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ABSTRACT

The ‘compound S4N4 has been shown to react with the Lewis acids -

SbC]%, SbF5 and AsFé to proﬂuce the prévious]y unreported cyclotetra-

. 5 /
thiazyl dication, S4N§+, in the form of the salts S,N,(SbCl

aNa S, N, (SbF
AsF

6)2’ 474
oVa -%50, and S,N

paration of S4N4(SbC]6)2 has been suggested and the infrared and'Raman,.
spectra for each of the sgits is reported as well as the crystal struc-

SbCl and S N, (Sb_F )(SbF6) salts’.

4 4( 6)2 4477314
A brief investigation of the reaction of S N, with. the Lewis

N4/PF5 system the new molecular

acids PFg and PCl. produced, in the Sy

“adduct, S,N;-PFg, whereas the reaction of SN, with PClg yielded'a

44
complex mixture of products, composed of phosphonitrilic chlorides.,

. The chemistry of trichlorocyclotrithiazene with Sbb]s hg§ béen
studied. It has been determined for the first time that S,H,Cl, when
oxidized.by SbC]5 produces the S4N4(Sbc16)2 salt with the compounds
S4Ng"SbC1 and SSNS(SBC]6) jsolated as intermediates formed during’
the prbduction of the S4N§+ dication. The crysta1 structdres of both
5434-Sbb15 and SSNS(SbC16) érg repo;ted in this thesis.

: . ) _ .
' In contrast, the fluoride, trifluorocyclotrithiazene, S3N3F3,
wheh combined with the Lewis acids SbFy, AsFg -and SO, was not oxidized
but rather éimp]e f]doridé ion abstraction occhrred to. yield the tﬁia;yl
salts SN(SbZF]]), SN(AsF6;7End SN(SO3F). |
For the first tim%, the chemistry of the sulphur imides with

Lewis acids of oxidative capability has been studied. '

Cyclotetrasulphurtetraimide, S4N4H4; reqcted readily with ~

iii o

6)2 2 1 4(Sb3FM)(SbF6). A reaction sequenc® for the pre-

.~



The compound S4 4 SbC1S

formed durwng the 0x1dat1on of

L 2 ) )
SbCly to yield. the S4N4 saH‘:, S4AN4(S_bC,16)2.

has beer shoyn .to bd an,intermediate

'S4N4H4 w1th $bC

5

Cyc]oheptasu]phur1m1de S7NHb and ] 4 cyc]ohexasu]ohurd11m1de,

1, 4 56N2 2> produced the prev1ous]y:unknown d)thwonﬁtron1um ‘ion, SZN

when treated with SbC]5 Infrared and Raman-Spectra For the SZN(SBCI )

are reported as well as the crystal structure

b

In a ]1m1ted 1nvest1gat1on, the compound C13PNPC13(PC]6);'has‘”

been iso]ated from the‘react1on of S NH W1th PC1 The Crysta1 struc-

ture of the" trlchlorp[ tr1ch]orophosphorany11dene)am1no]phosphorus (V)

hexach]orophosphate;1s reportéd.1n this york.

o
-, N
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I-1 Jhe Chemistry of S,N

- : CHAPTER I ‘ -
INTRODUCT ION

4=
In 1835, A. Gregory]’2 founded sulphur-nitrogen chemistry

by preparing cyclotetrathiazene, S4N4, by the action of ammonia upon a
chloroform solution of sulphur monoch]oride. There was much debate as
to the exact structure of 84N4 which continued until 1944 when Lu and
Donohue3 established the geometry, shown below, by electron diffraction
studie; of the vapour. This structure was confirmed in 1963 by an
X-ray crystallographic study of the soh‘d.4’5 Cyclotetrathiazene is a
three-dimensional cage with point group syimetry D,y The nitrogen _
atoms occupy theAcdrners of a square while the four sulphur atoms form

a disphenoid.

...f-_.___S

S-S = 2.58 A

1

A N ‘ | | /N S-N
| \S/ | N-N
N P N

/

1.62°A

il

2.52 A

u

S
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fhe s-N bond lengths are a1l 1.62 A Tm'é is" shor-ter than

: ’

"0

the norma] su]phur n1trogen s1ngle bond ]ength (1 764 1n su]famxc acid,

H3N —303) 6 or the value obtained from the sum Qf the s1ngle bond radii

(l 74 A) and therefore some doub]e bond character 1s 1ndicated ‘;~i

o

The S-S bond d1stance of 2.58 A is 1 1 A shorter than the sum of the
Van der Waals rad11, 3.7 A 8 for sulphur and 1t is réasonab]e to assume

that there is a weak su]phur-su]phur bond. The d1stance between ad-r

<

Jjacent nitrogen atoms is 2.52 A, wh11e the sum of the two n1trogen

%\

Van der Waals radii is 3.0 A 8 and a single n1trogenrn1trogen bond has

a length of 1.40 A.7 It would appear that a slight 1hteract1on of

~—

nitrogen atoms around the ring is also possible.

Due to the difference in the electronegativities of sulphur
¥
and nitrogen, it is expected that the sulphur atoms will carry a par-

tial positive charge and that the pitrogen atoms will carry a partial
N

negative charge. As. a consequence, S4N4 may act either as an electro-

phile through the sulphur atoms or a nucleophile through the nitrogen

-~

atoms.

The chemistry of 54N4 may be briefly summarized as follows:

«

i) Reactions in which the eight-membered ring is maintained
intact and substituents are placed on sulphur or nitrogen;
i1) Reactions ih which co-ordination complexes are formed;
iii) Reactions in which ring contraction or expansion occurssy
iv) "Reactions in which ring fragmentation occurs to produce

species containing open S-N chains.



