very low but it was suggested
‘that it was thlazyl chloride or thiazyl fluoride. Hence due
to this observation and the difficulty in separating thiazyl
fluoride from solvents the solid phase reaction of eesium

fluoride with trichlorotrithiatriazene was investigated.

4,5,b The Solid Phase Exchange Reactions between
Cesium Fluoride and Trichlorotrithiatriazene
((NSCl)j) or Thiazyl Chloride (N8C1)

In the initial investigative reaction, the mixture

of cesium fluoride and trichlorotrithiatriazene was heated
slowly, under static vacuum and the pressure above the solids
monitored (experiment 4.4b(i) page 203). The pressure rose
guite slowly up to approximately 4300 at which temperature

a higﬁly exothermic reaction ocourred with the release of a
considerable volume of gas, (table 4.19 page 203). The
experiment was repeated to check whethe the vigorous reaction
was solely temperature dependent or if it was temperature

and time dependent. The rate of heating in the second
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experiment was very much lower than that in the first exper-
iment but it was noted that the reaction occurred at the same
temperature (43-44°C). Thus it is concluded that the Vigorous
reaction occurs at ca. 43°C and is not dependent on how long
the reaction has been at a certain temperature. The volatiles
present after the sudden increase in pressuré were identified
as niftrogen, sulphur tetrafluoride and thiazyl fluoride.

Hence the,"éolid phase" exchange had occurred. In order Eo
obéerve the reaction prodﬁcts without the reaction going
critical, the’ temperature was raised to only 3500, some 7-800
lower than that at which the decomposition reaction occurs.

The pressure of VOlatileS above the reactants was monitored
with respect to time at a constant temperature (35°C)
(experiment 4.4b(ii) page 203). A very low rate of reaction
occurred, the volatiles being‘identified, by infra-red

Speotroscopy as, NSF}and NSC1.

In an attempt to avoid the highly exothermic
reaction between cesium fluoride and trichlorotrithiatriazene,
on which thermal breakdown of the S/N species occurs with
the formation of nitrogen, potassium fluoride was employed
as the exchange neagent (experiment 4.4b(iii) page 204).

No exchange reaction was observed to occur. | Hence it was
concluded that exchange does occur betweén trichlorotrithia~
triazene and cesium fluoride (AH® =-2 kJ mol-l) but not with

potassium fluoride ( AHC =+ 27 kJ mol—l).

It is believed that the very high rate of re-
action at‘4300 is due to the rate of production of heat by
a mildly exothermic reéction exceeding the activation
barrier of a much more‘exothermio reaction. Hence

once the second reaction has been initiated, a chain process
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Ais‘set-up in which very high temperature, localised, regiohs
.occur due to the lack of a moderating solvent. The existence
- of these hot spots causes the thermal decomposition of the

S/N species. Thus the reaction goes critical due to the
rapid increase in temperature of the reaction, there being

no solvent to dissipate any thermal energy.

From the results obtained from experiment 4.4b(i)
fbage 203 it is known that exchange does occur between (NSCl)3
and CsF. Thus a reaction system was devised so that a
chain reaction, caused by localised heating effects within

the solid phase reactants, could not occur.

It has been known for many years that trichloro-
trithiatriazene decomposes on heating %n vacuo yielding the

85

monomern thiazyl chloride. Hence in order to separate the
cesium fluoride.and trichlorotrithiatriazene it was decided
to pass thiazyl chloride through a column of cesium fluoride
(see figures 4.15,4.16 , pages 216,217 ). Initially a
relatively simple design was adopted in which the (NSC1)3~
and CsF were heated to the same temperature (7000). The
exchange reaction was however inefficient under these condit-
ions, thiazyl chloride passing through the cesium fluoride
column unreacted. To improve the exchange efficiency it was
found necessary to heat the column and (NSCl-)3 independently.
The most efficient exchange appeared to occur with the cesium
fluoride colum at 110°C and.the trichlorotrithiatriazene
container at 7OOC. The products from the exchange reaction
were monitored by expanding the volatiles, coming off the
column, into a gas phase infra-red cell and identifying the

products by their infra-red spectra . (Standard infra-red

spectra are referenced in Appendix A, page 31j. Initially
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it was noted that approximately equal concentrations of
thiazyl fluoride and sulphur tetrafluoride were produced but
this ratio rapidly altered, there being no sulphur tetra- |
fluoride formed after ca. 10 minutes. The presence of SF,

in the volatiles initially produced, is suggested to be due

to the thermal decomposition of thiazyl chloride into nitrogen
and disulphur dichloride, the latter then reacting with cesium

fluoride forming SF4 (tquation 4.5d).

' A
2/ (NSCl)3 —A s oyNsCl —A—p N, + S,C1, (h.50)

S,C1p(1) + 4CSF(S) —_— 40sCl(S) + 8Py g) * 1/838(s)

o) 1

AH® = -323 kJ mol”

The thermal decomposition of (NSCl)3 in to N,
and 82012 is likely to occur to a small extent throughout
the reaction but initially the rate of decomposition is likely

to be higher due to non-uniform heating of the (NSCl)B.

In the latter stages of the reaction exchange
efficiency drops significantly with thiazyl chloride passing
through the column unreacted. It 1s believed that the reason
for the gradual decrease in efficiency of the column with time,
is due to the surface coating of CsF by CsCl. Hence the
effective exchange area presented by the cesium fluoride is
decreased and therefore eventually "saturation" of the column
oceurs, there being little or no exchange area. Thiazyl

chloride 1s thus observed in the volatiles.

The.exchange reaction using potassium fluoride
as the exchange reagent, and raising the column temperature
to 13000 produced a low yield of thiazyl fluoride (experiment
4. 4p(vi) page 200). It may therefore be suggested that, as

the heats of formation of potassium fluoride and potassium
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éhléride do not change significantly with temperature, then
‘the term AHE NSF(g) - AHg NSCl(g) appears to become more

- negative. With the increase in temperature it is also likely
that the entropy terms will start to play a significant role

in fhe calculation of the free energy of the reaction. Thus

. the formation of thiazyl fluoride from thiazyl chloride using
potassium fluoride as the exchange reagent at high temperatures
may be due to the increased significance of the entropy terms
and/or the variation with temperature of the heat of formation

of the thiazyl halides.

4,5.c. Conclusion

The Exchange Reactions of Trichlorotrithiatriazene
with Cesium Fluoride

The exchange reactions of trichlorotrithiatriazene
with cesium fluoride yield, to a greater or lesser extent,
thiazyl fluoride and trifluorotrithiatriazene. AT ambient
temperatures, using a solvent, a mixture of NSF and (NSF)3

is produced whereas at elevated temperatures the majority of

the fluorinated product is NSF.

From the heats of reaction presented in table 4.21
it can be seen that if exchange occurs using cesium flueride,
then it is likely that the rate of the conversion will be
higher with silver or thallium fluoride. It is believed
that (NSF)Blwould be readily produced in high yields on

reacting (NSCl), with either AgF or T1F in perfluorobenzene

5
(C6F6), as under the same conditions CsF gave a 65% yield

of NSF and itsoligomers; The rate of conversion using a
column of AgF or T1F with thiazyl chloride is also likely to

be higher than in the case of a CsF column due to the conversion

per unit area of exchange fluoride being greater.
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The efficiency of the column exchange method
is however a function of both the conversion efficiency of
the column and the generation of thiazyl chloride. Little
work has been done using thiazyl chloride as a reactant
(Chapter Fivejpage 227) and thus the techniques for its
continuous genefation without a significant impurity level

85

are not well documented. Hence an improvement to the ex-
change procedure will almost certainly occur when a method
for producing thiazyl chloride at a steady rate, over a

period'of hours, is found.

The efficiency of the colum is a function of
the exchange fluoride, the total surface area upon which ex-
change can occur and the temperature at which the column is
maintained. In designing a column it is recommended that a
long narrow bore column is used, so as to increase the path
length of the thiazyl chloride through the exchange fluoride.
The use of a non-participating dispersant within the column
will probably increase the-net surface area of the exchange
reagent relative to the same mass of pure exchange fluoride.
With the increased conversion rate per unit area of fluoride
(AgF and T1F relative to CsF) it is likely that the colum
temperature can be lowered thus minimising any dissociation
of thiazyl chloride in to nitrogen and disulphur dichloride

(equation 4.5d) that may occur on the column.

Hence it is concluded that a high yield of thiazyl
fluoride can be produced by the exchange reaction of thiazyl

chloride with a suitable ionic fluoride on an efficient column.
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CHAPTER FIVE

THE OXIDATION OF SULPHUR-NITROGEN SPECTIES

AND SOME REACTIONS OF THIAZYIL CHLORIDE

5.1 TIntroduction

The oxidation of sulphur-nitrogen compounds covers a
considerable area of chemistry which, for the most part, falls
into four main categories.

(i) The reactions of tétrasulphur tetranitride with
halogens.

(ii) The reactions of tetrasulphur tetranitride with
Lewis acids.

(iii) The reactions of trichlorotrithiatriazene with
Lewis acids.

(iv) The reactions of thiazyl halides with Lewis acids.

5.1.1 The Reactions of Tetrasulphur Tetranitride
with Halogens and Inter-halogens

A considerable study has been made of the re-

actions of halogens and inter-halogens with S4N4.

(a) PFluorination of 8,N

The fluorination of 84N4 has been discussed in

Chapter Four and is,therefore, not commented on further in

this section.

(b) The Chlorination of SN,

The chlbrination of Squ has been the subject of
“much study over the last two decades}-5 The principal pro-
duct formed in the reaction of S4N4 with chlorine is (NSC})B,
although intermediate species and by-products have been iso-

3 2
lated (e.g. SyN),Cl,~ and (NSCl)4. )
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(¢) The Bromination of SyNy

The reaction of 84N4 with bromine has been studied
both in solution and in the vapour phase. Zborilova et q16-8
investigated the bromination of S4N4 in solution, isolating

S/N/Br compounds (e.g. SN
et a29’1o

. 3Br, SjNgBrg). However Street
have studied the reactions of 84N4 with bromine
in the vapour phase, obtaining modified (SN)X (<SNBPO,4)X)-
Since 1977 thére has been a considerable interest in the
doping of (SN)X by halogens and inter—halogensll-l6 and this
field is an expanding area of research in sulphur-nitrogen

halogen chemistry.

(d) The Iodination of S

Little or no work has been reported on the iodination

of 8,N, by iodine.”

However recent work by Banister and
Smith17 has led to the synthesis of a series of compounds

(SNIy)X where y is variable (cf. the doping of (SN)X by bromine).

5.1.2 The Reactions of Tetrasulphur Tetranitride
with Lewis Acids

It is known that sulphur, selenium and tellurium
can be oxidised by Lewis acids (ASF5, SbFs) to the homoatomic

polycations (M.F, Chapter Six, page260 ).

Many reactions have been reported in which 84N4
forms adducts with Lewis acidic speoies.18 The majority of

reported adducts have the stoichiometry of 1:1 (84N4: Lewis acid).

'Examples of adducts with stoichiometries of 1:X (X>1) are not

that common, there being only two examples of 1l:4 adducts,

19 18

that of S4N4:4SbF5

and S4N4:4T1F4.
The reaction of 84N4 with arsenic and antimony

pentahalides has been studied by Gillespie et al who have isolated
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. + - . ' ;
the species SBNQ AsFg from the reaction of S,N, with

ASF5 in 80220 and in recent work (1977)21 the cation S4N42+
(€quation 5.1.2),.
SyNy + 380015 ——> S4N4(Sb01652 + SbC1, (5.1)
SyNy + 43bF5 —_—: sqNa(SbF6)(Sb3F16) : (5.2)

The X-ray crystal structures of both the S3N2+
(figure 3.2 , page 107) and S4N42+ cations have been deter-
mined which indicate that they are essentially plaq;gr. The
formation of these cations from the reactions of the strongly
6xidising Lewis acids (ASFS, SbF5 and Sb015) with.S4N4 re~
present the first reported examples of Lewis acids oxidising

S4N4 rather than forming adduets.

'5.1.3 The Reaction of Trihalo-trithiatriazenes
with Lewils acids:

The reactions of trifluorotrithiatriazene
(S3N3F3) with Lewis acids have been discussed 1in Chapter

 Four (page 161).

Trichlorotrithiatriazene is known to form adducts

with Lewis acids (e.g.vAlClE, FeClB’ SbCl5, SnCla,.TiClq and

20-24

BC1z) in a variety of solvents (thionyl chloride, sulphur

dioxide and carbon tetrachloride) (equations 5.3%-5).

(NSC1)3‘+'Ti014 ———————f _(NSCl)B- TiCl, (5.3)

2(NSC1) + SnCl, ——— 2(NSC1),° snC1, (5.4)

(NSCl)3 + MCl3 —— ) (NSCl)j- MCl3 —_— |
(NSC1l),* 2MCl (ref.23) (5.5)

> 3
(M = Fe, Al)

Special note is made of the reactions of BCl3

and SbCl5 with triohlorotrithiatriazene.' The reaction of
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(NSCl)3 with BCl3 in the presence of SC1l, produces the

cation N(SC1)2+ (equation 5.6).

(NSC1), + 3SCL, + 3BCly ———> 3 N(SCl)2+ BC1),” (ref.25)(5.6)

The reaction of antimony pentachloride with
trichlorotrithiatriazene has been reported on at least three
different occasions, the products identified being different

each time (equations 5.7-9).

(NSC1) + 38b015 — (NSCl).* beCl5 (x=1-3) (ref.22) (%.7)

5 5

+ -
(NSCl)3 + SbC15 —_—> SBNBCl2 SbCl6 ‘ (ref.24) (5.8)

(NSC1), + 33b015 —_— 84N42+(Sb016_)2 + Sb013 (ref.21) (5.9)

5

5.1.4 The Reactions of Thiazyl Halides with Lewis Acids

Although some areas of the chemistry of thiazyl
fluoride (NSF) have been investigated (Chapter Four, page 159 ),
little or no chemistry of thiazyl chloride has been reported.
As no previous reference haé been made, in this thesis, to
the preparation, physical properties, structure or reactions
of thiazyl chloride, the chemistry of this compound i1s reviewed

briefly in section 5.1.4(iii).

(i) The Formation and Reactions of Thiazyl Fluoride

The formation and reactions of thiazyl fluoride
have already been discussed in Chapter Four (page 151), but
particular note is made here of the reactions of thiazyl

fluoride with the Lewis acids ASF5 and $bF. (equations 5.10,11).

5
NSF + AsFg “‘§6§’* NS AsF,” (ref.26) (5.10)
+ -
NSF + Sbig ‘"E@;"" NS sbF, (ref.26) (5.11)

The thionitrosyl —Selks (NS'MF ™) sublime readily at

40°¢ (M=As) or 100°C (M=Sb) and dissolve in sulphur dioxide.='



227

The S-N stretching frequency of the cation varies

26

depending on the anion; NS+SbF6' (1448 cm'l), NS+AsF6'

(1437 em™1).

(i1) The Chemistry of the Thionitrosyl Cation

The chemistry of the thionitrosyl cation has not
been investigated in depth. However examples of three modes
of reaction have been reported. (equations 5.12-114).

(a) Anion exchange.

+ - + - + -
NS ASF6 + NO CF3803 —§654 NS CF3803 (ref.27) (5.12)
(b) Reactions with mucleophiles.
oo - + -
NSTASF ™ + SN 50,7 (SgNg AsFg™), (ref.27) (5.13)

(¢c) Reactions with polar bonds.

NS+ASF6- + 8Cl, —= N(801)2+AsF6“ (ref.27) (5.14)

2 802

(iii) The Preparation, Structure, Physical Properties
and Reactions of Thiazyl Chloride

(a) Preparation of Thiazyl Chloride

Thiazyl chloride can be produced by the dissociation of
trichlorotrithiatriazene,(NSCl)B,into monomeric thiazyl

chloride units?o=2L

and by the thermal decomposition of thio-
trithiazyl chloride (S4N301)32 and chlorothiodithiazyl chloride

53
(350,01 ,).

The vapour pressure of thiazyl chloride in equilibrium with
solid trichlorotrithiatriazene in the temperature range 50-6000

is given by the equation

108 Pygoy (popp) = 12-321-3360/T. (ref.29)
(NSCl)j( | ——— NSCl,y H® =193 % 6 ks mol™t  (ref.29)
s
33° = 524 £ 20 J deg™tmolt
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(b) Structure and Vibrational Spectrum of Thiazyl Chloride

The structure of thiazyl chloride was elucidated by

. Beppu et al (1970)34 from the microwave spectrum. The mole-

cule is bent with a N -/s\-' ¢l of 117.7° (f'igure 5.1)

Figure 5.1 Structure of Thiazyl Chloride>

S

"""/\mw

N Ct

32
Infra-red spectrum of Thiazyl Chloride (Ni'z s72 - ¢135)

v = 1327.3 om™t
v, = 403.75 om™t
vy = 267.4 o™t

35, 36 37-41

The photoelectron spectrum and molecular constants
have been determined for the gas phase species but are not

discussed in this thesis.