. I 2 React1ons of S N

ftﬂj« W1th Lewis Bases

L el %

-’

24

o
In general, nucleophiles tend to attack the more positive sulphur atom

L
-

W{;..the S4N4 ring being desprOyed. There are no Lewis base‘comp1exes A

Kriown in which the S4N4‘ring is maintained intact.
f;:;;v Lewis bases that have been reacted with S;N, include amnonia,
ém{pés; phosphines, cyanide ion, Grignard reagents and diazomethane.

+ ",The product obtained from the reaction of S4N4 with liquid

amnoma9 was originally assumed to be the diammoniate of composition
S N4 2NH ~ This would be a true acid-base adduct in which 54N4 functions
s a Lew1s acid. This coﬁp]ex has not been thoroughly investigated,

but the material has been, assumed to be 52N2 NH3,]0 since it Ean be pre-

pared by the reaction of‘SZNZ’with liquid ammonia and careful thermal

cracking yields NH3 plus SZN2 and not S4N4

:\Ahother product 6f thé reaction of S4N4 with liquid ammonia is the

ammonium satt of the S4N; ahion]] which has a cage structure similar to
that of~S4N4.

YR




This anion as well as the new S3N; anion'? can also be generated

by the action of azide salts upon 54N The structure of the S3N; anion

4

is not known, but based on spectroscopic data, it is thought to have C3v

N N< N
\8/9/ \\S
s

Cyclotetrathiazene is known to readily undergo very complex
reactions with primary and secondary ami’nes.]3 The reaction with benzyl-
amine]4 is the most thoroughly studied reaction and yields arylimine

polysul fides, Schiff's bases and ammonia as produéis.

S N4 + 8C_H.CH,NH, C6H HSCHﬂCH2C6H

4 gHs CHoNH, NSXNCHC H. + 7NH, + 3C

5 65 3 6

5 f (4—x)S

3 (C6H5)PC12 and (C6H5) P give an
[

interesting series of reactions-with S4N4. Phos phorus trich)orideb‘]6

17,18

The phosphorus compounds PCl

and phenyl phosphorus dichloride destroy the eight-membered ring

to prodyce short chain phosphorus-nitrogen polymers , such as:

01 [ 0
o + - 1 _ N . + -
[C13-P=N-P=NePCT ,T°C] [CsHs[f—N- 5n—f—CGH5] Cl
0 1A



4

The other products are CGHSP(S)CI2 and C6H5PC12:NP(S)(C6H5)2.
2

Triphenyl phosphine]g"'0 and triphenyl arsineZI behave differently.

One sulphur atom is removed from the S4N4 ring as SP{C6HS)3 or SAs(C6H5)3 and

an exocyclic N-P or, N-As bond is formed generating a six-membered ring.

The compounds formed are S3N4P(C6H5)3 and S3N4A5(C6H5)3 and in both

instances the structures have been determined by X-ray crystallography.

N

X = As(C6H5)3

or P(C6H5)3

A

\

Th? molecules have an AS(C6H5)3 or an P(L6Hb)3 QPOUP bonded

'

through ni%rogen to an S3N3 ring, five atoms of which are co-planar.

Cyanide ion22 has §een found to readily react with 54N4. Upon

mixing S4N4 with KCN in dimethylfbrmamide ina mle ratio of 1:2 a red



precipitate was formed which analyzed as KCN352. This material was
~ proposed to be a/yomplex cantaining one mole of Kz(cleosa) per two
moles of KSCN ba?ed upon a molecular weilght determination S?d an X-ray
' powder photograph of jpe mixture. Hydrolysis of the mixture yielded

guanidine fromwiith it could be inferred that the carbon was bonded
/

N

H ‘
Iﬂ—”'PJ_——_—<::==PJ*—_H

’ii? - guanidine

“

to threg mtrogens. The structure of the (CWN]OSG)Z- anion has been

proposed to be

TN TN
N\. /S-I‘II—C-N~5\ N

) S—N/ CN N—§/
+ I -

N:§-N=5-S-N-C-N-S-N=S-H-S N

CN
. {

\

AN

J F
Gri<nard reagents“3 are known to completely disrupt the SJQA
. 4 .
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ring and again the chemistry is not well understood. Aryl Grignard
&

reagents yield thiodithiazyl diaryl compounds. 1

X-CoHMGBr + S Ny » X-C H-S-N=S=N-S-C

L]

gHy

X =H, p-Cl, p-Br, p-CH3O

There are very few physical data on these species other than melting

péints and solubilities and no information regarding their structures.
Ethyl magnesiua bromide24 reacts with S4N4 to yield a material

of composition C2H652N2. [t has been suggested that this m;feria] has

a str;cturé consisting of a Tinear S-N-S-N- chain with.a single hydrogen

]

bonded to nitrogen,

CZHS-S-N=S=N-H

' ?)
If a substituted diazomethane 5 such as diphenyldiazomethane or
9-diazofluorene is reacted with S4N4 in didthyl ether, nitrogen is liberated
and products corresponding to the diphenyl trisulphurtetranitride (1) and

the dff]uoren}iidenetriSU]DhUPte¢FdnitPfd£ (1, respectfve]y, are obtained.
N

((éH5)2C~N—S-N=S=N-S-N=C(q3Hs)é

(1)
©

C=N-S~N=5 =N~S-N=C

26

A crystal structure of (I1) hds confirmed the structure and has in-

dicated that the -S-N=S=N-S- central portign of the chain is linear.
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(ii) MWith Lewis Acids é::m_,/ <
The Lewis acid chemistry of cyclotetrathiazene is, at present,

not well understood. DBepending upon the oxidizing strength of the yewis

iy
-5

acid versus its acceptor strength,’the eight-membered ring of S N4 may

4
or may not be destroyed. Thus, a simple molecular adduct may form or if

e -

ks

PRV R T

an oxidative process takes place, new cationic species may be generated.

Table I-1 summarizes some of the Lewis acid chemistry of S4N4.

Many of the comp]exes_in the Table I-1 have only. been tentatively

o A S

idéntified and the proposed structures ‘are based only Qﬂ/elemental analysis

and spectral data.

27,28
a

The best established adducts of SN -are‘S4N4-BF3 nd

474

S4N4-SbC15 27,29 for which crystallographic data is available. Upon

adduct formation,.'S4N4 undergoes a conformational change with the original
. ~ dispﬁenoid changing té broduce a boat-shaped gu]phur-nitfogen ring in,
which the sulphur Atows form a nearly §quaée planar arrangement.

In 1967, Jolly and co-workers27 demonstrated that 1:2 complexes

of S,N, were possible and could be isolated from the reaction of S,N,
with the appropriate amount of Lewis acid.

S,N, + BCl, + SbCl

. ' aNg 3 -+ S, N,-BCT,:SbCI

5 474 3 E)

Malhotra et gl_._36 have also prepared a 1:2 S4N4:de15 species.
. The exact nature of this compound is not understood but it has beeﬁ‘brol

posed on the basis of spectral data that it is ionic in nature. Jolly

s

has suggested a possible formulation fo} the S4N4~BC13-SbC15 species.

-
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Lewis Acid
BC]3

BC13

BF3

SbC1

BC13/SbC]5

BBr3

SbF,

AsF5

SnCi
SO

A]C]3

A]Br3

SeC]4

TeC]4

TeC1,, BCI

4’ 3
NbC]5

5

A:C]é,

TaCl
SbC1

T1C14

5

Table I-1°

Lewis Acid Chemistry of S

Molar Ratio with
Respect to S,N

474
1:1
1:2
1:1
1:1
1:2
1:3
1:1:1
1:]

1:1:1
1:1
1:1

1:1:1

o
—

2Ny

Complex

S4N4-BC]3

+ -
(S4N4-BC12)(BC]4

S4N4-BF3

S4N4-SbC]5
S4N4-5b2C]]0

S4N4-Sb2C'l]2

+ -
S4N4BC]ZSbC]6

SN, BBry

(SqNastZ)(Sb Fr

316

SqN4-AsF5

SN, (AsF)
(SiNAJZSnC]4
SNy 250,
S4Ny 450,

S4N4-A1C1

54N4.A]Br

Squ-SeC]4

SyNyTeCl,

+ -
8614

3
3

S4N4TeCl3

S4N4-NbC15

S4N4-TaC]5

+ -
(S4N4A]C]2)SbCl

(S N

4 4)2T]C]A

6.

/

References

27
27
27,28
27,29
27
27
27
27
36
30
31
32,33
34
34
35
35
36
36
36
%6
38
3%
37
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The proposed formulation for the cation is shown above and it has been

assumed on the basis of infrared data that the anion is SbC]é rather than BC]

Cyclotetrathiazene is oxidized in solution by sulphuric acid and antimony

pentafluoride to yield radical species which exhibit a five-line esr
spectrum. The observed results were first explained by suggesting.the

presence of the SN; ratica1,39 but a later study interpreted the esr

spectrum in terms of the SZN; radica].40 Although this species was not

identified, it is clear that oxidation is occurring.

Gillespie and cd-workers3] have recently shown that S4N4 is

easily oxjdized by arsenic pentafluoride in 1iquid 502: One of the pro-

. . . . +
ducts of the oxidation is the cyclothiodithiazyl radical cation S3N2.

The g-value and coupling constants obtained from esr data are compatible

with those obtained in the earlier work on 54N4-su]phuric acid solutions,

N
~ \

)

<

4
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Therefore, it is reasonable to conclude that the S3N; radical cation is

produced in sulphuric acid solutions of SAN4. A crystallographic deter-

mination indicates that the cyclothiodithiazyl cation is a planar five-
membered ring.

~N

.
.

S

/h

N- +

\

/
~.

Oxidation of S N

gy can give other products. Banister has

isolated the cyclopentathiazyl cation, SSN;,from the reaction of’S4N4

with AICI5 and transition metal halides in thionyl chloride. ™

I-3  Trichlorocyclotrithiazene

Trichlorocyclotrithiazene was first prepared in 1880 by Demarcay

by the action of chlorine gas on a chloroform solution of S4 4 The

"T‘\\K

1
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by means of sulphuryl chloride as an oxidant.44

12

reaction involves an oxidation of sulphur III in 54Ny to sulphur 1V in

S3N3C13 as well as a ring contraction. Hea]43 has studied the reaction

pathway and has concluded that S3N3C13 is formed via an S4N4C14 inter-

mediate,

minutes hours
S4N4 + 2C12 ———— S4N4C14 —_— S3N3C]3 + NSCI
days 1
NSCI > §-S3N3C1‘3

Bénister has recently shown that S3N3C13 can also be prepared

3S4N4 + GSOZC]2 -> 4S3N3C13 + 6502

Other.methods involve the chlorination of S.N,C1, by either chlgp?ne

gas or sq]phury] chloride.

3S.N,C1, + 3C1

L1, , > 2SgMC1 5+ 35C1, (ref: 45)

3S3N2C12 + 3502C]2 -+ ZS3N3C]3 + 3502 + 35C12 (ref. 44)

The structure of S3N3C]3 has been determined by X-ray crystal-
1ography.46 The molecule consists of a six-membered ring in the:chair
conformation. Each chlorine is bonded in an exocyclic manner to a sulphur atom

such that all the chlorines are cis with réspect to each other.