(¢) Reactions of Thiazyl Chloride

There are no reported reactions in which gaseous thiazyl
chloride is used as a reactant. The species has, however,
been postulated as the reacting moiety in refluxing solutions
of trichlorotrithiatriazene (83N3013). There is however

little or no evidence to substantiate whether the thiazyl

chloride monomeric unit is the reactive species in the apple
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green refluxing solutions of (NSCl)3 in carbon tetrachloride

or benzene.

(iv) Other Thiazyl Halides

There is no reference made in the literature to
the preparation, structure or reactions of thiazyl iodide.
Thiazyl bromide has been synthesised and its infra-red spectrum

13

analysed. There are however no references made to any re-

actions of the bromide.

THE OXTDATTION OF SULPHUR-NITROGEN SPECIES

5.2 EBExperimental

5.2.1 The Oxidation of Tetrasulphur Tetranitride

. . . + -
(i) The Oxidation of SyNy by (XeF )(SbQFll )

XeF, (0.2615g, 1.545 mmole) was placed in a
pre-dried, vacuum tight, tube sealed with a Rotoflo valve and
éntimony pentafluoride (0.8345g, 3.856 mmole) condensed (¢n
vacuo) in to the vessel. The reaction was warmed slowly to
9OOC for %0 min. and then cooled to room temperature. A
large quantity of colourless crystals in a pale green solution
were formed. The excess SbF5 was removed iZn vacuo and the

weight of the product recorded (0.7878g, 1.306 mmole of

+ -
XeF SbQFll ).
+ -
To the XeF Sb,Fi; was added SN, (0.0711g,
0.%86 mmole). The system was evacuated and the reaction
slowly warmed to 9OOC for 4h, A vigorous reaction occurred

at ca. 45°C in which a blue compound was seen to be produced.
After 4h. at 9OOC the solution appeared to lighten and colour-
less crystals were formed. The reaction was cooled to -19600

and the volatiles present (300 torr), tested, by the colour of
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their diséharge, Nitrogen and xenon were identified but

no evidence for the presence of fluorine was noted.. The
reaction was then warmed to room temperature and the volatiles
present at this temperature removed. The system was pumped
‘on for 6h. and the majority of the SbF5 was removed, however,

even after this time SbF_. could still he detected in the

5
discharge. The product was isolated in a dry-box but re-
sidual SbF5 made the mgterial virtually impossible to work
with. The reaction‘was terminated at this point as excessive
pumping on the material at room temperature or elevated temp-
erétures is likely to sublime any NS+SbF6_ out of the system

(NS*SPF, ™ sublimes readily at 100°C in vacuo).

(ii). Reaction of Tetrasulphur Tetranitride
with Antimony Pentafluoride

SyNy (0.55%2g, 3.007 mmole) was placed in
a pre-dried, vacuum tight vessel sealed by a Rotoflo: valve

and SbF. (7.8212g, 36.08 mmole) condensed in. The reaction

5 (
vessel waé then evacuated. On warming the reaction slowly
to room temperature a vigorous reaction occurred which was
highly exothermic and could not be controlled by submerging
the vessel in liq.Ng. . A blue product was formed which was
soluble in the excess antimony pentafluofide (possibly S82+
(SF "), or S4N42+(SbF6‘)(Sb3Fl6‘)),and a white crystalline
product was observed which coated the wallé of the vessel.
After the reaction had subsided the system was cooled to
~-196°C and the volatiles at this temperature tested (250 torr).
Nitrogen was identified by its discharge. The reactionA
mixture was then warmed to room temperature and the excess

SbF_ removed im vacuo. The white microcrystalline product

5

was isolated and its Raman spectrum recorded.
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Raman spectrum of the white microcrystalline material

(ﬁreen line): 654s, 634s, 292w em™ L,

(iii) The Reaction of Tetrasulphur Tetranitride
with Antimony Pentafluoride at Elevated
Temperatures

SyNy (0.3531g, 1.919 mmole) was placed in
a pre~dried, vacuum tight, pyrex vessel, sealed by a Rotoflo

valve and SbF. (9.6177g, 4.4%7 mmole) condensed in. The re-

5
action vessel was evacuated and then warmed very slowly via
slush baths at —4500 and -2200,to room temperature over a

period of 6h. The system was then stirred at room temper-

ature for 2h. and then the temperature was raised slowly

150°c for 100h.

Colourless parallelepiped crystals were
produced (main face ca. mm by %mm) in a pale yellow SbF5
solution. The reaction was then cooled slowly to room
temperature. At ca. 120°C -a pale yellow solid started to
be déposited which coated the crystals. The reaction mixture
virtually solidified into a cream mass on cooling To room
temperature and the removal of excess antimony pentafluoride
proved difficult. A few colourless crystals were isolated
from the sticky mass and the Raman spectrum of these recorded.

Raman spectrum of the colourless crystals (Sreen line): ©654s,

634m, 292w em™ T,

(iv) Reaction of Tetrasulphur Tetranitride
with Antimony Pentafluoride in Arsenic
Trifluoride

SyNy, (0.8414g, 4.57 mmole) was placed in a
pre-dried vacuum tight, pyrex vessel and AsF3 (7.2219g) and
SbF5 (4.0123g, 18.52 mmole) condensed in. The vessel was

evacuated and on warming to room temperature a very deeply
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coloured solution was formed whichdid not change colour on heating

to 125°C for 24h, After ca. 18h. colourless crystals were
seen in the'deep red solution. The reaction was slowly

cooled to room temperature, the colourless crystals being
coated with an orange-red precipitate. The solvent and

excess antimony pentafluoride were removed under reduced
pressure and the product isolated in a dry-box. The pro-

duct was sorted by hand using a microscope fitted to the out-
side of the dry-box, the colourless crystals being loaded

into a Raman tube for investigation.

Raman spectrum of the colourless crystals.(green line):

686m, 664s, Ghks, 626w, 607w, 292m cm™ T,
Infra~red spectrum of the colourless crystals (powder):

680m, 672m, 658s, 649s, 620m(sh), 475m, 450m,br; em™ L
Infra-red spectrum of the red non-crystalline material (powder):

1495m, 1220m, 1010w, 655vs,br, 475w,br, 436w, 378m em™ L

5.2.2 The Oxidation of Trichlorotrithiatriazene ((NSCl)j)

(i) Reaction of (NSCl)3 with SbF5 in ASFB.

(NSCl)3 (0.8389g, 3.431 mmole) was placed
in a pre-dried, vacuum tight, pyrex vessel and arsenic tri-
fluoride (5.7879g, 43.874 mmole) and antimony pentafluoride
(4.383%6g, 20.224 mmole) were condensed in. The reaction
vessel was evacuated and then warmed slowly to room temperature
yielding a deep green solution which, on refluxing under sealed
system conditions for 72h. changed to deep red. After re-
fluxing for 72h. a yellow solid was precipitated and on cooling
the reaction to room temperature more of the same precipitate
was formed. The system was cooled %to -196°C to test for No

or FQ. No pressure of volatiles was recorded. The gas phase
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infra-red spectrum of the volatiles present at room temperature

was recorded and the spectrum indicated the presence of SbF5,
AsF, S1F) and SOF, (Appendix A, page 313),

Volatiles present at room temperature were completely removed
and_the product isolated under dry-box conditions. The pro-
duct still contained some free SbF

5
from sulphur dioxide (12.634lg).  The product comple tely

dissolved in the solvent forming a deep red solution. Howevér

on cooling the solution to ca. -6300 a creamy-white precipi-
tate wWas noted. The solution was thus cooled to ca. -78OC

and the precipitate isolated.

Raman spectrum of the precipitate (areen line): 1208s,

692vw, 666w, 646s , 620w, 564w , 499vs, 296w(sh)’, 282m,

1

234k, 226vs, li42s cm” (*tenotes peaks assignable to

-\ 42
SbFs") " .

Infra-red spectrum of the precipitate (Powder): 815w, 800m,

670s(sh), 658vs, 650vs, 640s(sh), 570w, 465m, 382s cm *

Difficulty was found in drying the soluble
}

red product @ue to SbF.) and thus en infra-red specunwas, re-

5)

corded.

(ii) Reaction of Trichlorotrithiatriazene
and Arsenic Pentafluoride

(NSC1) (1.21g, 4.9%5 mmole) was placed

)
in a pre-dried, vacuum tight, Monel vessel and arsenic penta-
fluoride (4.13%g, 24.32 mmole) condensed in. The vessel was
evacuated and the reaction warmed slowly to room temperature
and then to 70°C for 24h. The system was then cooled to
~-196°C and tested for nitrogen (50 torr, 0.0lg). The excess
AsF_. was removed by pumping on the products at room temper-

5
ature. The residue (4.59g) was isolated in a dry-box and the

and thus was recrystallised
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infra-red and Raman spectra recorded on the yellow solid.

Infra-red spectrum of the product (nujol mull): 700vs,
5008, 390vs cm .

Infra-red spectrum of the product (fluorolube): 14455,
5008, 390vs em™t

No Raman spectrum could be obtained using the green line.
The Raman spectrum recorded some two months after the exper-

iment using a red laser is given below:

Raman spectrum (red line): 681lm, 498m, 420vs, 396w, 371w,
185s, 154s.cm™t (c f. A5014+ASF6-)42

(iii) The Reaction of Trichlorotrithiatriazene
with Aluminium Trichloride

Anhydrous AlCl, (8.43g, 63.2 mmole) and

3 (
(NSCl)3 (3.24g, 1%.25 mmole) were placed in a pre-dried,
vacuum tight, pyrex vessel. The system was evacuated, sealed
under vacuum by a Rotoflo valve and the top of the vessel
cooled with cold nitrogen gas, generated by placing a tube in

a Rewar of liguid nitrogen. No product appeared to sublime.
The reactants were then heated to 7OOC resulting in the for-
mation of a yellow sublimate which on warming became liquid
then gaseous. On stabilising the whole vessel at room temp—
erature the solid residue appeared to be "wet" with a yellow
liquid.. The volatiles were tested at various slush bath
temperatures and identified from their infra-red and Raman
spectra. At -19600 a low pressure of incondensable gas was
noted which on removal from the system did not represent a
great enough weight loss to be recorded on the balance (i.e.
less than 0.0lg). The volatiles present at -63°C did noﬁ

give an infra-red spectrum . .. but wese uknkgafaabemg peéomenﬂa

chlorae *wm their Raman qu¢WM4The volatiles at -6300 were removed
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prior to the volatiles at room temperaﬁure being tested).
The volatiles present at room temperature are believed to
be mainly disulphur dichloride from the infra-red spectrum

recorded.

The reaction was terminated at this point
as complete degradation of the sulphur-nitrogen system

appeared to have occurred.

5.2.3 Reactions of Thiazyl Chloride

(1) The Reaction of Thiazyl Chloride
(NSC1) with Boron Trichloride

Thiazyl chloride (NSCl), generated by heating
(NSCl)3 in‘vacuo,29 was expanded into a gas cell (figure 1.5
page 16). The pressure of NSCl in the gas cell was adjusted
such that ca. 80% absorbance was recorded for the infra-red
band at 1320 cm_l. The complete gas phase infra-red spectrum
of the volatiles within the cell was recorded between 4000
l) (KBr windows). BCl3 contained in a sealable

side arm was then expanded into the gas cell. An immediate

and %00 cm

reaction occurred yielding a yellow solid which coated the

gas cell.

Infra-red spectrum of the products: 1468m(sh), 1460m, 1l422s,

1375m, 1252m, 1245m, 1010-920vs,br, (xsBCl,), 725m, 718m,

)
3
618m, 520m, 485m(sh), 475s, 462s, 45hvs, hilbs em™ T,

The gas cell was pumped on for 10 min. and the spectrum re-run.

No peaks were observed.

(ii) Reaction of Thiazyl Chloride with Tin(IV)Chloride_

NSC1, generated by heating (NSC1)y in vacuos=

was expanded into a gas cellA(figure 1.5 , page 16 ). The

gas phase infra-red spectrum of the volatiles present in the
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gas cell were recorded and tin (IV)chloride, contained in a

sealable side arm, was then expanded into the cell. A series
of infra-red spectra were recorded over a period of l6h.vwhioh
indicated that a slow reaction was taking place,with the slow

decrease in concentration of NSC1.

Gas phase infra-red spectrum recorded after 16h.: 1378s(sh)*,
* *
1372s , 1360vs , 1350s , 1342s’, 1260s(sh), 1255s, 1246s,

1165w, 1135w , 850m, 535w , 505m , 498m, 468s, 460s,
410vs em™ T (* Denotes bands assignable to 802).

(1ii) Reaction of Thiazyl Chloride with
Antimony Pentachloride

29

NSC1l, generated by heating (NSCl), in vacuo,

5
wag expanded into a gas cell and the gas phase infra-red
spectrum of the species contained within the ceil recorded.
Antimony pentachloride, contained in a sealable side arm,

was then expanded into the cell and the gas phase infra-red
spectrum recorded. Due to coating of the gas cell windows
by a white compound,a very low transmission of energy through

the cell resulted, consequently no infra-red data of any

significance weserecorded.

(iv) Reaction of Thiazyl Chloride with
Antimony Pentachloride (Preparative Scale)

The apparatus used for this experiment is
shown in‘figure 5.2 kpage253 ). Trichlorotrithiatriazene
(0.98g, 4.0) mmole) was placed in bulb A and antimony penta-
chloride (7'cm3, 54,78 mmole) in bulb B. The apparatus was
then completely evacuated and the inlet valve for the anti-
mony pentachloride closed. The apparatus was then flamed

out under dynamic vacuum, the (NSCl)3 not being heated. The

(NSCl)3 was heated to 7OOC under a dynamic vacuum and the
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volatiles condensed at -196°C in trap 2. After ca. 10 min.

a green liquid was seen to condense in trap 2 (NSC1). Trap 1
was then cooled to —7OC and the antimony pentachloride inlet
valve opened.- A colourless crystalline material was readily
forméd which was contaminated by a green non-crystalline
material. The majority of the product was deposited Jjust
prior to the -7°C trap (trap 1). After ca. 4h. the pro-
duction of NSCl monomer appeared to have stopped and thus

the reaction was terminated. The product was sublimed into

trap 1 and traps 1 and 2 were sealed off under vacuum.

The product was isolated under dry-box con-
ditions, loaded into a pre-dried vacuum tight vessel (figure 1.2
page 14 ) and washed with pre-cooled SO, (-63°C).  The sul-
phur dioxide was then removed and the dry (no SbCl5 present)
pale yellow microcrystalline material isolated. The purified
product was then placed in a pre-dried, sublimation tube and
the product sublimed,Zn vacuo, to the upper reaches of the

-2

tube  (80°C, 10 ﬁorr).

The product was then removed from the sub-
limation tube in a dry-box and the Raman and mass spectra

recorded.

Raman spectrum of the product (red line): 1402vs, 1389w,

1

3%0s, 284w, 178m cm (* Denotes band assignable

to the SbCl6— anion)42

Mass spectrum (m/e (abundance) assignment ) (spectrum run

up to mass 226 only): 226(25)SbCl, ; 195(2) SbCl

3 2
; 191(82) sSbCl 160(3) SbCcl ; 158(12) SbCl ;

12%

193(100) SbCl o 3

; 121(13) sbtel ; u8(6) so ;

2
156(9) SbCl ; 123(9) Sb

16(22) NS ; 38(46) HCLC ; 37(3) 1P ; 36(72) HCLP? ;
35(3%0) c1°° .
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Analysis of the produckt.
Found: S, 8.04; N, 3%.23; Cl, 57.0%

Ns+3b016' requires: 8, 8.40; N, 3.68; Cl, 55.94%

(v) Reaction of Thiazyl Chloride with
Silver Metal (cf. experiment 3.2.3 (c,v)page 123)

(Nsm)3 (0.34g, 1.39 mmole) contained in a
break seal capsule,was placed in a pre-dried vacuum tight
pyrex vessel (jigure 5.3, page 254). Silver wool (0.9113g,
8.45 mmole) was also placéd in the vessel,some 5 cm. from the
(NSCl)3 capsule. The complete vessel was then evacuated

6

(107~ torr) and flamed out (not the area containing the (NSCl)3

capsule). The (NSCl), capsule was then broken and the temper-

5
ature in the vicinity of the (NSCl)3 slowly raised to ca.60°C.
The volatiles produced were passed over the pre-heated silver
wool (EOOOC),in a dynamic Vacuum-of 10'5 torr and the volatile
species formed condensed in either the-lBOC trap or the -78OC
trap. A deep blue film was rapidly formed, almost directly
after the silver wool, which grew in intensity over a period
of two hours. During this period of time evidence for the

272
trap. It was noted that whereas the silver becomes black

production of S.N, was noted in the upper section of the —15OC

(Aggs) when cracking SyN, to yield S,N,, the silver from its
reaction with thiazyl chloride has a white appearance (AgCl).
After ca. 2h. thiazyl chloride was noted in
the —78OCt:hd from this point onwards a multitude of colours
were seen in both the —780C and —1500 traps. A red compound
was also formed which coated the blue (suspected polymer) film.
The reaction was continued for 60h. but no further reaction
appeared to occur, the only products observed being thiazyl

chloride and sulphur chlorides. After 60h. the vessel was
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cooled to room temperature and the " U" tubes and tube
contalning the suspected polymer were sealed in vacuo. The
infra-red spectrum of the yellow product isolated from the
-78°C trap was consistent with the species being (NSCl)B.
The suspected "polymer" coating gradually

turned deep red over a period of a month and the silver sur-

face became black.

Infra-red spectrum of the suspected polymer: 964m,* Olls,*

928s, T 725m, T 715m(sh),* 708s,* 698vs,* 582m,* 552s, t

430m, * 347sT cm™ L.

¥ Denotes peaks assignable to S,N 01.46

52
. . by
t Denotes peaks assignable to SyNy -

5.2.4 Reactions of Thionitrosyl Hexachloroantimonate(V)

(1) The Reaction of NS'SbCl,~ with liquid chlorine

Ns+3b016" (0.%264g, 0.864 mmole) was loaded
into a pre-dried vacuum tight'pyrex tube (2mm inside diameter,
bm outside diameter) fitted with a Rotoflo valve. The
vessel was evacuated and pre-dried chlorine (1.6348g, 23 .03
mmole) condensed in. The reaction was agitated at room
temperature for 10h. and then the chlorine removed. The
Raman spectrum of the resulting compound was identical to that
recorded for NS'SbC1l;~.  Chlorine (1.2419g, r7.4% mmole)
was again condensed into the vessel and the reaction heated
to 80°C for T72h. The chlorine was removed and the Raman
spectrum of the resulting yellow compound recorded.

Raman spectrum of the product (red line): T718vs, 654w, 508w,

33%s,% 288w,* 220,% 202w, 176m,* cm L.

(* Denotes bands assignable to SbCl6-).42
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Infra-red spectrum of the product (nujol mull): 1131lm, 720m,
656m, 520vs, 495s, 340vs em™ L.

(cf. (SC1),N*SbCl.": Infra-red spectrum 1130m, 735m(sh),72lm,
654s, 521s, 520s, 494s cm™1).23

Analysis of the product.
Found: N, 3.12; 8, 12.2; Cl, 59.5%.

NS,SbClg requires: N, 2.90; S, 13.23; Cl, 58.71%

(i1) Reaction of SN+SbCl6' with excess
Elemental Sulphur

Sulphur (1.30g, S .08 mmole) was loaded infto
the non-sealable section of a pre-dried, vacuum tight pyrex
vessel ingure 1.2, page 14 ) and pumped on in vacuo for 36h.
to remove all traces of moisture. NS+SbCl6— was then loaded
into the sealable section of the vessel, whilst under dry-box
conditions, and the whole system evacuated. Sulphur dioxide

(13.41g) was then condensed in and the NS+SbCl6_ solution

filtered onto the sulphur. An immediate reaction occurred
forming a deep red solution. After agitéting for 2h. at
room temperature the system was filtered. The insolubles

were washed with recondensed sulphur dioxide removing all
possible traces of the solubles. It was noted that a brown
insoluble compound had been produced. The solvent was slowly
evaporated from the filtrate and an orange-red precipitate

was deposited. The.solvent was finally removed and the
products dried <n vacuo. The vessel was then placed in the
port of the dry-box and left for lh. On admitting the vessel
to the box it was noted that the brown insolubles had changed,
¥ielding a pale yellow species, presumed to be sulphur due

to its lack of an infra-red spectrum. The solubles were

isolated and the infra-red spectrum recorded.
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Infra-red spectrum of the solubles (riujol mull): 1495vs,*
1l’30m,* 1058m, 1020W,v 974w, 942vs,t 805w, 785w, 775w,
745w, 718m,f 692w, 654m,t 622w, 570s, 520vs,t 498s,t

¢ 3743,*,¢ 1

470s, 440sf 4o5vs, 34Ovs(SbCl6-) em .

(¥ Denotes bands assignable to 82N+Sb016'. 43
T Denotes bands assignable to (SCl)2N+SbCl6_ Ly
¢ penotes bands that may be assignable to

+ - .
85N201 SbCl6 ). 45

-t
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THE OXTDATION OF SULPHUR-~NITROGEN SPECIES AND

SOME REACTIONS OF THIAZYIL CHLORIDE

5.3 Discussion

The chemistry of thionitrosyl salts has not been developed
significantly since their reported synthesis in 1970.26 The
reason for this is thought to be due to the difficulty in
preparing the basic starting material thiazyl fluoride (NSF).
As noted previously, Chapter Four (page 159), the chemistry
of thiazyl fluoride is itself largely unexplored, probably
due to the problems of handling the gas and the related
_problems of synthesising the compound. No other route to
thionitrosyl salts has been reported other than via NSF and
thus investigations were carried out to determine whether
various sulphur-nitrogen species, which were readily avail-

able, could be oxidised under vigorous conditions to yield

thionitrosyl salts.

5.%.1 The Oxidation of Tetrasulphur Tetranitride
and Trichlorotrithiatriazene

The oxidation of tetrasulphur tetranitride by

XeF', SbF. and SbF; in AsFy solution were studied. In all

5
cases the results were disappointing due to the problems of
removing the excess, relatively involatile, SbF5 at the end
of the reaction. A;though obvious signs of reaction were
noted and reduced products were obtained (SbFB-SbF5(Form A)5O

colourless crystals, experiment 5.2.111ii) page 231) no

definite identification of the oxidised products was made.

The investigation of the reactions of trichloro-
trithiatriazene with arsenic trifluoride and antimony penta-
fluor&de were carried out at elevated temperatures for pro-

longed periods of time (72h.) (experiment 5.2,2(1i), page 232).
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The reaction was designed with the intention that the thiazyl
chloride would exchange with either ASF3 or SbF5 to yield

thiazyl fluoride, which would then react with the excess SbF

5
to form NS+SbF6_. Prolonged refluxing of the reaction did

not deoolq&yise the system,as would have occurred if the

NS+SbF6- salt had been produced. The product obtalned, on
removing the solvent and excess SbF5, was deep red and still
contained appreciable quantities of SbF5, even after drying

in vacuo for 10h. In order to remove the excess SbF. the

5
product was washed with sulphur dioxide. It was noted that

on cooling the 802 to —6300, a white compound was precipitated.
The Raman spectrum of this species was remarkably simple con-

sisting of bands assignable to SbF6_ and three other bands

at 1208, 499 and 266 cm™t. The simplicity of the Raman

spectrum implies that the cation must be relatively small
and probably of quite high symmetry. Comparison of the

spectrum with known sulphur-nitrogen species led to the con-

1

clusion that the 1208 cm = band is consistent with a species

51
containing an S-N band of high bond order (cf. C1lN=SF, 11780m'1).

The observed band at 499 cm—l is very similar to that observed

3+ cation (SClE+ vl(Al): 498 om™* very strong).52

Hence from the vibrational data it would seem plausible to

in the SCl

suggest that the cation could be (N=SClg+). Such a cation
would be isoelectronic and isostructural to O=SClg. Thus a

similar vibrational spectrum would be expected (fable 5.1 )Q

TABLE 5.1 The Raman Spectrum of Thionyl Chlor'ide55

v1 v2 V3 V4 V5 6

V(s-0) “s(3012> §(s0Cc1l) 5(8012) \)as(3012) $

1229 490 394 194 443 284
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As seen from table 5.1 v_, vg and possibly

V6 correspond to the bands observed in the product at 1208,

499 and 266 cm_l. It is therefore suggested that the re-

action of (NSCl)3 with SbF5 (molar ratio 1l:4) produces

NS 'SP, and NSC1,"SbF.” (equation 5.15).

2/5(NSC1)5 + 38bF5 ———> NS'SbFg” + NSC1,"SbFg” + SbF,  (5.15)

The postulate was tested by reacting (NSCl)3 with

ASF (molar ratio 1:4) (experiment 5.2.2(ii); page 233 ) and
observing the weight of residue at the end of the reaction.
The weight of residue was found to be consistent with that
5 instead of SbF5.

The infra-red spectrum of the product, from the reaction of

expected from équation 5.15 when using AsF

(NSCl)3 with ASF5,

salt (observed stretching frequency 1445 om™ reported 1437 cm’

contained a band assignable to the NS+ASF6-

1

} )
: _ -1 ”“g} .

and also contained a band at 500 cm -, that couldAb assigned

postubaled) + _
to theAspecies NSCl2 AsF6 . Hence it seems likely that the

species N8012+ MF6- could be formed in the reactions of (NSCl)5

with SbF5 or ASFS. Analysis of the product isolated from

the reaction of SbF. with (NSCl)B,using AsF. as a solvent,

5 5
was not however of any use in identifying the compound as

more than one species appeared to be present. In an attempt
to synthesise NSClE+SbF6_ and isolate the salt in a pure state
NS+SbCl6" was reacted with chlorine (see section 5.3.4, page
250), the product obtained did not however possess the same

Raman spectrum as that of the supposed N8012+ cation.

5.%.2 The Reactions of Thiazyl Chloride with Lewis Acids

By direct analogy with the reactions of thiazyl

fluoride with fluoro Lewis acids (BFy, SbFy and ASF5),26’27

the reactions of thiazyl chloride with chloro Lewis acids



245

(BClB, SbClB, Sn014 and AlClj) were 1investigated. All the
initialbinvestigative reactions, except that with AlCl3, were
carried out using a gas cell, in order to monitor the reaction
of the Lewis ecid with thiazyl chloride and hence identify
the products by their infra-red spectra. The procedure was
3 but with SbClS,

coating of the gas cell windows occurred which virtually

successful in the cases of SnCl4 and BCL

stopped all transmission of energy through the cell (experi-
ment 5.2.3(iii), page 236). The products from the slow re;
action of tin (IV)chloride with thiazyl chloride were SO, and
an unidentified gaseous product (experiment 5.2.3(ii), page
2%5 ). It was therefore concluded that tin (IV)chloride

and thiazyl chloride do not in fact react, the products
observed in the gas phase infra-red spectrum being hydrolysis
products of NSCl. The reaction between thiazyl chloride.
and boron trichloride (experiment 5.2.3(i), page 235) was
however very rapid forming a series of compounds (deduced
from the complexity of the spectrum) oﬁe of which gave an
infra-red band at 1422 cm'% which would be consistent with
.a species NS+BCl4—. However on removing the excess boron
trichloride all the products were lost from the celi thus
implying that the thionitrosyl salt, if produced, sublimes

very easily or readily dissociates into BCl3 and NSC1l, which

are then removed.

In order to increase the stability of the thio-
nitrosyl, the synthee&kps of salts with larger anions were
investigated in preparative scale reactions. The reaction
of aluminium trichloride with trichlorotrithiatriazene at
elevated temperatures (70°C) (effectively AiCl3 and NSC1)

produced no oxidised sulphur-nitrogen species only chlorine
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and disulphurVdichloride, basically the thermal breakdown
products of NSC1. However on reacting thiazyl chloride

with gaseous SbCl5 in a flow system, with pre-cooled traps,

a virtually colourless crystalline material was formed which
was contaminated by a deep green amorphous material (experi-
ment 5.2.3%3(iv), page 236). The product readily sublimed and
was found to trap out in a ca. -10% trap. ~The main con-
ftaminant of the product, other than the aforementioned green
material, was excess SbClé. Initially attempts were made

to purify the product by sublimation bub the vapour pressure,
due to the SbCl5,sloWed the sublimation down,: However SbCl5 wmlj
ha»e,b&m a contaminant even if the sublimation were successful.

Methods of removing the SbCl. as the first step in the purifi-

5
cation procedure were therefore sought. The most convenient

and effective method found,was to wash the crude product with
cold sulphur dioxide and a gealed system sublimation of the
washed product, in vacuo, at 80°¢ yielded virtually colourless
crystals of the product. The deep green impurity did not
sublime but was noted to change in colour to yellow after

5-10h. Raman spectra of both the impurity and_the product

were recorded. The product gave an excellent spectrum with

a strong band at 1402 em T and a very weak side band at 1389 em™ L.
The non=-sublimed impurity did not give a Raman spectrum due to
decomposition in the laser beam.

The Raman spectrum of the product is very simple,

L and bands

there being only the two bands at 1402 and 1389 cm”
assignable %to the SbCl6" anion. The simplicity of the spectrum
and the position of the main band at 1402 indicatesthat the
product is almost certainly NS*SbCl6". Mass spectral and

analytical data confirm that the species is NS+Sb016—.
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The main band at 1402 om—l is somewhat lower
than that observed in NS+SbF6_ (1448 cm—l)
1)26

:27 NS+ASF6-

and NS+CF3803' (1443 em™1).27 1t is suggested

that greater cation-anion interactions occur in fthe NS+SbCl6'

(1437 em”

salt than in the SbF6-'and ASF6- salts due to the higher
polarisability of the SbCl6_ anion thus causing a drop in

the observed stretching frequency of the N ES+ cation.

The side band at 1389 cm * is of the correct
intensity for the (N 5834)+ cation, i.e. 5% of the intensity

1). The theoretical position

of the (N=:5"2)" band (1402 cm”
of the (N= 834)+ band can be calculated knowing the reduced
mass of each cation and the band position of (N= 832)+
(equation 5.16).

Equation 5.16

- 1 K
_ Vspee T 27rc V1

(ref.55)

(K = the force constant; u = the reduced mass; ¢ = the

velocity of light).

For comparison of the stretching frequencies of the cations

(N 5832)+ and (N= 834)+ the above equation may be simplified

— o J_];
Vspec u
11 : L

1y, 11
w= G A ‘5) o dee Y syt 7+ 5 Y gyt = (33 * 375)

145'832)+

Thus if'the stretching. frequency of the cation

is known (x cm_l) then the stretching frequency of the

cation is given by

N By = X %N834)+ = 1402 - 0.1008 = 1389 cm-l
30\ + 0.1027
Hws”<)
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The calculated and observed positions of the (N E854)+ band

are therefore coincident thus reinforcing the basic assumption

1

- -+
that the 1402 cm band is assignable to the N =3 stretching

vibration.

5.3.3 Further Reactions of Thiazyl Chloride

Several unsuccessful.reactions were attempted
in which thiazyl chloride was passéd through columns of
sodium hexafluorophosphate,'sodium tetrafluoroborate and
aluminium trichloride. In all cases the formation of the
desired product, ®S+ salté) was not observed, thiazyl chloride
passing through the column unreacted or being dissociated
in to N2 and sulphur chlorides. Attention is however drawn

to the reactions of thiazyl chloride with cesium fluoride

in which thiazyl fluoride is formed (Chapter Four, page 205 ).

As noted in Chapter Three (page 123 ), when
trichlorotrithiatriazene is placed under vacuum in the pre-
sence of silver wool it appears to be reduced forming the

56

blue precufsor to (SN)X. Tt was suspected that the actual

sulphur-nitrogen reactant in the above reaction was thilazyl

(]
chloride (NSC1l), which when reduced yields [Né] radicals which
form short open chain species which, in turn, slowly poly-

merise to give (SN)X. The reaction of thiazyl chloride with

silver was therefore investigated.