The equivalence of all the sulphur-nitrogen bonds in the ring

might imply that it has aromatic character, but it .should be noted that

-

it is not planar. ' : CF
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If S3N3C13 is heated under high ‘vacuum in a static system, the

cyclic trimer is broken down to produce the monomer, thiazyl chloride.

The following thermodynamic data have been obtain_ed.47

S,NCT(s) » NSCI(g) . x  aH° = 46.2 £ 1.5 keal mole”’
2s¥ 120.6 + 4.8 cal deg”!
SN5C14(s) > SNC14(g) sH° = 24.3 + 1.5 kcal mole™!

+

i e

| Vo 4se =520 £ 4.6 cal deg”!

The thiazyl chloride formed has been shown by microwave spectro-

écopy to be a non-linear mo]ecu]e.48

At room temperature thiazyl chloride trimerizes very readily to

Cl,.

S3N5C14

o T~
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_S4N4. It was reported that S3N Cl

14

N=>—Cl

Thiazyl Chloride

The known chemistry of S3N3C13 is not as extensive as that of

S4Ny- Glemser has shown that SjNJC1, reacts with the Lewis acid 5bCl,

+ - .
to produce the sa]t‘(S3N3C12)(SbC]6) and with BC]3 and A1C13 in the

presence of SC12 to form the SZNC]; cation

, v <
" )
SHNCT5 + SHCTg + (S4M,C15) (SbCTg) (ref. 30)
+ ]
S N-C] 3XC1. + 3SC1 354;¢?N<§§>S~ xcfr
: -+ 3X + > S
333 3 2 | 4 ~(ref. 49,50)
01 ¢l X=BorAl

The reactions involving SC]2 with BC]3 and A]C13 aée thought

to produce SC]+ which behaves as an electrophile attacking the’
SaNSC1 4 ring presuniably facilitating the breakdown of the ring.

Banister®' has studied the chemistry of S;NiCl, with the metal

ch]orides~A]C]3, FeC]3 and SbCl5 in thionyl chloride in the presence of

3Cl5 initially forms 1:1, 1:2 and 1:3 adducts
with A1C13, Fetl3 and SbC]S, if sto chiometric amounts of reagents are com-

bined. ‘The adducts then react readily with S4N4 to yield the SSN; cation.
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The overall reactions are:

SqN,C15 + 2FeCly + S N.CT,-2FeCl, ) (ref, 48)
+ 2MCl, > S N,CT,-2A1C0 5, , iref. 48)
! .
, + 35bC1g > 53 5C15-350C1 (vef. 46,49)
S3N3C]3-2FeC]3 * 35N, 55N5F8C14 Note: These equations are not
. o NGl 281C] . LS & . balanced as salts of the
S . + ->
3373 3 44 > 4 SSN; cation were the only
S3N3C]3-3SbC16 + 3S4N4 > SSNSSbC]6 characteri'.zed products.

The adducts are regarded as potential sources of the thiazyl ca-

tio% SN+, which behaQes as an electrophile towards 54N4 and thus generates

the SSN; cation in the process. Indeed, Mews50 has demonstrated that the

thiazyl cation, SN+, does react with S4N4 to produce SSN;.52

(5N+)(AsF;) + SNy > (SSN;)(ASF;)

The geometry of the SSN; cation has been found in the species
U4

54 ( 55 +
55N5(83N304), and SSNS(SnC150PC]3). In both of these salts, the SSNS

cation has the same azulene shape. Bond lengths and bond angles for the

_ SSN; rings in these compounds are listed below, and the "azulene” like struc-

ture is illustrated on the following page.

g: ' (SSNE)(E”C]50PC‘§) (ssNg)£s3N30;)
3 ~ al.sg A a3 a 1.580 A« 133.0°
ﬁ; b1.52A 8 125.0° b 1.55 A 8 124.5°
R c 1.5 A » 151.0° ¢ 1.543 A vy 151.0°
d1.56 A 5 111.0° d1.567 A ¢ 109.6°
e 1.5 A ¢ 141.0° e 1.564 A ¢ 138.3°
w

110.5° w 108.7°
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* The ionic structure of the (SSN;)(A1C1—) salt first isolated by

4
Bam"ster53 was shown crystallographically not to contain the azulene-
+ .
shaped SSNS ring but rather to consist of a heart-shaped, almost planar,

+ .
55N5 ring.

S~ -
N./ N \N

[+ ]

AN /
NN

{



S1nce the pub11cat1on of the latter structures, Banister has
suggested that the apparent heart-shaped conformation probab]y arises

from a d1sorder1ng of.the "azulene" like structure.56 The diagram

\below 111ustrates the manner by which two azulene-shaped rings may be

superimposed to produce an apparent heart-shaped SSNg ring.

< €

17
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Sulphur trioxide combines with S

, 57
SgN3C1 57650

3 which decomposes at 100°C. to S

N.,C1

3NsCl5 to yield the adduct

3N3C]3-3SO3, and at slightly

¥~ higher temperatures (140°C, 20 atm) to trioxotrichlorocyclotrithiazene.

\

S

7

Thus, 503 is capable of oxidizing S3N3CI3

140°C
S,N,CI

without rfng cleavage.

3N3Cl4 + 380 ,————> S.N,C1.0, +°350

3 20 atm

The 0xych10ride58

state VI. Both the cis and trans isomers

337373 2

»

is a six-membered ring with sulphur in the oxidation

Cl
C\ | Q) 7 - O/(/)
== N v 1NN

-

Trichlorocyclotrithiazene freacts with the sulphur imides

NH and S4N4H4

in the presence of pyridine to yield 34N .