Thiazyl chloride was passed over heated silver
wool and the deep blue film of polymer precursor quickly
formed (experiment 5.2.3(v), page 238). The film of polymer
precursor grew rapidly over the first two hours virtually no
thiazyl chloride passing through the silver unreacted. Evid~-
ence was seen in the first "U" tube trap (-15°C) of SoNs -

However after two hours thiazyl chloride started to condense
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in the -78°C trap. It is bolicved thab after ca. 2h. the
surface of the silver wool had become coated with chloride
and the transport of silver through the chloride coat was
not rapid enough to cope with the flux of thiazyl chloride,
hence thiazyl chloridejmu observed in the traps. The pro-
ducts finally isolated from the reaction proved to be S}NQCl
and § Ny (the suspected polymer coating) and (NSCl)E from
the -78°C trap. The presence of S,N and SENECl can be

explained by the cyclisation of the open chain polymer pre-

cursors and their reaction with thiazyl chloride.

It is therefore concluded that although the
reaction of thiazyl chloride with silver reported in this
chapter was not successful, with respect to the isolation
of (SN)X, the basic principle of passing thiazyl chloride
over a silver surface to produce "SN" fragments, which act
as polymer precursors, is valid. If a sufficiently large
surface area of silver i1s used, such that no thiazyl chloride
passes through without reaction, then a useful, non-hazardous
method of coating substrates (e.g. ZnS, ZnSe) with (SN)X
would be available for use under general laboratory conditions.
(It should be noted that the silver can be easily regenerated
by the passage of hydrogen over the heated surface thus re-

moving the chlorine as hydrogen chloride).

One of the main problems encountered throughout
the work with thiazyl chloride was its generation from tri-
chlorotrithiatriazene. Although Patton and Jolly describe
the method of production in detail, difficulty was found in
practice when trying to produce large quantities at a steady
rate. In an attempt to avoid this problem preliminary

investigations into the possibilities of storing thiazyl
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chloride on a molecular sieve (4A) were carried out. The
NSCl was generated in a gas cell and then a valve opened to
allow the volatiles to come in contact with activated 4A
molecular sieve. By observing the main bands in the infra-
red spectrum of thiazyl chloride (1328 cm'l) the concen-
tration of the thiazyl chloride could be monitored with res-

pect to time.

It was found that the concentration of thiazyl
chloride quickly decreased on exposure to the molecular sieve.
The above procedure was repeated many times until the mole-
cular sieve appeared saturated. The section containing the
molecular sieve was then left opened to the gas cell and
heated to drive off the absorbed thiazyl chloride. No traces
of thiazyl chloride were seen in the gas phase spectrum.

Thus it is concluded that thiazyl chloride is strongly ab-
sorbed on to the substrate. No further work was carried out
on this problem but it is believed that a more thorough
investigation into the storing of thiazyl chloride on sub-
strates, such as molecular sieves, may solve the problem'of
continuous, controllable production of thiazyl chloride for
gas phase reactions. If such a production should be found
then thiazyl chloride could, as indicated by some of its

‘reactions in this thesis, become a useful synthetic reagent.

5.3.4 The Reactions of the Thionitrosyl Cation
(experiments 5.2.4(i,ii), pages 239,240)

(1) The Reaction of the Thionitrosyl Cation
with Chlorine .

As previously noted in this chapter (section
5.3.1, page 243), (NSCl)5 reacts with SoF forming a species,

which from its Raman spectrum was deduced to be NSClg+SbF6'.
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In order to gain evidence as to the nature of‘this compound,
an attempt to synthesise it from NS+SbCl6f<and Cl, was
carried out. The Raman spectfum of the product from the
reaction of NS+SbCl6- and 012 was compared with that of the
postulated NSClg+. The spectra were not identical, the
product from the NS+SbCl6'/Cl2 reaction being identified as
(SCl)gN+SbCl6". Hence no further evidence as to the exact
nature of the product from the (NSCl)E/SbF5 reaction was

gained.

Mews has reported27 that SCl2 reacts with the
thionitrosyl cation to form (SCl)2N+ salts. Therefore it
would seem likely that during the reaction of NS+Sb016' with
chlorine at elevated temperatures, 8012 is formed as an
intermediate which reacts with the thionitrosyl salt present, to

form the observed N(SCL) +5;10016' salt.

2

(ii) The Reaction of the Thionitrosyl
Cation with Elemental Sulphur

The reactions of S82+(ASF6_)2 with azides
have been studied in this thesis (Chapter Six), in order to
synthesise cations of the form SXN+ (x = 1-7). It was found
that the only sulphur-nitrogen cation present in the product
of the 882+/N3_ reaction was 82N+. Hence in an attempt to
prepare SXN+ cations_from a different angle, the thionitrosyl
cation was reacted with elemental sulphur. The products
isolated were characterised, where possible, by their infra-
red spectra. The main product from the reaction of st with
sulphur was S2N+. Hence it appears as though all cations

of the form SXN+ (x > 2) are unstable with respect to Sy N'

and sulphur.



252

The other species identified in the products

of the NS'SbC1.™/Sg reaction were (SC1),N'sbCl,™ and

83N201+Sb016-. These cations are probably formed by the
reaction of SQN+Sb016' with chlorine and thiazyl chloride

respectively.
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CHAPTER SIX

THE REACTIONS OF GROUP VI POLYCATIONS

WITH NITROGEN CONTAINING SPECIES

6.1 Introduction

Neutral and anionic homonuclear polyatomic species

(e.g. Py, 05, Sqs Br, and IE— s EB" s 02_ and 842-) have

been known for many yearé. Homonuclear aggregates of atoms

are also present in cluster compounds such as B9H92—,

Fe30012 and Ru6(CO)l8, in which the ligand donates electron

density to the skeletal bonding. However, with the except
of Hg22+, which has been known for ﬁany years,l it is only
within the past decade that other stable, cationic homo-

nuclear aggregates - '"polycations" - have been synthesised

and characterised.

By analogy with the mercury cation,there is substantia
evidence for the existence of polyatomic cations in the re-

actions of metals with their corresponding metal chloride

2+ 2+ 2+ 2+ 2+ 2+
melts (e.g. Cds ", Zn,=", Pb2 » Mg,™", Ca,™, Sr, .and

2
2+)2—7.

Ba2

MXy+ (where x>9 came in 1963 when Hershaft and Corbett8
A+

» Whic

was later followed by evidence for the existence of Bi82+’

proved, by X-ray crystallography the existence of Bi5

Since 1963 there have been notable developments in anionic,
cationic and neutral homonuclear catenates for the elements

in 6roups V, VI and VII.9

GROUP VI POLYCATIONS

6.1.1 Polycations of Oxygen

+

O

ion

1

The first firm evidence for a polyatomic cation

h

10~12

is the main example of the oxygen polycations
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13,14

although O + has béen observed in atmospheric studies.

3

The polycations of oxygen are reviewed by Gillespie and

Passmor'e26 and are mot discussed.further in this thesis.

6.1.2 Synthetic Routes to Sulphur, Selenium
and Tellurium Polycations

(1) Preparation of Sulphur Polycations

The existence of sulphur polycations has
been known since 1804, when Buch01215 dissolved sulphur in
oleum and obtained varioué coloured solutions, depending on
the composition of the oleum and the relative concentration
of the sulphur. Particular note was made of the intense
blue colouration that could be produced and various possibil-
ities were suggested as to the identity of the species res-

ponsible for this colouration, e.g. 5203,16 82,17 [xgs SX2]+ 18

and also a species S .19 Tt was not until l969,when Gillespie

and Passmore2o isolated the first crystalline sulphur poly
U waa realised Hﬁg

cations (ﬁ 2 (psF,"). and 8,2t (AsF 7)) that,the in-
8 6 ‘2 16 6
Jormedon dissslua
tensely coloured solutions - 88 in highly oxidising acid
media,were - ' - due to the presence of sulphur poly-

cations.

TPhe oxidation of 88 by arsenic or antimony
pentafluorides (ASFB, SbF5) in the correct molar ratio, yields
either the deep blue S82+ polycation or the deep red poly-

cation, Sl62+ (equations6.1-4).

' 2+ -
28g -+ 3AsF5 -?ﬁ7ﬁﬁi;9 816 (ASF6 )2 + Ast (ref.20,21) (6.1)

2+ -
28g + BSbFS _ﬁﬁ7@32;° S16 (ASF6 )2 + SbF3.<ref.21,22) (6.2)

2+ - '
Sg + 3AsF5 _ﬁﬁ7§6§4 Sg (AsF6 )2 + Ast (ref.20,21) (6.3)

Sg + 3SbF5 "—“EKE;"’ 582+ (SbF6')2 + SbF3 (ref.21,22) (6.4)

(sealed tube)
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The cation 842+ was first isolated as

2+ 4 . . ' .
Sy (SOBF)2 from the reaction of Sg with S,0.F,,using
0022 2+

sulphur dioxide as a solvent at -23% and then as 84

- . . O~ 22
(Sb2Fll )o from the reaction of Sg with SbF; at 140°c.

5

; (i1) Preparation of the Polycations of Selenium

As in the case of sulphur, highly coloured
solutions had been observed (sincevthe early eighteen hundreds
(Magnus 1827)25) oh dissolving selenium in oxidising acids.
The nature of these solutions was not however elucidated
until 1968 when Barr et gl presented evidence for the existence
of the Se42+ and Se82+ polycations from photometric, conduct-~
iometric and cryoscopy studies. Salts containing the selen-

ium polycations have been isolated from a variéty of reactions

(table 6.1).
TABLE 6.1 Preparation of Salts containing Polycations of
Selenium
Compound Reaction Conditions Reference
se,, (HS,0.), Se+65% 0leum 50°-60°C.80ln. goes o5
yellow-brown.
Crystallisation on
standing
Seq(AsF6)2 4Se+5AsF5 SO, solvent; 80°C for 26
8 days. Yellow sclid
from green solution
. — O .
Se8(Sb2Fll)2 8Se+58pF5 Solvent 80+ 23°C: 27
3 days
Seq(AsF,) 83Se+3AsF Solvent HF: Warm 27
8 6’2 5 from -78 to 0°C over
% days
Se4(A1014)2 Se/SeCl4/ Obtained from melts 28,29
4pa1cl
5 .
Se8(A1014)2 Se/SeClq/ Fuse at 350° for 3h. 28
2A1C1l

5
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(iii) Preparation of the Tellurium Polycations

It has been known for 150 years that
» fellurium dissolves in sulphuric acid to give a deep red
eolqg;ationjo (ef. Sg,Se in highly oxidising acids).

51,32

Bjerrum postulated that the species responsible for

2+

the red colouration was of the form Te Investigation

2n
of the solutions of tellurium in various acid media by con-~
ducgygmetric and cryoscopic method553’54 supported the
postulate made by Bjerrum'and suggested that the species
was in fact Te42+. During the past decade various crys-
talline compounds containing tellurium polycations have

been synthesised (table 6.2) and their X-ray crystal struct-

ure determined.

TABLE 6.2 Synthetic Routes to Compounds containing
Tellurium Polycations

Compound Synthesis Conditions Reference
Teq(Sb F 1)2 4Te+SSbF5 SO, solvent: stirred 3

for several days at

-23°¢, 50, soluble

products isolated

Te4(AsF6)2 4Te+5AsF5 Solvent S0,: stirred 3

| 24h., at 25°C

Te6(AsF6)2 6Te+3AsF5 Solvent 802; stirred L
24h. at 257C

Te, (A1Cl,), ;

Teq(Al 017)2) Te/TeClq/ Obtained from the melt 35

!y
Al1C1

Te6(AlCl4)2 ) 3

Tex(SOEF)x ATe+S,04F Yellow comg. Unstable bl
above -207C

Te6(AsF6)4- 6Te+bAsF5  Solvent Ast %6

2AsF

3 .
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6.1.3 The Structures of the Group VI Polycations

(1) Structures of the Cations containing
Four Group VI Atoms

The X-ray crystal structures of both the
37 8

8642 and Te42+ polyatomic cations have been determined
and in both cases a close approximation to a square plaggﬁr
arrangement is found (figure 6.2, page 301l). Knowing the
structures of Se42+ and Te42+ it is possible to deduce from
magnetic circular dichroi§m3% visible U.V.QQ and solution

26

Raman data that a similar square plachr arrangement is
likely for s4g+.

(i1) Structures of the Cations containing
Eight Group VI Afems .

Two homonuclear cations are known with the

formulation X82+ (X = 3, Se). The X-ray crystal structures
of both these specles have been determined and similar struct-

ures have been deduced (figure 6.%, page301 ). The average

Y0 \nich is identical

bond distance in the 8g°7 ring is 204 pm.
to that found in the 8841 ring. However the cross ring
distances are significantly reduced with respect to elemental
88,implying significant cross ring interactions. This is
supported by the reduction in the bond angles found in 88

(109.70) to the range 91.5O to 104.30,as found in S 2+. In
8

28,29

the Se 2+ cation a similar skeletal arrangement is found.

8
The Se(3) - Se(7) cross ring distance (284pm) is however
relatively shorter than the S(3)-S(7) distance (286pm) in

882+. Whereas the Se(4)-Se(6) (329pm) and Se(2)-Se(8) (335pm)
cross ring distances are relatively longer than the corres-

ponding distances in 882+ (300 and 294pm respectively). Thus

’ ,
the canonical form shown in figure 6.3 (page 301) is more
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signifécant in the valence bond description of Se82+ than
o v

S82+. The bond, lengths in Se82+ vary between 229pm and

2%36pm which are not that significantly different &omthose

found in o or B selenium.az343 As in the case of’S82+ the

bond angles in the selenium polycation decrease with respect
to those in o or B selenium,being in the range 89.8-10%.6°.

s _ by -\ . 36
(i1i) Crystal Structure of Teg (AsF6 )4 2ASE§.

The Te64+,cation represents the first

example of a hexa-atomiﬁ trigonal prism (figure 6.4, pagez02 )
5
5+

(cf. 06(CH§)6 h B19 ). The Te-Te bond lengths found

s

within the triangles show significant multiple bond character
being similar in length to those in Te42+ which may be des-

46

cribed as having 25% double bond character.

6.1.4 Reactions of the Group VI Polycations

There are very few reactions of the group VI
polycations reported in the literature. Those reactions

published to date fall within three categories:

(i) The formation of heteronuclear Group VI polycations,
(i1) The reactions of Group VI polycations with &roup
VII elements. ’
(111) The reaction of Group VI polycations with

perfluorinated alkenes.,

6.1.4 (1) The Formation of Heteronuclear Group VI
Polycations

Since the isolation of the homonuclear poly-
cations, in the early 1970s, there has been an interest in
the preparation and structures of the interchaﬁbgen (hetero-

nuclear) analogues. No mixed sulphur-selenium cations have

been reported to date but both tellurium-selenium and tellurium-

b, 48

sulphur cations have been prepared, and their structures
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determined.
(a) Preparation and Structure of Te3832+
2+ - 24, -
. . 24 -
Te/S alloy (1:1) + 3AsF5 50, ‘7T6583 (ASF6 )g(ref.
.3/8 Sg + 3Te + 3AsF5 50,

The structure of Te3832+ is given in figure 6.4 (page 302).

(b) Preparation and Structure of Te28e42+

R 2+ - _
5 ? T62884 (ASF6 )2

’ (ref.48)
+(SbF6‘)2

SOQ/ASF
Te + Se

. 2
— TeQSe4

S0, /8bF,

The structure of Te28e42+ is given in figure 6.4 (page 302).

(¢) Preparation and Structure of Te28e82+
2Te + Seg”t(AsF,”) ——m——y Te.Seq” "t (ASF, ) (ref.47)
8 6 SO 2°=8 6’2 ’

2

2+ . . . .
The structure of Te,Seg is given in flgure 6.4 (page 3073.

. 2+ -
(d) Preparation and Structure of '1‘e3‘7Se6.5 (AsF6 )2

2
Se + Te + 3ASF5 ———%'2———'—) T63.7SG6.3

24n.

+(AsF6')2 (ref.47)

The crystal structure of the species (figure 6.4, page 303 )

2+

indicates that there 1s a mixture of Te38e7 and Te48e62+

in approximately equal concentrations.

6.1.4(i1) The Reactions of the Group VI
Polycations with the Halogens

There has only been one paper published in
this area of chemistry, that of Passmore et aZ49 in which they

prepared S7I+MF6' isoelectronic to S82+, 8750’51 and 88052’53'

48)
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and determined its crystal structure. The S I+ cation

7

was the first binary sulphur iodide isolated to be stable

at room temperature.

The species S7If was prepared by a variety

of routes (figure 6.1).

FIGURE 6.1 Preparative Routes to the STI+ Cation
.7 AsF.” + S > | |
3 6 8 ' AsFy |
(excess) ———4——STI+MFé
+ - . '
I, 8boFy, + Sg L
(excess) N
Sg + I2 + AsF5/SbF5 isF > |
| 3 4‘*
(excess) (excess) [§8EﬁMFé} |
s 2t ase Y, ¢ 1 > |
16 6 ‘2 2 AsF3 :
(excess)

The structure of S7I+SbF6— is given in figure 6.5 (page 30L4)

Recent attempts by Passmore and Sutherland
to prepare S8I+ have failed. However in an attempt to prepare
S5I+ from the reaction of sulphur with iodine and antimony
pentafluoride, in the appropriate ratio, the species

(871)213+ (SbF" )4 2AsF was isolated,”" (equation 6.5).

3 )
Asfi O+ -\,
28/8 Sg + 3I, + 103b35 L2y 0 (S7I)2II (SbF6 )3 zAst
: (6.5)
+ (SbF5)5 . SbF5

The structure of the(S7I)213+ cation is given in figure 6.5,
(page 30L4).

6.1.4(iii) The Reaction of the Group VI |
Polycations with Perfluoro-alkenes |

Passmore et dl55'58 have reported the re-

actions of all the Group VI polycations (except Te64+) with
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tetrafluoroethene (Cqu)’ The products of these reactions
vary in nature depending on whether a solvent (normally
sulphur dioxide) is present or not. The products of the

above reactions are presented in tables 6.3a,b.

The reactions of 842+ and S82+ with per-
fluoropropene (CEF6) have also been studied by Passmore and
Desjardin558 and are found to proceed by a similar mechanism,
yielding analogous organo-QGroup VI species to those isolated

from the reactions of sulphur polycations with 02F4.

TABLE 6.3%a Reactions of Group VI Polycations with
Perfluoroethene without solvents

Group VI 2+ 2+ 2+ 2+ 2+ 2+
Polycation Sg Sy Seg Sey, Tey Teg
Product value value Valuev value value value
Classification of X of x of X of x of x of x
CRA'S 0-625 1458 5 556 1 58 ) 57 4 557
58 56 57 57
(04F9)2MX | 2 2 1 1
| 58 .56 57 . 5T
(C4F9)MX(C2F5) 1,2 2,3 1,2 1,2
57 57
(02F5)Mx03F6C(O)F 1 1
57 57
(CoPeM, ) oHE | 1 1
02F5\\‘//MX\\ //CF3 . 258

C C ,
I\ :
CF M CoFg




TABLE 6.3b Reactions of Group VI Polycations with

Tetrafluoroethene using Sulphur Dioxide

as a Solvent

268

Group VI 2+ 2+ 2+ n.. ot
Polycation Sg Seg Se) Tey
Product value value value value
v Classification of X of X of X of x
58 56 58
(CFB)QMX 3 2 2
| (2,377 42
(02F5)2MX 5 658 2,3
57
(CyFg )My 1
| (2,327
56 58
02F5MXCF5 ( 3’558 2 2
57
C4F9MX02F5> 1,2
58 58
(CFB)MXQFQC(O)F 3,4 2
(2,377
56 58
(CQFB)MXQFQC(O)F g 2,558 2 2
_ 57
(02F5)MXC3F6C(O)F 1
58 58
(CFQCOF)gMX 2,4 2
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6.2 Experimental

6.2.1 Reactions of Group VI Polycations with Azides

s -
(1) Reaction of S82+(ASF6 ), with Sodium

Azide using Sulphur Dioxide as a Solvent

85" (asF¢7), (0.3945g, 0.622 mmole) and
NaNB(O.O42Og, 0.646 mmole) were placed in a pre-dried vacuum
tight, pyrex vessel (figure 1.1 , page 14 ) and S0,(4.5191g)
condensed in. The reaction wés allowed to warm slowly to
room temperature. The iﬁitial deep blue colq&;ation of the
polycation solution gradually turned deep green then red.
The reaction was agitated at room temperature for 12h. during
which timé precipitation of a pale yellow compound occurred.
The product, soluble in sulphur dioxide, was filtered off
leaving a pale yellow precipitate. The solvent was removed
under reduced pressure and the weight due to the solvent and
any other volatile species was recorded (4.53%94g), corres-

ponding to 4.5191g of SO, and 0.0203g of volatile product

2
(Nitrogen).
The infra-red and Raman spectra were recorded on both the

soluble and insoluble products.

Infra-red spectrum of the insolubles (nujol mull): 695vs, br,
%94vs em T,

Raman spectrum of the iPsolubles (?reen line): 152, 220, 243,
W3k, k72 em™t.

Infra-red spectrum of the solubles (nujol mull): 1498s, 695vs,br,
394vs em™ L

Raman spectrum of the solubles (Ped line): wot obtained.
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(1i) Reaction of 582+(AsF6”)2 with Sodium
Azide using Arsenic Trifluoride as a Solvent

Sg°" (AsFg"), (2.8248g, 4.455 mmole) was

loaded into an isolatable bulb of a pre-dried, vacuum tight,

pyrex vessel (figure 1.2, page 14 ) and NaN, (0.2916g,

5
5

condensed on to the polycation and the deep blue solution

4,486 mmole) into the second bulb. The AsF, (17.4813g) was

was added to the azide, with the resulting formation of a

green then deep red solution. The reaction was stirred at
0°¢ for 54n. An orange-red precipitate was formed in a deep
red solution. The solution was filtered off and the insol-

ubles were washed with recondensed solvent vielding an orange

solution and a pale yellow precipitate.

Slow removal of the ASF3 solvent from the
solution did not yield crystals but gave an amorphous mass
which "foamed" when pumped on at reduced pressure. The
weight loss recorded.after the removal of all the volatiles
present at room temperature corresponded to a loss of the
solvent and 0.1228g of volatile product (nitrogen). The
vessel was broken under dry-box conditiocns and the soluble

product (0.910g) and insoluble product (2.024g) isolated.

Infra-red spectrum of the insolubles (nujol mull): 695vs,
394vs em™ L |

Raman spectrum of the insolubles (ﬁreen line): 152, 220,
243, 434, 472 em™t,

Infra-red spectrum of the solubles (nujol mull): 1495s,

695vs, %94vs om™t
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(iii) Reaction of s82+(AsF6")2 with
CsN, using SO2 as a Solvent

2

S82+(ASF6—)2 (0.8886g, 1.402 mmole) was
placed in the sealable section of a pre-dried, vacuum tight,
pyrex vessei'(figure 1. 2, page 14 ) and sealed. CSN3
(0.2546g, 1.455 mmole) was loaded into the second bulb and
802 (15.13%64g) condensed in. The cesium azide solution was
then filtered on to the polycation solution. An immediate
reaction occurred forming a deep red solution and a pale
yellow precipitate. The.reaction was agitatéd for 4h. at
room temperature and then the soluble product filtered off. The
solvent was slowly removed from the filtrate leaving an ine

tensely coloured red oil which "foamed" when the vessel was

pumped oh under reduced pressure.

The weight loss recorded on removal of the
volatiles at room temperature corresponded to the weight of
solvent and 0.0529g of volatile product (nitrogen). The
vessel was broken under dry-box conditions and the solubles
and insolubles isolated. The Raman and infra-red spectra

of the products were recorded.

Infra-red spectrum of the solubles (nujol mull): 1495m,
695vs,br, 395Vs em™ T,

Raman spectrum of the solubles (red line): wnmot obtained.

Infra-red spectrum of the insolubles (nujol mull): 695vs,br,
392Vs em™ L,

Raman spectrum of the insolubles (¥ed line): 152, 220, 243,
134, 472 om” .

Analyéis of the soluble product.

Found: S, 50.47; N, 1.65; As, 19.3%.

SleAngl2 requires: S, 51.48; N, 1.73; As, 18.57%.
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(iv) Reaction of Se42+(AsF6_)

with Cesium Azide (CsNz)

2

Se, " (AsF¢ ™), (0.8537g, 1.230 mmole) was
loaded into the sealable section of a pre-dried, vacuum tight,
pyrex vessel (figure 1. 2, page 14) and sealed. Cesium
azide (0.2250g, 1.286 mmole) was placed in the second bulb
and 80, (15.6314g) condensed into the vessel (approx. 50% of
the 80, in each bulb). The yellow Csl, solution was then
filtered on to the green selenium polycation solution. An
immediate reaction occurred forming a deeply coloured solution
and a brown precipitate. The reaction was agitated for 4h,
‘and then the solubles were filtered off leaving a tan coldured
insoluble residue. The solvent was slowly removed from the
solution yielding a black precipitate. On complete removal
of the solvent a weight loss corresponding to the weight of

solvent and 0.0364g of volatile product (nitrogen) was re-

corded.

The solubles (0.144%g) and insolubles
(0.8198g) were isolated under dry-box conditions and their
infra-red spectra recorded. |
Infra-red spectrum of the insolubles (nujol mull): 695vs,br,
392vs cm T, ;
Infra-red spectrum of the solubles (mujol mull): 720s(sh),
695vs, %95vs cm"l
Analysis of the insolubles.

]
/

"Found: N, 0.3%8%.
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(v) Reaction of Se 2+(ASF6-)2

8
WItH EE,N N,

Seg”* (AsFg "), (3.1009g, 3.071 mmole) was
loaded into a pre-dried, vacuum tight, pyrex vessel and
sealed off by a Rotoflo valve. Et)NC1 (O.5732g,»3.463nmm1e)
and NaN3 (0.3071g, 4.725 mmole) were placed in a sgcond seal-

able section and SO, (10.4834g) was condensed into both bulbs

2
(similar to §igure 1.2, page 14 Dbut with three bulbs, two of

3

solution was then filtered on to the deep green polycation

which are sealable). The resulting deep yellow Et4N+N

solution forming a red-brown solution and an insoluble black

precipitate. The reaction was stirred at room temperature

for 15h. and then the soluble product filtered off. The
solvent was then slowly evaporated off the solution leaving

a deep brown microcrystalline material (3.064g) and a black

insoluble product (0.289g).

Infra-red spectrum of the insolubles (Aujol mull): 1080w,
1015w em™ L.

Infra-red spectrum of the solubles (nujol mull): l400m,
1305m, 1180s, 1145w, 1072w, 1028s, 1000s, 93%0m, 789s,
720-670vs, 630s(sh), 580m, #452m, L00-380vs om T,

(The solubles contain an Et4N+X_ salt, identified from the

above infra-red spectrum).

(vi) Reaction of Te42+(AsF6‘")2 with Sodium Azide

Te42+(ASF6_)2 (1.2595g, 1.418 mmole) was
placed in a pre-dried, vacuum tight, pyrex vessel and sulphur
dioxide (11.4386g) condensed in. To this deep cherry red
solution was added anhydrous NaN3 (0.110%g, 1.697 mmole).

A rapid reaction occurred in which the cherry red col%;;ation

disappeared with the formation of a colourless solution and
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a black precipitate. The solubles were filtered off and
the precipitate washed several times with sulphur dioxide

to rémove all traces of the solubles. The solvent was then
slowly removed leaving a creamy-white "tar" which, when
pumped on under reduced pressure at room temperature, lost
sqlvent forming a white compound. ‘The vessel was separated
in the dry-box and the insolubles (0.8833g) isolated. On
scraping out the soluble product an explosion occurred which
was forceful enough to bréak the containing glass bulb.

The experiment was terminated.

The weight of the insolubles corresponds to 1.418 mmoles of

NaAsF6 and 3 x 1.418 mmoles of Te.

. S 2+ - i +
(vii) Reactloﬁ of Te, (ASF6 )2 with Et)N N3

Experiment 6.2.1(vi) was essentially repeated.

Te4,2J.r(ASF6~)g (3.7069g, 4.173% mmole) and Et4N+N " (4.300 mmoles)

3
(formed in sétu from Et4N+Cl-(O.7ll7g, i, %00 mmoles) and NaN

2
(0.3%388g, 5.212 mmoles) cf. experiment 5.2.1(v)) were reacted
together in 80, (10.2233%g). The cherry red oolo&;ation
rapidly disappeared with the formation of a colourless solution

and a black precipitate. The creamy-white solubles (1.622g)

and insolubles (2.775g) were isolated under dry-box conditions.

Analysis of the solubles:
Found: C, 23.7L H, 5.50; N, 3.65%
Et4N+AsF6_ requires: C, 30.1; H, 6.27; N, 4.39%
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6.2.2 Reaction of Group VI Polycations with
Tetrasulphur Tetranitride

. 2+ - .
(i) Reaction of Sg (AsF6 )2 with )N, (Ratio 2:1)

Sg°" (AsF;™), (0.6543g, 1.032 mmole) and
SyNy (0.0961g, 0.522 mmole) were placed in a pre-dried,
vacuum tight, pyrex vessel (figure 1.1, page 14 ) and arsenic
trifluoride (7.7088g) condensed on to the reactants. The
reaction was warmed to room temperature,rapidly forming a
red-brown solution. The system was agitated for 12h. at room
temperature during which time a yellow precipitate was formed
which floated on the surface of the solvent (indicative of
sulphur). The reaction mixture was filtered and the insol-
uble product washed with recondensed solvent to remove all
traces of the soluble product. The solvent was then slowly
evaporated from the system ylelding a red-orange micro-
crystalline product which, on close examination using a
microscope, was seen to be a yellow crystalline material

coated by a red amorphous material.

The solubles (0.927g) and insolubles (0.249g)

were isolated and their infra-red and Raman spectra recorded.

Infra-red spectrum of the insolubles (hujol mull): Only peaks
assignable to the mulling agent were observed.

Raman spectrum of the insolubles (sreen line): 152, 220,‘
U5, 434, 472 eml.

The mass spectrum of the insolublés gave a break down pattern
consistent with the species 88.

Infra-red spectrum of the solubles (nujol mull): 1498s,
695vs,br, 394vs em™

Raman spectrum (red line): no bands observed.
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. . 24 - L
(ii) Reaction of Sg (ASF6 )2 with S4N4(Rat10 1:2)

S82+(ASF6-)2 (0.99g, 1.56 mmole) was placed
in the sealabie section of a pre-dried, vacuum tight, pyrex
vessel (figure 1.2 , page 14 ) and SN, (0.60g, 3.26 mmole)
in the second bulb. S0, (8.36g) was condensed in (some into
each bulb) and the resulting deep blue polycation solution
filtered slowly into the S4N4 solution. An immediate re-
action occurred forming a'deep red solution and a finely
divided, pale coloured precipitate. All the polycation was
washed over on to the 84N4 solution and the reaction was
agitated at room temperature for 4h. The solubles were
filtered off and the insolubles were repeatedly washedbto
remove the soluble product. The solvent was then slowly
evaporated from the solution yielding an orange-red micro=-
crystalline precipitate..- The insoluble product (0.29g) and
soluble product (1.28g) were isolated and the Raman and infra-

red spectra recorded where applicable.

Infra-red spectrum of the solubles (nujol mull): 1329w,
1298w, 1280w, 1260w, 1215w, 1068w, 103%6m, 1018m, 995ms,

970vw, 928m, 865vs, 750m, 740s, 700vs,br, 594w, 578m,

569m(sh), 560w(sh), 525vw, 495m, 395vs cm .

Raman spectrum of the insolubles (Treen line): 152, 220,
243, 434, 472 om™ L,

(iii) Reaction between Sgs SN, and ASF5

8N, (0.206%g, 1.121 mmole) and sg (1.5830g,
6.184 mmole) were placed in a pre-dried, vacuum tight, pyrex
vessel (figure 1.1 , page 14 ) and S0, (5.7452g) and AsF5
(1.3357g, 7.857 mmole) condensed on to the reactants. The

reaction was slowly warmed to room temperature. At ca. -6OOC
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a reaction occﬁrred forming a deep blue solution which,

on warming further, went first green then deep red. The
reaction was stirred for 2h. at room temperature and then

the soluble products were filtered off, the pale yellow residue
being washed several times with recondensed solvent. Slow
evaporation of the solvent from the solution did not yield a
"crystalline material but a red amorphous mass which, when

at when

pumped on under reduced pressure, "foamed" (cf. 816
pumped on under reduced pressure). Recrystallisation of

 the product from a 1l:5 mixture of SO ClF:SO2 (by weight) did

2
not produce crystalline material.

Infra-red spectrum of the solubles (nujol mull): 1495m,
1020w, 695vs,br, 3O4vs cm L.

Raman spectrum of the solubles (fed line): no spectrum
observed. ’

Infra-red spectrum of the insolubles (vujol mull): Peaks
assignable to mulling agent only.