59,60

4 In the absence
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of pyridine which acts as an acid scavenger, SAN3C1 is formed. This

may be a result of the initial formation of the S4N4-HC1 adduct.G]

pyridine
4S3N3C13 + 3S4N4H4 —_— 654N4 + 12HCI v

4S3N3C13 + 3S4N4 > 3S4N4 HCT - 3S4N3C1 + 3NH4C1 + 3C12 + 3S4N4

pyridine
4S_N.C1 NH —————— 354N

3N3Clg 125

+ 12HCT + 84S

7 4

4S3N3C]3 + 1ZS7NH - 354N4 + 354N3C1 + 3NH4C1 + 3C]2 + 725

.

- Other reactions in which the S3N3'C13 ring is destroyed are sum-

marized in Table I-2.

Table [-2
Reactions of S3N3C]3
Reactant '/ Product References
HZO 520(NH2)2 (62,62,64)
sog‘, Ny, €17 (in alkaline
solution,
EtOH : S(OEt)4, NH3, NH4C] (64)
NH3 S(NHZ) , (65)
. Mo(C0)¢ Mo (CISN) ‘ (69)
(CH3)2SO N\ ,((CH3)ZS=NfS(CH3)2)C1 (66)
. No, (N0) 5,0, (64)
2- . 2~ -
SO3 . 5203 (6%,64)
KCN KSCN (67,68)
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I-4 Trafluorocyclotrithiazene }
X

Trifluorocyclotrithiazene was first prepared by Glemser70 by
{
¢

the action of silver(l1)fluoride on S3N3C]3 1n carbon tetrachlorﬁde

solution. An a]ternat1ve method is the polymerization of th1azy] fluoride

67,71

formed by the reaction of AgFé or HgF,, upon S M. The v
*»

2
72,73
structurg of S3N3F3 15 comparable to thqt of S3N3C13.

F F

NN

N/SMN

[

,
e

e

»

H

S-F = 1.61

u
>0 X0

S-N .59

It consists of a puckered six-membered ring with alternating
sulphyr-nitrogen atoms, in the chair conformation. The fluorine atoms

are all bonded 1n an exocyclic manner to sulphur in the axial position. Sul-

phur-nitrogen bond equivalence in the ring would tend to suggest delocalized

<
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bonding, but like S, N.Cl, the ring is not planar.

e

If heated to 250°C, it decomposes to the monomer thiazyl f]uoride.74

Thiazyl fluoride readily trimerizes at room temperature to yield S3N3F3.

T rfluorocyclotrithiazene acts as a fluoride ion dondr to Lewis acids

which are good fluoride ion acceptors.30

S3N3F3 + BF3 g S3N3F2(BF4)

5 * S3N3F2(ASF6)

+ SbF5 - S3N3FZ(SbF

+ AsF
6)
Upon heating the hexafluoroarsenate salt, the ring is destroyed to

produce SN+, the thiazyl cation, and thiazyl fluoride.

S_N.FiASF

- A
gNaFHAsFe = 2FSN + SN(ASF6)

.The trimer decomposes in an all-glass vessel in the presence
of trace amounts of water.74 The products that have been characterized

are NSF, SO SOFZ, NH3, SiF4 and HNSO.

2)
Hydrofysis75 of S3N3F3 results in the formation of NSF, HNSOt

SOZ’ SOFz, SF4 and NH3. The hydrolysis has been interpreted as pro-

ceeding by nucleophilic attack of hydroxide ion on sulphur.
2

It has also been shown that dilute NaOH solutions hydroiyse

76
S3N3F3.

S3N3F3 + 9H20 . 3NH4F t 3H2503

Our present knowledge of the chemistry of S3N3F3 is very limited.

2l
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N// *QEN | |
g | + OH™ > 2NSF + NzS-0H +:F
’ S
NN

NSF + OH™ - NsS-OH + F~

’ 0
0 -~ HZN-Scj;

H-N=S=0 + H2
' 0 , . OH
z “
H,N-S > NH, + S0, ‘
: OH .
J

1-5 The Chemistry of the Sulphur Imides

Cycloheptasulphurimide ) ' ~

Cycloheptasulphurimide was first discoveréd in 1923:as one of:
the prodﬁcts resulting from the action of NH3 on‘SZC12.77’78
Ear}iek in the introduction, it was staéed that the ammonia/5201;
or SC]2 system ih.non—polar‘solvents may be used to Prepare S4N4. The
» Yyield of the tetrasulphur tetranitride can be reduced almost to zero,
while that of the iﬁ{de is maximized if a more poiar solvent such as

dimethyl formamide is used. The mechanism of the formation of S7NH

“is not clear, bdt the following reaction scheme has been suggested.79

-> + -
52C]2 FC1-5-S + Q1

C1-s-st + NH3 N (C]-S—S-NH3)+

s

’ + + :
'(CI-S-i—NH3) + 52C12 - (H3N—S-S-S-Cl) + SC]2
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The first step is the jonization of SZC]2 in a po]af solvent. The second
step involves a chain lengthening process which contjnues until a[l
seven‘sulphur atoms have been incorporated in the chain. Formation of

the S7N ring requires elimination of HC1. Tﬁere is ]%ttlé support for

the above mechanism and in fact it is known that 52612 ionizes very 1it-
tle in acetom'tri]e79 which has a higher dielectric constant than dimethyl-
formamide. Thus, it has béen-suggested that a more plausible mechanism

is an SN2 displacement of chloride ion by ammonia rather than the

SN1 pathway described earlier.Bo

J Other préparative routes to S7NH are listed below:

i) . S0, (n=23etc.) +LiNg —HC]—> LiC1 + S,NH “(ref. 81)
i) 254N, +'N2H4 > S NH + S+ AN, + NH.3 ' o (ref. 82)
111)  25,NyC1 + 3N Hy = SoNH + S + NHo + 4N, + 2N, C) ‘ (ref. 82)
ﬂiv) Sg * ?_NHBT Ho NS NH,, = S NH .+ N, | (ref. 83)

84

The, crystal structure of S7NH has been ;Zcently redetermined.
The molecule consists of an eight-membered puckered ring. The co-ordina-
tion of the nitrogen js almost planai and there is an indication of weak
intermoiecu1ar~s—-—H-N hydrogen bonding.