Raman spectrum of the insolubles (green line): 152, 220,

043, 434, 472 em T,

. : 2+ - . .
(iv) Reaction of Sey (AsF6 )2 with S,N) (Ratio 2:1)

2+<

Se, AsF6') (1.5800g, 2.277 mmole) and

2
S4N4 (0.2160g, 1.174 mmole) were loaded into a pre-dried,

vacuum tight, pyrex vessel (figure 1.1, page 14 ) and S0,
(9.1483%g) condensed on to the reactants. A rapid reaction
occurred in which a black precipitate was formed in a deep
green solution. The precipitate was washed,with the recon-
densed solvent, several times to remove all traces of the soluble
product. -The solvent was then slowly evaporated from the

solution leaving a small quantity of orange crystalline pro-

duct and a deep green mass (Se82+(AsF6—)2).
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Infra-red spectrum of the orange crystalline product (nujol

mull): 1035w, 995vw, 928w, 860m, 740m(sh), 700vs,

580vw, 500w, 400s em™ Y.  (cf. experiment 3.2.%(1i1), .

- page 122 ).

Infra-red spectrum of the insolubles (nujol mull): 998m, 954s,

715vs, 690s, 665s, 620s, 580w, 547Tm, 398vs, 354m cm T,

(

. 2 - . L
(v) Reaction of Sey~" (AsFg )2 with SN, (Ratio 1:2)

Se42+(AsF6_)2 (2.0689g, 2.982 mmole) and
84N4}(l.1546g, 6.275 mmole) were loaded into a pre-dried,
vacuum tight, pyrex vessel (f&gure 1. 1, page 14 ) and sulphur
dioxide (8.9%21g) condensed in. On warming to room temperature
a rapid reaction occurred with the formation of a deep red
solution and the deposition of a purplish precipitate. The
reaction was stirred for 24h. and then the solubles were
filtered off, the residue being washed several times to remove
all traces of the solubles. The solvent was then slowly
evaporated off from the solution yielding a deep orange

crystalline material (0.843g).

The soluble and insoluble products (1.273g)
were isolated under dry-box conditions and their vibrational

spectra and analyses recorded.

Infra-red spectrum of the soluble product (nujol mull): 1036m,
995w, 927w, 864§s,br, 748m(sh), 738s, 700vs, 580m, 550w,
500m, 470w, 397vs, 380s cm"1 (cf. experiment 3.2.3(iii),

page 122),

Raman spectrum of the solubles (red line): 1036w, 680m, 620m,

572w, 5l4vw, 372w, 350m, 268s, 242w, 222m, 182s, 162m,

62vs cm T,
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Infra-red spectrum of the insolubles (nujol mull): 996m,

952s, 924m, 610w, 688s, 670m(sh), 664s, 630w(sh), 620s,
550m, 404s(sh), 395vs em™ L.

Analysis of the insolubles:

Found: 8, 11.27; N, 6.44, Se, 43.9%.

Mass spectrum of the solubles (m/e,(abundance) assignment ).
151(100) AsF) 5 132(19) AsF, , 113(27) AsF, ; 94(13) AsF ;

92(75)8,N, 5 78(10) SN ; 65(26) NSF ; 46(44) NS .

Mass spectrum of the insolubles (m/e (abundance) assignment ):

158(8) S,Nse%0 5 156(4) S,NSe’S i 151(11) AsP, ; 138(25)

83N3 3 132(5) AsF3 3 113(6) AsF, ; 94(9) AsPF ; 92(100)
SN, 5 80(4) 560 5 78(9) s M.8e™® 5 64(21) s

48(11) S0 ; 46(82) NS; 32(12) 8; 28(67) N,

2,802 5

A diagrammatic representation of the above mass spéetra are

given in figure 6.6(a) and (b) respectively, pages 305, 306.

2+
(

(vi) Reaction of Te, AsF6_)2 with SyN, (Ratio 1:2)

Te42+(AsF6_)2 (0.8615g, 0.970 mmole) was
placed in the sealable section of a pre-dried, vacuum tight,
pyrex vessel (figure 1. 2, page 14 ) and sealed off with the
Rotoflo valve. SAN4'(O.3592g, 1.952 mmole) waé placed in the
second bulb and S0, (14.6439g) condensed in (approx. 75% on to

2+
the Te4_

and 25% on to the S4N4). The deep cherry red
SOlution of the polycation was then filtered on to thé S4N4
solution.  An immediate reaction occurred fofmihg a black
precipitate in a deep orange solution. The tellurium poly-
cation was completely dissolved and filtered over onto the
84N4 solution. The reaction was then agitated for 4h.. at
"room temperature without any obvious signs of further re-

action. The deep orange solution was then filtered off and

the black precipitate washed with recondensed solvent. The
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solvent was then slowly evaporated from the solution (using
a 2%¢ temperature gradieht across the vessel) yielding a

bright orange crystalline material.

Infra-red spectrum of the insolubles (Wujol muil): Only
peaks assignable to the mulling agent wefe observed.

Infra-red spectrum of the solubles (rujol mull): 1329w,
1200vs, 1155w, 1068w, 1035s(sh), 1025s, 1010s, 948s,
935s, 838m, T05vs, 772s(sh), 582s, 532vw, 522vw(sh),
494m, 482m, 398vs, 375w, 368w, 332w, om™t

Analysis of the solubles:

Found: S, 26.7; N, 9.71, Te, 23.3%; As, 15.05%.

Te,SgNgAs,Fi, requires: §, 25.57; N, 11.18; Te, 25.48;
As, 14,98%.

Te288N7A82F12 requires: 8, 25.93; N, 9.94; Te, 25.85;
As, 15.19%.

Te Sy N AsF. requires: S, 26.313 N, 8.6%; Te, 26.22;

>
As, 15.41%.

Mass spectrum of the soluble product (m/e(ébundance)

assignment ): |

132(15) AsF 113(16) AsF, 5 94(4) AsF ; 92(33) S

5 3 olNos
78(5) NS, 5 76(2) CS, 3 64(100) 8, 3 63(13) CSF ;

48(33) S0 ; 47(3) NSH.; 46(26) NS ; 44(3) CcS .

A diagrammatic representation of the above mass spectrum

is given in figure 6.6c, page 307.
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FORMATION OF GROUP VI - NITROGEN CATIONS:. FROM

GROUP VI POLYCATIONS AND NITROGEN CONTAINING MOIETIES

6.3 Discussion

6.3.1- The Reactions of Group VI Polycations with Azides

The use of azide intermediates as a route to
main group - nitrogen heterocycles 1s well documented
(equation 6.3.1(a-f)).

59,60

Boron-Nitrogen Heterocycles

Ph__ N, [Pa_ y e
B-N-Nz=N-—=2-3| B - N——YPhB-NPh .3,
ph”” 2007C “ {pp~ 3 .03

Silicon-Nitrogen Heterocycles61

Ph581 -N-N:=N— [PhQS} - N - Ph] + N,

. X -
Ph,51 — N.Ph | (6.3
|
Ph.N — SiPh2
. Phosphorus~Nitrogen Heterocycles52’63
: J 1 P '
R PCL + Ry “SilNy — /3 (RyPN)5 + Ry 81C1 (6.3
R = Me,0% pn®2:67
Sulphur-Nitrogen Heterocycles64_66 /
282012 + 4MN3 —_— 84N4 + 4MC1l + 4N2 , (6.3.
., 64 65 ’
(M = L1, AL(Ny)57).
o ,
PhS(0)CL + NaN, —— PhS(0)N ~ocC , (Pn(0)SN), (vef.66)
: : (6.3.
S,N5CL + MN3 ———— SN, + N, + MC (ref.65) 6.3.

Hence by analogy with work done by Passmore and

Sutherland, in which they have isolated a range of compounds

24+

from the reactions of’S8 with halides and pseudéhalides

la)

.1b)

le)

14)

le)

1f)
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2+ with N3— was investigated. It

(CNS™) the reaction of Sg
ink
was suggested that anu;ihediate of the form §3N3+ may exist

which,on thermal decomposition,would yield a sulphur-nitrogen

cation of the form SXN+ (x = 1-7).

6.%.1(1) Reaction of Sulphur Polycations with Azides

2+

The reactions of Sg (AsF6') with both NaN

2
and Cij, using sulphur dioxide and arsenic trifluoride as

3

solvents, were studied. ’All the reactions proceeded in the
same manner,formiﬁg deep red solutions which,on evaporation
of the solvent deposited an orange-red material which "foamed"
on pumping under reduced pressure. The foaming of the pro-
duct is very reminiscent of the effect that pumping at reduced

pressure has on Sl6g+(AsF6-)2.67 Therefore it is thought

likely that some 5162+(AsF6')2 is formed as a by-product in

fhe reaction. The reaction was found to produce measurable
quantities of nitrogen but a quantitative meésure of nitrogen,
from the weight loss on its removal, was not accurate enough
to determine whether one mole of azide evolved one mole or
3/2 moles of nitrogen. The Raman spectrum of the insoluble
product was consistent with that of sulphur, the infra-red

spectrum indicating only the presence Na+AsF6_.

The analysis of the soluble prodﬁct from the

reaction of 882+(ASF6-) with cesium azide in sulphur dioxide

2
indicates that a compound or mixture of the overall formul-

ation S, NAs.F is produced. From this analytical result

15 212
and the assumption that Sl6g+(AsF6—)2 is present in the sol-

uble product, it is suggested that the solubles are a mixture

+ - ' 2+ -
of SN (AsF6 )2 and 8¢ (AsF6 )2. The presence of

-8162+(ASF6")2 can be readily explained by the reaction of

Sg (formed in the initial reaction of 882+

with azide
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(equation 6.3%.1lg)) with 882+(ASF6_)2 (equation 6.3%.1lh).

sg° T (AsFgT), + Cs™N,T ———> CshsF +[S8N+AsF6']+ N,
(6.3.1g)
+ - X
S N'ASF " + 1-%/8 sg
882+(AsF6') + 8g — 8162+(AsF6')2 (6.3.1h)

The presence of the Sl62+ polycation in

the product indicates that either the azide anion does not

react with 8162+ or that the azide becomes deactivated during

the reaction thus changing the apparent reaction ratio. The
latter explanation is most likely to be correct because the
solubility of both sodium azide and hexafluoroarsenate.is.
low in sulphur dioxide and thus coating of the azide, by the

virtually insoluble hexafluoroarsenate salt, inhibits further

reaction. Consequently the S82+(ASF6-)2 reacts with the

sulphur by-product (equation 6.3.1lg), producing the observed
2+ -

In an attempt to ovércome the problem of the
azide being coated, an azide of higher solubility (in 80, or

AsF.) was employed (CSNB). It was, however, found that the

3)
solubility of cesium azide in 802 was not significantly better

fthan that of sodium azide, and the same products were obtained

(i.e. Sg> M+AsF6', 8162+(ASF6-)2 and SXN+ASF6_).

The nature of the species SXN+ASF6— was

elucidated from its infra-red spectrum (1498s, 695vs,br,
1). The infra-red spectrum of the cation 1s very

by

394vs em

simple consisting of only one observed band (1498 cm™™), the

other two observed bands being due to ASF6—(v3: 700 cm—l, vyt
68

400 cm_l) Comparison of the observed S-N stretching fre-

gquency with those of other sulphur-nitrogen cations in the
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literature (table 6.4) indicates that the compound is not

the ASF6- salt of a previously synthesised cation.

TABLE 6.4 The Infra-red active stretching modes for
some Sulphur-Nitrogen multiple bonds

Specles S-N Stretching frequency Reference
(em™t)
N SF 1515 69
N L1447 (8bFs salt) (¢
N3 - F 1372 69
ClN = SF2 1204 71

As noted in #able 6.4 the species has a
stretching frequency higher than that recorded for NS+ and
only slightly lower than that of NSF3. However, due to
the preparative route,the formation of a sulphur-nitrogen
cation containing SVM'is highly unlikely.

Comparison of the stretching frequencies of

the species No™* (2220 cm—l)68 -1)68

with No,* (vg: 2360 om
—1)68

2

and CO(2143 cm with CO, (2349 Cm_l)68 indicates that

the formation of a linear triatomic molecule (XYQ) increases
the observed stretching frequency by up to ca. 10% relative
to the diatomic (XY). Hence it was suggested that the most
probable structure for the speciles SXN+ baséd on vibrational
frequercy data, is SéN+, a linear triatomic, isocelectronic and

isostructural to CSQ.

A linear triatomic of the form XY2 has three

normal modes of vibration (figure 6.7).
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Figure 6.7 Normal modes of vibration of a linear triatomic(XYg)

¢ Y X Y 2 vy
Y X Y v, (doubly degenerate)
J ¢

< Y X Y Y v3

*(There are an infinite number of vibrations of the type v. which

2
differ only in their directions perpendicular to the molecular

axis. Any of these vibrations can be resolved into two

mutually perpendicular base vibrations V2a and v2b‘ Thus

the v, mode in a linear triatomic is said to be "doubly

degenerate').

The 21 mode in the species XY2 is infra-red
inactive, there being no net change in dipole moment, but
and v, are infra-red active

2 5

and hence, as a consequence of the mutual exclusion principle,

is Raman active. The modes v

are not Raman active. . By comparison with the bands in CSQ,
'the band observed in the infra-red spectrum of SXN+ at 1498 cm”
is probably comparable with the \)3 band in CSQ<1) (1510 cm_l).
Hence the Vo band in SXN+ would be expected to occur at |

slightly lower frequencies than that in 082 (397 cm“l),68

probably in the region of 370-390 cm—l.

The identity and the structure of the s "
cation was subsequently clarified by comparison of the
vibrational spectrum of the above species with that reported
by Faggiani et a1 for the cation 82N+ (figure 6.8 and
table 6.5).

*

1
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Figure 6.8 Structure of the S.N' cation [

2

lattice modes

67s

TABLE 6.5 Vibrational Spectrum of the Species S,N'ShClg .
Infra-red Infra-red Raman Assignment of
Spectrum Spectrum Spectrum the band
+ -1 + ~1 + -1
SN (ecm ™) S,N (em ™) SN (em ™)
+
1498s 1498m vj 82N
+
766m 2V, 8N
+
688m vy SN
+
37 4m Vs 82N
355vs V1 SbCl6
3208 v3 SbCl6
293w ) ol -
v, SbC
283w 2 6
180m )

) -
175m g v5 SbCl6
167vw )
778vs )

)

)

Hence it is concluded that the reaction between

882+ and NB- (molar ratio 1l:1) yields the linear triatomic

+ - 2+ -
S,NTASF and S;¢ (AsF6 )2. (The latter compound prevents

the Raman spectrum of the former being recorded).
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The apparent stability of the 82N+ cation
implies that it is highly unlikely that intermediates of
the form SXN+ASF6"V(X = 3-7) will be isolated from the re-
action of 882+ with azide. If however intermediate cyclic
species are to be isolated then it is believed essential that
the réaction be between solutions of azide and polycation
thus avoiding the coating problems associated with less

soluble azides.

6.3.1(ii) Reaction of Selenium and Tellurium
Polycations with Azides.

By analogy with the reactions of 382+ with

azides, in which S Nt was formed, it was proposed that the

2

species Se2N+ and Te N+ may be synthesised by reaction of

2
the appropriate polycation with an azide.

The reactions of Se42+(AsF6")2 (experiment

6.2.1(iv), page 277, Se82+(AsF6")2 (experiment 6.2.1(v),
page 278 and Te42+(AsF6_)2 (experiment 6.2.1(vi), page 279 )
with azides were, therefore investigated. In all cases re-
action occurred with the evolution of nitrogen and a notice-
able change in colour of the solution. The reactions of
selenium polycations with azides produced deep brown solutions
and brown precipitates. Due to the infra-red spectrum of
the solubles possessing only bands assignable tTo the mulling

68 it is suggested that the soluble product

2+

agent and ASF6",

is likely to be a higher selenium polycation (e.g. ey,

- 2+ ~ . . o 2+ -
(ASF6 )2 cf. 8¢ (ASF6 )2 in the reactions of Sg (ASF6 )2

with azides). The insoluble tan-brown precipitate also
gives essentially no infra-red spectrum. Analysis of the

insoluble product from the reaction of CsN, with Se42+(AsF6‘)2

5

indicates that the compound, to all intents and purposes,
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does not contain nitrogen. (Analysis of insoluble product
CSNB/Se42+(AsF6")2: N, 0.38%). It is, therefore, concluded
from the above evidence that the reaction between selenium
polycations and azides produces two ionic compounds neither
of which contain nitrogen and must therefore be homoatomic

selenium polycations with the AsF6m anion.