The reactions of S.,NH may be classified™®s follows:
(a) Ring cleavage reactions;
(b) Addition reactions to. nitrogen; and,

(c¢) Condensation reactions.

\

Hote: equation‘(i) is not;balanced but is meant only to indicate observed '

nroducts.,

- ¢

.
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(1) Ring Cleavage . :
Hydro?ysis83’85 in alkaline solutions entirely -destroys the S7NH
" ring to yield ammonia, thiosulphate and polysuiphides. In acid solution,
the products of hydrolysis are hydrogen sulphide, sulphur dioxide and
su]phur.86 Sulphite ion and hydrogen iodide also destroy the ring:
- 2- 2- + ot
SyNH + BHSOS » S,0¢7 + 65,057 + NH, + 5H (ref. 37)
2HL + SNH = 75 + I, + NHy (ref. 86)

It has also been demonstrated/that 20% oleum solutions of S, NH

39

exhibit an esr spectrum consisting of one sharp line; the spectrum is identi-

cal to that produced when sulphur is reacted with 20% oleum.’

2n L e E e R S e

otz
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(ii) Addi tional Reactions

25

Addition reactions are listed in Table [-3. They involve either °

condensation processes or insertion of the reagent into the N-H bond.

7% Reagent

CHZO

SO3

*HgX2

*Hg, X,

8B
"3

3
C1COR

BCl

b
SnC'I2

Me3S1NHS1Me3

HOCHZN(CH3)2

RZN-S—NRZ'

' [(CH3)2N]3PO
RLj

good synthetic pathway for the production of alkylated heptasulphur imides.

><
n

-
.

CH3C00 , NO3

n=1, or 2.

Table I-3

Reactions of S NH

7

Product

S, NCH .01

S7NSO3H

(S,N) JHg
(S,N) HHg,,

S7NBBr2

S NBCT,

7
S, NCOR

S7NSn NS

S7NS1Me3

S NCH,N(CH

S7N—S—NR2

[(CH3)2N]3P0-25

S7NL1

7

302

7

NH

References
88,89
85
89,90
90,89
92
91,92
93,94,88
95
96
97

98
99 .
100

The last reaction inATable [-3 has been demonstrated to be a

100
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S7N" and_S4N_. The blue colour is due to the presence of the S

26

S,NH + RLY > s7N’u+ + RH

S o )
SMNLET + R'L + S,NR' + Lil ~_

J

These compounds are normally prepared by using the appropriate

primary amine in a SCI, solution, 1015102

It was shown that the blue solutions of S7NLi contain the anions

4N anion
which is in equilibrium with the yellow S7N- anion. The eqhi]ibrium is
temperature-dependent, and the S7N_ anion formed by deprotonation of
SyNH at Tower temperatures rearranges to the S4N- ion and elemental

sulphur upon warming.

<

S.NH + Base ¥ S./.N- + (Base)(H+)~

¥t -
3 : .

S4N + §S8

Based on infrared and Raman data, a branched chain.structure

o - , 104
has been suggested for the S4N Aam'on.]03

=
N

A o : ES'“*

Ry

w
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Cyclotetrasul phurtetraimide

Cyclotetrasul phurtetraimide was first prepared in 1908 by

Wolbing by the reduction of S4Nh with stannous chloride in benzene/methanol

solutign, 522104 o

9

S4N4 + 25nC12 + 4H20 - (SNH)4 + ZSnC12(OH)2

’

The crystal structure of the 34N4H4ugplecu]e has been determined

and the structure of the molecule is shown below.]05

H
\
| s s
N\ S . i::::/;s H—N N—H
H” “H .
_ S\N/S
: - ho

Cyclotetrasulphurtetraimide is a puckeréd eight-membered ring
with a geometry closely resembling that of the S8 ring. The positions

of the hydrogen -atoms were not located, however the stereochemistry

«

\
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around each nitrogen is based on a planar arrangement of three atoms. ‘

The sulphur bond angles in S4N4H4 andrS8 are not significantly different

being 108.4° and 107.8°, réspective]y. The dihedral angles are 99.4°
in S4N4i14 and 99.3° 1in 58' These similarities would tend to suggest that
the bonding in both moleculies is very similar.

In the presence of hydrogen iodide or sulphurous a@id, the eight-

membered ring is c]eaved.]06

~

' S4N4H4 + 9HI » 4S + 412 + 4NH3

}_‘ ,._..-f-/

: . 2-+' +. +
S4N4H4 + 8H2503 - 4?306 +4H + 4 NH4

According to Chapman and Massey, sulphuric acid oxidizes the
ring to produce a radical species which has been assumed to be SN;.39
Upon reaction of S4N4H4 with certain metal jonét it has, been

proposed that the hydrogen atoms are rep]acéd. Thus, sbeciés such

as Li(AT(sN),), 197 cuy (85) 5,108 Hg, (85) 1,19 hg, (15) .90 wg, (a5

) g
. 8

110 s
(CuC1)2H2N4S4, and (AgNS)4,]98 m are formed from S4N4H4. There

is very little structural evidence concerning these metal complexes and

109

it is not known whether the eight-membefed ring is still intact.