The réaotions of tellurium polycations
(Te42+(AsF6m)2) with azides are very rapid, quickly de-
colouring the cherry red Te42+ solutions yielding colourless
solutions with a black precipitate (elemental telluriumj.
The product is highly soluble in sulphur dioxide and has a
great affinity for the solvent, forming creamy-white oils or
tars, from which it is very diffioult fo remove the remaining
suiphur dioxide. It was noted that the creamy-white product
fends to explode with friction. Hence although there is no
firm evidence for the formation of a tellurium nitrogen cation,
in the reaction of Te,”' (AsF,™), with azide it is strongly
suspected,from the weights of residual elemental tellurium,
the affinity for sulphur dioxide, the colour of the compound

and the tendency to explode with frictidn, that a species of

the form (TeN+)X has been produced.

Investigations into the reactions of selenium
and tellurium polycations with azides are being undertaken, at
the present time, by Maclean and Passmore at the University of

New Brunswick.

6.3.2 The Reactions of Group VI Polycations
with Tetrasulphur Tetranitride

(i) The Reactions of 382+(AsF6“)2

with Tetrasulphur Tetranitride

Tn the reaction of s8g+(AsF6“) with tetra-

2
sulphur tetranitride (ratio 2:1) (experiment 6.2.2(i), page 275)
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\

both the soluble and insoluble products are readily identified

from their vibrational spectra as Sg (insoluble) and 82N+ASF6_

(soluble product).7l

2+(

There is also evidence fqr the formation
of Sl6 ASF6“)2,from the foaming of the soluble product when

pumped on under reduced pressure.

In the reaction of Sg°"(AsF.™), with tetrasulphur
tetranitride (ratio 1:2) (experiment 6.2.2(ii), page275 )
the reaction appears to proceed in the same way as that of
the 2:1 reaction, forming a deep red solution and a pale yellow
insoluble material. The pale yellow insoluble material is
identified from its Raman spectrum as S8° The soluble pro-
duct is not however 3 N+, The infra-red spectrum of the

2

soluble product has major peaks and 865, 740, 700 and %95 em™t,

From this evidence it is readily concluded that an ionic
species is present in the solubles containing the AsF6"€§uon
('700, 395 cm’l). Comparison of the rest of the spectrum,
particularly the 865 em™ 1 band, with other recorded infra-

red spectra of sulphur-nitrogen cations leads to the conclusion
that the compound produced in the reaction of 882+(ASF6ﬂ>2
with S)N) (ratio 1:2), is identical to that formed in the
reaction of Fe with S,N,Cl,, using SO, as a solvent (8, Ng*")

52
(Chapter Three, experiment %.2.3%(iii), page 122).

Hence overall equations for the reactions of

2+ -\ s - Cas
Sg (ASF6 )2 with SN, can be written (equations 6.%.2(a,b)
Ratio 2:1
24 - e
Sg7 " (AsPg™), + % 8N, —m—d 28 N ASE T 4 6/g Sq (6.3.2(a))
Ratio 1:2

s82+(AsF6")2'+ 28N, ——— (leN82+)(AsF6‘")2 + 6/ sg (6.3.2(b))
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(i1) The Reactions of Selenium Polycations
with Tetrasulphur Tetranitride

Tt has been found that the reaction of

S82+(ASF6")2 with tetrasulphur tetranitride in a ratio of

2:1 yields the cation S N' and that in a ratio of 1:2 the

2
species postulated to be (SlON82+)(AsF6m)2 is formed. Hence
by analogy with the reactions of 382+(ASF6m)2 with § Ny, the
reactions of Se42+(AsF6m)2 with §)N), were investigated with

a view to preparing the previously unsynthesised SeNS+ASPé"

salt and the selenium substituted analogue of (SlON82+)(AsF6“)20
The reactions of Se42+(AsF6w)2 with S,N, were therefore invest-

igated using a molar ratio of 1:2 and 2:1 (experiments

6.2.2(iv,v), pages 277,278).

It was found that the insoluble products
in both the 2:1 and 1l:2 reactions gave the same infra-red
spectrum whereas the soluble products were not identical.
The soluble praduct from the 2:1 reaction was identified as
being mainly Se82+(AsF6—)2 but a few orange crystals were
isolated which gave the same infra-red spectrum as the soluble
component of the 1:2 reaction. The infra-red spectrum of
the solubles formed in the 1:2 reaction was oompared with
infra-red spectra of known sulphur-nitrogen species and was
found to be identical to that recorded for the cation SloNg'2+
FProm the analytical data obtained on the soluble product and
the léck of any significant shifting in the infra-red bands,
it 1s concluded that the soluble product, fromuﬁhe reactioh

of Se42+(AsF6") with S,N (in a molar ratio of 1:2) is

2
(SlON82+)(ASF6m)2,with a low percentage of a selenium sub-

stituted analogue.
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The insoluble products of both the 2:1 and
1:2 reaction gave an infra-red spectrum congistent with the
product being ionic and probably containing a selenium anal-
ogue of a cyeclic sulphur-nitrogen cation. It was, therefore,
surprising that the salt was not soluble to some extent in
sulphur dioxide,as 1t has been found throughout this thesis
that, in general, all sulphur-nitrogen salts, with the ex-

ception of SENQCl, dissolve readily in sulphur dioxide.

The ooloﬁr of the compound is also noted,
as virtually all sulphur-nitrogen salts are red, orange or
yellow. The main exception to the above statement is SBNQCl
which is green-black. Hence from purely physical evidence
it would appear reasonable to suggest that the salt isolated
in the insolubles could be an analogue of the (S3N2+)2 system.
The infra-red spectrum of the insoluble product was compared

with that of 83N201,72 and the recently reported species
(SSe2N2+)2(X")2 (X = C1, Br)'®, (table 6.6).

It is observed that the antisymmetric S-N
stretching frequencies, occurring in the 900-1000 cm“l region
of the spectrum,are very similar in 53N201s SSe2N201 and the
product. Two strong bands occur in this region which move
to higher wave numbers in the order SBNgCl lower than S8e,N,Cl

lower than the insoluble product. The splitting in the two

‘main bands in the 900-1000 em™ T region is also noted to in-

crease in the same order as observed above, being greatest

for the insoluble product (splitting of 44 om“l)° It is

suggested that the effects noted in the infra-red spectra
when comparing SBNQCl with SSegNQCl would be amplified when
comparing S,N.Cl with SSe2N2+ASF6". The ASF6N anion is

32
likely to interact much less strongly with the cation than
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TABLE 6.6 Comparison of the Infra-red Spectra of SBNQCl;SSe

and _that of the insoluble product from the

72
2NCl

reactions of Se42+(AsF6"%2with Sy,
84,01 (em™1) S8e N,C1 (em™)  Insoluble Product (cm™ 1)
964s 972s 998m
9ldvs Ohls 95hs
745w 801w
716s(sh) ‘ TQOs(sh)‘
708vs 720w 7lOvs,br‘(AsF6")6“
699s(sh) 690s
| 655s
617vs 617s
583s 588m 548m
569w
456w 472w
%98vs (AsF6")“
356vs 354s

the chloride anion and will therefore increase the effective
positive charge on the ring, hence tending to move the ob-

served antisymmetric ring modes to higher wave numbers. The
effect of lowering the degree of anion-cation interaotion\is

also likely to cause. a greater splitting in the observed bands.

1 1
)0

(SSe N,Cl splitting 31 em —, product splitting 44 cm™

2
Hence by comparison of the bands occurring in the region

900~1000 em™ T it appears that the product could be the ASF6"

salt of SSe2N2+. However on examination of the infra-red

spectrum of the product in the region 650-750 cm”l it 1s noted
that a large number of strong bands are observed, the main one

- ¢8
of which (710 cm™') is assignable to the AsFg™ anion. The



293

bands occurring between 650 and 750 cmml are not thought

to be due to Se-N vibrations as the major bands in Se4N4

=173

occur below 580 cm -, Comparison of this area of the
spectrum with that of SBNéCl shows up certain similarities.
However the bands observed below 700 cmml‘occur at notice-

ably lower wave numbers than those in SBNECl’ the band at

617 cm"l being similar to that observed in SSegNQCI. Hence

from spectroscopic evidence it would seem likely that the

22
The latter species could explain the number of bands ob-
1

. . - 4 { < + -ly.. -
product is either (SSegNg)2 (ASE6 )2 or (8Se N )(83N2 ) (AsFg )2.
served in the region 650-750 em ~ and their similarity to
those observed in the spectrum of 83N201.

The analytical data on the insoluble species,
although not giving an exact stoichiometry of the compound,
indicatesa sulphur:nitrogen ratio of 3:4. Hence as there
are very few cationic species in which the ratio of sulphur:
nitrogen is less than 1:1 (S4N5+)74,it is thought likely that
gselenium is substituted into the ring in place of sulphur,

therefore giving a fGroup VI to nitrogen ratio of greater

than or equal to 1l:1.

From the physical properties, infra-red
spectrum and analytical data of the insoluble compound it
is suggested that a gelenium analogue of SjNQCl has been
produced. The exact nature of the compound is not known,
as a pure sample has not been isolated and thus without
accurate analytical data no firm conclusion as to the struct-
ure of the préduct is drawn. However it is thought that
the two most likely structures for the product are (SSe2N2+)
(AsF6')2 and (SSegN2+)(SEN2+)(AsF6")2 both of which will

probably adopt a similar structure to (53N2+)2(AsF6“)2,75
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iy o . 24 -
(iii) The Reaction of Tey, (ASF6 22w1th SyN),

(Ratio 1:2) (experiment 6.2.2(vi), page 279 )

By analogy with the reactions of Se42+(ASF6_)2
with §)N) it was postulated that a tellurium analogue of

SjN2+ may be synthesised by the reaction of T842+(ASF6~)2

On reacting together Te42+(AsF6ﬁ)é and
SyNy in a ratio of 1:2 a rapid reaction occurred forming
an orange-red solution and a black'preoipitéte, Investigation
of the solubles and insolubles revealed that the insolubleé
consisted of only elemental tellurium and sulphur. The
infra-red spectrum of the soluble species was compared with
the spectra of known sulphur-nitrogen specieg but was found
to be significantly different. A series of spectra were
run on different parts of the sample to discover whether the
product was a mixture or not. It was noted that significant
changes in the intensity of some bands occurred with differing

spectra thus implying that the product was indeed a mixture.

N
The band at 1338 em™ ' was noted to vary,intensity from spectrum

to spectrum. A band at 1338 em™ L i generally regarded as
being high for a sulphur-nitrogen system (except for NS+,

82N+ and NSF) but the band could be in approximately the

correct pogition for TeSN+, If the difference in the

position of the v, bands in €S, (V5 = 1510 e )08 ana 82N+

(V5 = 1498 cm"l)71 is used as the basis on which to deduce
the Vv, band position of TesN', from the v, band in TesC
(v = 1347 em™ )76,

then a shift to lower wave numbers, of

ca. 10-15 em L is expected. Therefore the V., band in Tesn’

)
is postulated as occurring between 1337 and 1332 cm_l (¢ f.
observed band 1338 cm“l)

°
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The majority of the other bands in the |
observed infra-~red spectrum occur between 450 and 1250 cm-l.
It is 1likely that these bands are assignable to S~-N modes
as Te-N and Te-S Stretching vibrations will probably occur

at wavenumbers lower than 450 cm™L. The main peak of

interest, in the above region of the spectrum, is the 1200 cm-l
band, which is very strong. The position of this band is
similar to, but slightly higher than that observed in

C1N=SF, (1176 cm“l)77, ﬁence it is concluded that the
structure of one compound in the product possesses a sulphur-
nitrogen grouping with a high bond order. The remainder of
the spectrum between 450 and 1050 cm”l is similar to the
spectrum expected for a cyclic sﬁlphur-nitrogen cation.
The analysis of the solubles although indicating that the
overall stoichiometry is either TesquAsF6 or Te288N8A52F12
does not help significantly in deducing the nature of then
species present in the mixture. The experiment is regarded
as an initial investigative reéotion. The above results

will hopefully be followed up either at the University of

Durham (England) or at the University of New Brunswick (Canada).

6.%.% SUGGESTED MECHANISM BY WHICH GROUP VI POLYCATIONS

REACT WITH TETRASULPHUR TETRANITRIDE

. 24 - . .
In the reactions of Se, (AsF6 )2 with S,N) (ratio

2:1 and 1:2) and S82+(ASF6_)2 with S)N, (ratio 1:2) the

primary intermediate species, around which all the products

appear to be buillt, is the X5N2+ unit (X = 8 and/or Se).

The isolation of a product suspected of containing the

+ . . 2+ - . o aa v
Se28N2 cation (insolubles Sey, (ASF6 )2/54N4), indicates
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that the polycation probably attacks the S4N4 cage across
the nitrogens, producing the SSe2N2+ which dimerises yilelding
2+ - 2+ - .
(828e4N4 )(ASF6 )2. In the Sey (ASF6 )2/S4N4 (ratio 1:2)
reaction the soluble product was identified as basically
(leN82+)(AsF6‘)2 with a low selenium substitution, i.e.

' 2+ -~ . . .
(SBN2-84N4-Se28N2) (ASF6 )2. As mentioned briefly in
Chapter Three (page 141) it is believed that 83N2+ units will
add to S4N4 more readily than SSe2N2+ units, as in the former
case a sulphur~sulphur inter-ring linkage is formed which is
likely to be stronger, and therefore more thermodynamically
favoured than the sulphur—selenium linkage if SSe2N2+ bonds
to the 84N4 ring. Hence an overall mechanism can be suggested
to explain the Se 2+(ASF “),/S,N, (ratio 1:2) reaction

4 6 2/ P47
(equation 6.3.2(c)).

Equation 6.3.2(c)

2+ - + - + -
28e4 (AsF6 )2 + 284N4 —3 28628N2 AsF6 + 28 N2 AsF6 + U4Se

3
|
kfiggrises Saﬁq
(Se) SN, %) (AsFg™),, (5, 0Ng° ") (AsF.7),,

If the above mechanism i1s correct then the insoluble
product isolated from the Se42+(AsF6n)2/S4N4 (ratio 2:1) must
be (Se4SQN42+) (AsF6")2. It was noted in the reaction of
Se42+(AsF6—)2/S4N4 (ratio 1:2) (€@xperiment 6.2.2(iv), page 277)
that the Se42+(AsF6') was in exoess«for the observed reaction.
It is therefore suggested that the reaction stoichiometry
to produce the proposed (Se4sgN42+)(AsF6“)2 salt is in fact
1:1. Hence it is proposed that the Se42+(AsF6")2/SaN4 re-
action (ratio 1:1) proceeds via a transition state in which
”Se4" ring interacts with all four nitrogens‘of the S4N4 unit,

2+ 78

which adopts a similar configuration to that in S4N4
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The transition state then dissociates into two SSe2N2+

+) the

units which dimerise yielding (S,Se,N,"")(AsFy”)

2’
observed product, and 2/g Sg (gquation 6.3.2(d)).

(6;&2(d))

Hence from a mechanistic point of view it is concluded
that the insoluble product in the reactions of Se42+(AsF6_)2
with S)N) (ratios 1:2 and 2:1) is (SESeqNA?f)(ASF6_)2.

The mechanism by which S8?+(ASF6_)2 reacts with SN,
(ratio 1:2) is almost certainly Vié the attack of the poly-
cation on the nitrogens of the S4N4‘unit, with the formation
of two 83N2+ units which subsequently attack an 84N4 unit
producing (SlON82+)(AsF6-)2, the observediproductv(cf. the
proposed mechanism for the Se42+(AsF6_)2/S4N4 reaction

(ratio 1:2) equation 6.3.2(c))

In the reaction of S82+(ASF6_) with S4N4(ratio 2:1)

2
the 82N+ cation is produced. There is a possibility of at i |

least two mechanisms by which 82N+ASF6— could be formed.
The_first assumes that the initial reaction‘of SNy with
xS82+(AsF6_)2 produces two SEN2+ units and elemental-sulphur; |

Subsequent reaction of SBN2+ with 582+(ASF6-)2 then yields '

two S.NT units and 5162+(AsF6'>2. The 8162+(ASF6_) then

2 2
attacks the S4N4 forming two SBN2+ units and the cycle 1s

continued. The second possibility is that in the initial

attack of S82+(ASF6—%20n the S,N, cage, two 82N+ cations

are produced along with an 82N2 unit and elemental sulphur.
The S,N, unit then reacts further with the Sg~ T (AsF,")
forming 82N+ units and elemental sulphur.