BeckesGoehrinQ and-Schwarz]]p reacted 54N4H4 with trippenyl
methyl sod1um,‘NaC(C6H5)3, to yield an explosive salt, Na4(54N4).
The structure of the S4N3- anion is-not known, however; ‘it has been

>
“

assumed that the ring is still intact, as showrn in Figure [-1.

The tetraimide reacts with 1"'orma1dehyde”2’n3 and the inter-

mediate formed is then-a convenient starting point for the preparation

of organo derivatives.
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S4N4H4 + 4CH20 > S4N4(CH20H)

: 4
C100cH,,
HOCH,-N-S-N-CH,OH  ————5  (SNCH,000CH,),
- ClOCéH4N02 .
S S ——=—5  (SNCH,0C0CH, N0,), (ref 112)
. ' CgHLCNO ‘
HOCH,~N-S-N-CHOH ~ —==——  (SNCH,CONHC,H,), .

The Lewis acid chemistry of-S4N4H4 is essentially undeveloped.
- Reported reactions are:”4

S4N4H4 + A]C]3 -+ S4N4H4'A1C]3

+ AlBry + S,N,H, -AlBr,

+ SnBr4 -+ (S4N4)zgSnBr4 ‘

The 1:1 adducts are poorly charactegized and further work is
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required to understand the behaviour of S4N4H4 towards Lewis acids.

I-6 Bonding in Cyclic Sulphur-Nitrides (Neutral, Anionic, and Cationic Species)

At present, it is not possible to discuss the bonding in the
sulphur nitrides in any detail. This is a consequence oéﬁthe fact that
a good general bonding scheme has not been developed that will readi]yl
apﬁ]y to inorganic ring systéns such.a§~the sulphur nitrides. Such a

bonding scheme would have to explain the fd1lowing:

i) Tﬁg.w%dé’;ar{ation in bond angles around nitrogen. This angle
‘,//" ’has been observed to vary from 90° in 52N2 115 to 151° in SSN§;54’55
i1) The smaller variation in N-S-N bond angles from 90° in SN 115

272

o = + 54,54
to 125° in SSNS’

NOTE: The smaller bond angles in SN, are‘; requirement of the

square planar geomet}y, however the values do indicate the_

minimum value for these angles in cyclic sulphur nitrides.
iii)~ The fact that some species are nearly flat rings while others

are pucke}ed or form cage structures and yet multiple bond

character is observed in all; K

iv) That some rings have équiva]ent S-N bond lengths while in other
\ rings’non—equivalent S-N bond distances are observed; and,
v) If one considers that nitrogen and. sulphur each donate one and

two e]ectrdns,:respecti&e]y, to the © system, many of the anionic

. and cationic ring systems obey the Hickel 4n + 2 rule.

-

116a, 116b

"At present, two CNDO calculations have been done for

cyclic sulphur nitrogen systems in an attempt to further understand the
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bonding in these systems.' Although the_resu]ts of one calculation
supports the validity of Dewar's "islands" model, while the other
calculation is consistent with electron delocalization in unsaturated

sulphur-nitrogen rings such as S4N4, neithér calculation proposes a

viable bonding scheme.

[-7 Aims of the Present Work

The purpose of this introduction was to briefly sketch the
wide variety of cyclic sulphur-nitrogen chemistry. In particular,
the Lewis acid chémistry and chemistry in oxidative media was reviewed
with the intention of presenting a complete and up-to-date survey of
the present knowledge of the behaviour of the sulphur nitrides under
these conditions. "From this review, it is clear that a large number .
of experimental results have been‘obtained,‘but there has been little
understanding or rationalization of these results. In addition, many
of the species isolated have been inadequately characterized. The pur-
pose of the present work was to investigate the reactions of certain
sulphur nitrides with Lewis acids of oxidative capability, to charac-

terize the products, and ultimately, to attempt to obtain some under-

standing of the reactions.
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'CHAPTER 11 N
PREPARATION AND PURIFICATION OF STARTING MATERIALS

[1-1 Preparation of S4ﬂ4

Cyclotetrathiazene was prepared according to the method of

117

Becke-Goehring with some alterations. Carbon tetrachloride (2 ¢)

and disulphur dichloride (125 ml) were placed in a 5-litre réund—bottom
three-neck flask. The flask was fitted with a mechanical stirrer, a
condenser that has a central bore diameter of 2 cm (to ensure that the
condenser does not become plugged with the large amounts of solid material
produced during the preparation) and a gas inlet tube which extended
“below the surface of the solution and terminated in a porous filter.
Anhydrous chlorine was bubbled through the sti;red solution for épproxi-
mately 2 h. The solution was then cooled to 0°C énd the ammonia cylinder
connected to the flask. ‘
The ammonia flow waé moni tored by use of a flow meter and was
not allowed to exceed 50 £/h. An open-ended tube of 1 cm diameter that
extended beneath the solution was‘used to de]iver the ammonia. As the
ﬁ ’ anhydrous ammonia was .added, a vigorous reaction occurred and much solid
material issued from the condenser. For the first few hours, the reaction
“flask was kept cool in ice to prevent the temperature from rising above
> 50°C. The mixture gradually tuﬁns from red-brown to gray-green and
L\\_ finally after six hours, the prb@uct is salmon-red. The mixture was

stirred constantly and the sa]moﬁYred end-point detected by examining,
\

- \\32 -
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from time to time,-the colour of some product extracted from the inside
of the flask. Once the end-point was reached,lthe ammonia flow was
stopped and the material filtered and slurried (for 30 minutes) with
water. [t was not alléwed to dry before washing with water because of

the possible presence of NC13 aé a éide-product. Af ter washing, the

material was filtered and then allowed togdry for 24 hours in the air.
It was observed that at this point the colour of the crude material may

474
%&grking up the material, and the yield was lower whenever the crude

range from a yellow-green to bright yellow. The S,N, was obtained upon

material obtained had a greenish colouration, The crude dried material
was Soxlet extracted with benzene (1 €¢) and then recrystallized twice

from benzene (m;p. 178°C, 1it. m.p. 178°C V7).