2
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The latter mechanism appears the most feasible as the

former invokes the attack of a doubly charged cation on an

85N2+ ring whereas in the latter case S82+(ASF6-)2 is postu-

lated to attack only neutral entities (i.e. SQNQ). It is
also suggested that the»S2N+ cation is thermodynamically
highly favoured due to the delocalised linear configuration
and thus, asbseen from the reactions of azides with 882+(ASF6_)
and NS'SbClg”™ with Sg(experiment 5.2.4(3i1), page 240), the
species 1s very readily produced. Hence it would seem

likely that the s82+(AsF6‘) /S4N4 intermediate would dis-

N+ units.

socilate forming the thermodynamically favoured 82

6.4 Conclusion

The reactions of Group VI polycations with azides and
tetrasulphur tetranitride provide useful inroads into the
previously little explored area of homo-8roup VI-nitrogen

and hetero-Group VI-nitrogen cation chemistry.

78

The 82N+ catlon as synthesised by Gillespie is not
a viable synthetic_reagent due to the difficulty of préparing
the starting materials and also what are suspected to be

rather poor yieldsof the product. However as an extension

(N

to the work described in this thesis, Maclean and Passmore
reacted sulphur with tetrasulphur tetranitridé and arsenic
pentafluoride (in the correct stoichoimetry) in the presence
of catalytic quantities of bromine and isolated quantitative

yields of S N+AsF6° (cf. experiment 6.2.2(iii), page 276 ).

2

Hence using 88/84N4/ASF5/Br2 as the synthetic route to
SR 82N+ is a viable and potentially useful sulphur-
nitrogen reactant. Maclean79 has prepared the N(SCl)2+ASF6~

and N(SBP)2+ASF6" salts by the reaction of 82N+AsF6" with

2,,
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the respective halogens and is presently investigating

the reactions of S N+ASF6- further.

2

From the reactions of 882+(AsF6_%2and Se42+(AsF6_ with

)2

+)(AsF6_)2‘has been pro-

. . 2
SNy, (ratio 1:2), the salt (SlONB
duced. The formation of this salt via the above routes
provides conclusive evidence that the compound that analysed

as 85N4Fe014 (experiment 3.2.3%c(iii), page 122) is an ionic
2+ - '
) (),

and thus from work in this Chapter and that in Chapter Three,

species. The salt (SlONS has not been reported

two completely independent synthetic routes have been found

to this postulated multi-cyclic system.

The reactions of Se42+(AsF6— with S)N) (ratio 1:2 and

)2
2:1) produced the same insoluble product which is postulated

2+

to be (SQSe4N4)(AsF6 ) The AsFg~ salt of the S,8e)N,

2.
cation can not be synthesised by the route described by

112

Wolmershauser ¢t a and thus the reactions of selenium

polycations with S4N4 provide a useful route to the Se482N42+ |
salts with anions such as AsFg , SbFg , SbClg  and AICL, .

The potential of these salts could be great in the field of
modified sulphur-nitrogen polymers. If the SSe2N2+ cation

is reduced, as in Chapter Three (cf. reductions of the S3N2+
cation) mixed sulphur selenium nitrides of the form X)N, and/
or XN, (X = 8 and or Se) could be formed. The cracking of
the X)N, species on silver metal (cf. SyNy, splittingSO) may

well yield (XN)X, a selenium doped sulphur-nitrogen polymer.

Gillespie isalso believed to be working on the reactions

of selenium polycations with tetrasulphur tetranitride and

is thought to have isolated (Se482N42+)(ASF6—)281
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Although the reactions of Te42+(AsF6")2 with azides
and tetrasulphur}tetranitride did not yield products that
were easlily characterised, it is believed from these initial
iﬁvestigative reactions that tellurium-nitrogen and tellurium-
sulphur-nitrogen cations should be isolatable. Maclean
(University of New Brunswick) is, at present, investigating
the Te42+/N3- reaction and has isoiated crystals for X-ray

structure determination.
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. %2z : 39 139.85 %.67
e ; 0% 185,87 6.26
3 48 217.92 2.09
NS : 50 221.87 2,28
; 52 313.72 1.39
§
2
g
! 5
8 |
§
g -
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APPENDIX A

STANDARD INFRA-RED AND RAMAN SPECTRA

TABLE 1 Sulphur-Nitrogen Speéies
S/N Species ﬁeference
S5l 1
S4N4 . 2
SN, 3
84N2 4
SBN3013 5
83N201+ 1
83N2+ 6
N(sCL)," | 7
ClNSF2 8
NSCL 9
NSF 10
Ns* 11

515



TABLE 2 Sulphur-Halogen Species
Sulphur-Halogen Species Reference
SCl2 12
82012 13
80012 14
802012 14
SF4 15

1
SFBC 16
SF6 17
SOF2 18
SOF4 19
802F2 20
SOQClF 21

TABLE 3 Other Species Referenced in the Text
Species Reference

C1lF 22
012 23
24

BCl5
S 26

AsF3
SO 27

314
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Photographic representations of various infra—red spectra referenced. in this thesis
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APPENDIX B

THERMODYNAMIC DATA RELEVANT TO THIS THESIS

e} 1

AH, (8,N,) = +536 kJ mol (ref.1)
AHzﬁ%(SAN4) - + 89 kJ mo1™t (ref.2)
sH%L(CIF) = - 51 kJ mol™t (ref.3)
pHO(NSF) = - 21 kJ mol™t (ref.d)
pHOL(SF)) = =775 kI mol™ (ref.5)

The standard heats of formation of the metal chlorides
and fluorides (table 4.2, . page 157 ) were referenced from

the "G.R.C. Handbook Chemistry and Physics", 57th Ed. 1976-77.

(a) Calculation of the Heat of Formation of (NSCl)g

Thé following assumptions were made in this calculation

(1) The D°, .. in N=S-F and N=S-Cl is the same.

N =5
(2) That D°g o - D°g_5; for NSCL and NSF respectively,
is the same as D°q ; - D°g_yy for SOF, and SOCI,
respectively.
D% (NSF) = 526 kJ mol ™t (ref.l)
D% oq (S0CL,) = 265 kJ mo1™t (ref.5)
D% p (SOF,) = 322 kJ mo1™t (ref.6)
(Equ.A) AHOdisfupt.(NSF)g= AHOf(%Ng)g + AHOf(S)S + AHOf(%FE)g
- AHOf(NSF)g
(Equ.B) AHodisrupt(NSCl)g= AHOf(—é—NE)g + AHof(S)S + AHOf(%Clg)g
- AHOf(N801)g
(Bqu.C) 8B g5 e (NSF), = Doy g+ g g
(Equ.D) AHOdisrupt.(NSCl)g = D%:s * Dg_01
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.  Equ.B-Equ.A = NHOdisrupt.(NSCl>g - bHodisrupt.(NSF)g
= AHOf(NSF)g - aH%p(NsCl),
Eqﬁ.D—Equ.C = AHOdiS£upt'(NSCl)g —.AHodisrupt.(NSF)g
= 0%5.01 - D5p
D% a1 - Dgup = AHOf(NSF)g - 8H,(NSC1),
265-322 = -21-AHOf(NSCl)g

AHOf(NSCl)g = +78 kJ mol™t

(b) Calculation of the Heat of Formation of (NSCl)3

- 3NSCL AHS = 4193 £ 6 kI mol”

3)3 : g
(ref.7)

(SENBC}

NSCl),) - 193 kJ mol ™t

bH° L (85N5C15) = 3(H(

0 -1
A 1), = 4+ 41 kJ mol
H f(S5N3C 5)5 J
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APPENDIX C

The Board of Studies in Chemistry requires that each
postgraduate research}thesis shbuld oontain an appendix
listing all research colloquia; seminars and lectures (by
external speakers) arranged by the Department of Chemistry
during‘the‘period when regearch for the thesis waé carried
out.

Research Colloquia, Seminars and Lectures Arranged by

the Department of Chemistry bEtween October 1976 and
September 1979 5

20 October 1976

Professor J.B. Hyne (University of Calgary), "New

Research on an 0ld Element - Sulphur"

10 November 1976

Dr. J.S. Ogden (University of Southuumpton), "The
Characterisation of High Temperature Species by Matrix

Isolation"

17 November 1976

Dr. B.E.F. Fender (University of 0xford), "Familiar

but Remarkable Inorganic Solids"

24 November 1976

Dr. M.I. Page, (Huddersfield Polytechnic), "Large and

Small Rate Enhancements of Intramolecular Catalysed Reactions"

8 December 1976

Professor A.J. Leadbetter (University of Exeter),

"Liquid Crystals"

26 January 1977

Dr. A. Davis (E.R.D.R.), "The Weathering of Polymeric

Materials"
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2 February 1977

Dr. M. Falk (N.R.C. Canada), "Structural Deduc .tions

from the Vibrational Spectrum of Water in Condensed Phases"

9 February 1977

Professor R.0.C. Norman (University of York), "Radical

Cations; Intermediates in Organic Reactions"

(4

2% February 1977

Dr. G. Harris (University of St. Andrews), "Halogen

Adducts of Phosphines and Arsines"

25 February 1977

Professor H.T. Dieck (Frankfurt University), "Diazadienes -

New Powerful Low-Valent Metal Ligands"

2 March 1977

Dr. F. Hibbert (Birkbeck College, University of ILondon),
"Fast Reaction Studies of Slow Proton Transfers Involving

Nitrogen and Oxygen Acids"

4 March 1977

Dr. G. Brink (Rhodes University, South Africa),

"Dielectric Studies of Hydrogen Bonding in Alcohols"

9 March 1977

Dr. I.0. Sutherland (University of Sheffield), "The

Stevans' Rearrangement: Orbital Symmetry and Radical Pairs"

18 March 1977

Professor H. Bock (Frankfurt University), "Photo-
electron Spectra and Molecular Properties: A Vademecum

for the Chemist"

30 March 1977

Dr. J.R. MacCallum (University of St. Andrews),

"Photo-oxidation of Polymers"
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20 Aprii 1977

Dr. D.M.J.‘Lilley'(Research Division, G.D. Searle),
"Tails of Chromatin Structure - Progress Towards a Working

Model"

27 April 1977

Dr. M.P. Stevens (University of Hartford), "Photo-

~cycloaddition Polymerisation"

4 May 1977

Dr. G.C. Tabisz (University of Manitoba), "Collision

Induced Light Scattering by Compressed Molecular Gases"

11l May 1977
Dr. R.E. Banks (U.M.I.S.T.), "ThebReaQtions of Hexa-~

fluoropropene with Heterocyeclic N-Oxides"

18 May 1977 ; . ﬁ
Dr. J. Atwood (University of Alabama), "Novel Solution ‘
Behaviour of Anionic Organoaluminium Compounds: the Formation j

of Liquid Clathrates"

25 May 1977

Professor M.M. Kreevoy (University of Minnesota),

"The Dynamics of Proton Transfer in Solution"

1 June 1977

Dr. J. McCleverty (University of Sheffield), "Consequences
of Deprivation and OVercrowding on the Chemistry of Molybdenum |

and Tungsten"

6 July 1977

Professor J. Passmore (University of New Brunswick, Canada),

"Adducts Between Group V Pentahalides and a Postscript on S7I+"
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27 September 1977

Dr. T.J. Broxton (La Trobe University, Australia),
"Interaction ofFAryldiazonium Salts and Arylazoalkyl Ethers

in Basic Alcoholic Solvents”

i9 October 1977

Dr. B. Heyn (University of Jena, D.D.R.), "o-Organo-

Molybdenum Complexes as Alkene Polymerisation Catalysts"

- 27 October 1977

Professor R.A. Filler (Illinois Institute of Technology),

"Reactions of Organic Compounds with Xenon Fluorides"

2 November 1977

Dr. N. Boden (University of Leeds), "N.M.R. Spin-Echo
Experiments for Studying Structure and Dynamical Properties

of Materials Containing Interacting Spin-% Pairs"

9 November 1977

Dr. P.A. Madden (University of Cambridge), "Raman

Studies of Molecular Motions in Liquids"

14 December 1977

Dr. R.0. Gould (University of Edinburgh), "Crystallo-

graphy to the Rescue in Ruthenium Chemistry"

25 January 1978
Dr. G. Richards.(University of Oxford), "Quantum

Pharmacology"

l‘February 1978 -

Professor K.J. I.win (Queens University, Belfast),
"The Olefin Metathesis Reaction: Mechanism of Ring-Opening

Polymerisation of Cycloalkenes"
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3 February 1978

Dr. A. Hartog (Free University, Amsterdam), "Some

Surprising Recent Developments in Organo-Magnesium Chemistry"

22 February 1978

Professor J.D. Birchall (Mond Division, I.C.I. Ltd.),

"Silicon in the Biosphere"

1 March 1978

Dr. A. Williams (University of Kent), "Acyl Group

Transfer Reactions"

% March 1978

" Dr. G. van Koten (University of Amsterdam), "Structure

and Reactivity of Arylcopper Cluster Compounds"

15 March 1978

Professor G. Scott (University of Aston), "Fashioning

Plastics to Match the Environment"

22 March 1978

Professor H. Vahrenkamp (University of Freiburg),

"Metal-Metal Bonds in Organometallic Complexes"

19 April 1978

Dr. M. Barber (U.M.I.S.T.), "Secondary Ion Mass

Spectra of Surfaces Adsorbed Species"

15 May 1978

Dr. M.I. Bruce (University of Adelaide), "New

Reactions of Ruthenium Compounds with Alkynes"

16 May 1978

Dr. P. Ferguson (C.N.R.S., Grenoble), "Surface Plasma

Waves and Adsorbed Species on Metals"
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18 May 1978

Professor M. Gordon (University of Essex), "Three

Critical Points in Polymer Science"

22 May 1978

Professor D. Tuck (University of Windsor, Ontario),
"Electrochemical Synthesis of Inorganic and Organometallic

Compounds"

24 /25 May 1978

Professor P. von R. Schleyer (University of Erlangen,
Nurnberg),
(i) "Planar Tetra-Coordinate Methanes, Perpendicular
Ethylenes and Planar Allenes"
(ii) "Aromaticity in Three Dimensions"

(1ii) "Non-Classical Carbocations"

21 June 1978

Dr. S.K. Tyrlik (Academy of Sciences, Warsaw),

"Dimethylglyoxime-Cobalt Complexes - Catalytic Black Boxes"

2% June 1978

Professor W.B. Person (University of Florida), "Diode

Laser Spectroscopy at 16 um"

27 June 1978

Professor R.B. King (University of Georgia, Athens,
Georgia, U.S.A.), "The Use of Carbonyl Anions in the

Synthesis of Organometallic Compounds"

30 June 1978

Professor G. Mateescu (Cape Western Reserve University),
"A Concerted Spectroscopy Approach to the Characterisation

of Tons and Ton Pairs: Facts, Plans and Dreams"
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15 September 1978
Professor W. Siebert (University of Marburg, West
Germany ), "Boron Heterocycles as Ligands in Transition

Metal Chemistry™

22 September 1978

Professor T. Fehlner (University of Notre Dame, U.S.A.),

"Ferraboranes: Syntheses and Photochemistry"

12 December 1978

Professor C.J.M. Stirling (University of Bangor),
"Parting is Such Sweet Sorrow - the Leaving Group in Organic

Reactions"

14 February 1979

Professor B. Dunnell (University of British Columbia),
"The Application of N.M.R. to the Study of Motions in

Molecules"

16 February 1979

Dr. J. Tomkinson (Institute Laue-Langevin, Grenoble),

"studies of Adsorbed Species"

14 March 1979

Dr. J.C. Walton (University of St. Andrews),

"Pentadienyl Radicals"

28 March 1979

Dr. A. Reiser (Kodak Ltd.), "Polymer Photography and
the Mechanism of Cross-link Formation in Solid Polymer

Matrices"

5 April 1979

Dr. 8. Larsson (University of Uppsala), "Some Aspects

of Photoionisation Phenomena in Inorganic Systems"



520

23 May 1979

Dr. B. Wakefield (University of Salford), "Electron
Transfer in Reactions of Metals and Organometallic Compounds

with Polychloropyridine Derivatives"

1% June 1979

Dr. G. Heath (University of Edinburgh), "Putting
electrochemistry into mothballs - (Redox processes of

metal porphyrins and phthalooynanines)"

14 June 1979

Professor I. Ugi (University of Munich), "Synthetic

Uses of Super Nucleophiles"

20 June 1979

Professor J.D. Corbett (Iowa State University, Ames,
Towa, U.S.A.), "Zintl Ions: Synthesis and Structure of

Homopolyatomic Anions of the Post-Transition Elements"

27 Juﬁe 1979

Dr. H. Fuess (University of Frankfurt), "Study of
Electron Distribution in Crystalline Solids by X-ray and

Neutron Diffraction
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