Typical yields ranged
from 25 to 35 g.

Cyclotetrathiazene is known to decompose explosively on striking
or if heated above 100°C. Consequently, the obtained yield was divided
into ? g. amounts and stored in plastic vials. The material may be

ground safely if amounts less than 250 mg are used and the grinding

is done with moderation.

[1-2 Preparation of 54ﬁ454
Cyclotetrasulphur tetraimide was prepared by reduction of 54N4
118

with an alcoholic solution of SnC]z.
Cyclotetrathiazene (10 g) and 300 ml of benzene were heated to

‘80?C in a 500 ml round-bottom three-neck flask equipped with a condenser

and a pressure equalizing dropping funnel containing a solution of 35 g.

of SnC1,-2H

9 20 in 80 ml of CH3OH that contained approximately 5% water.

~
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The latter solution was added as quickly as possible but care must'be

taken that the reaction does not become too violent. The precipitate

that formed was filtered, washed with 2N HC1 until no SnC1,(OH), re-

‘ 252

mained. It was then washed with methanol. The crude 54N4H4 was re-

crystallized from CH30H to give colourless crystals (m.p. 145°C, 1it.

118).

m.p. 145°C Typical yields were between 4 and 5 g.

[I-3 Preparation of S NH

7
Cycloheptasulphurimide was prepared using a similar procedure

to that outlined by Brauer.”9 Dimethyl formamide (3.5 ¢) was cooled

in a 5-litre three-neck flask to -20°C using a dry-ice-acetone bath,

Anhydrous ammonia was bubbled into the vigorousiy stirred solution at

a f]oQ rate of about 100 €&/h for 30 minutes. Sulphur monochloride (350 ml)

was then added in 15 ml aliquots from a 100 ml syringe equipped with a

18 G x5 %" stainless steel needle. The sulphur monochloride was in- ‘

jected below the surface of the solvent. Oue to the vigor of the reaction

protective gloves were necessary for this step. After the solution had

again cooled to -20°C, another aliquot of SZC12 was added. This procedure

1Y

was repeated until all 350 ml of SZCI had been added.

2
Additions of 52C12 were not made faster than the solution could

be kept saturated in NH3. If the reaction appeared to decrease in vigor

as 52C12 addition occurred, the solution was allowed to further saturate

with ammonia before the next addition of 52C12. Approximately 30 mxnuteS'_;

was required for further saturation with NH3. After the qddition of all .

Fhe 52C12, the passage of ammonia was continued for another 15 minutes.'

The ammonia addition, cooling and stirring were then stopped and the N

resulting deep blue solution was allowed to stand for 30 minutes. The
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éd?u;ion was then slowly added to 50 ¢ of 1% HC1 in a 100 ¢ container
with constant stirring. The pink-purple solution that forms was neu-
tralized with 10% HC1 until an orange colour was obtained at the end-
point. The solid material was allowed to settle overnight and the solu-
tion was decanted leaving a yellow solid. The solid was allowed to dry
in the air for 24 hours and then Soxlet extracted with tetrahydrofuran

(1 2). The tetrahydrofuran was removed using a rotory evaporator, and
the resulting brown 0il dissalved in a minimum amount of hot methanol.
Upan cooling, yellow platelets were obtained. The material was again
recrystallized from benzene to remove final traces of sulphur. Resul-

ting yields were typically 20-30 g (m.p. 113°C, 1it. m.p. ]13”6119).

11-4 Preparation of S7NCH3

N-methylcycloheptasulphurimide was prepared using the method
of the late Dr. F.P. Olsen.'% Purity of the sample was checked by
comparison of its infrared and nmr spectra with published spectra. To
ensure that no sulphur was present in the S7N-CH3, the obtained sample

was twice eluted from a Silica-gel ch}omatographic column,

[1-5 Preparation of S3§8§lé

Trichlorocyclotrithiazene was prepared using the method of

Schroder and G]emser.70 This involved chlorination of a stiéred solu-

tion'of 54N4 in CCl1, at room temperature. The S,N.Cl, was crystallized

4 3373
from CC]4 and stored in dry evacuable bulbs with a slight pressure of

anhydrous chlgorine gas. ‘A sample was -analyzed by the Schwarzkopf-

Microanalytical Laboratory:



" hot CC] had been previously reported to be 142.5°C. Jolly and Patton

. w{th AgF2 in CCT4J accord1ng to the method of Glemser and Schroder.

—

36
Calculated For Found
SNl ¢
Sulphur o 39.50% ' )38.87%
Nitrogen Sy 17.28% 17.4%
Chiorine . 43.21% - 43.20%
The melting point of S3N3Cl3 that had been recrystallized from

47

_noted that whenever CC]A sotutions of SN C] were heated above 60°C,

33773
green so]ut1ons were obta1ned and samp]es isolated from these so]ut1ons

Y
" had varrab]e and high melting points. It has therefore been suggested by

Joliy and Patton that the melting point of 162.5°C quoted by Schroder and
Glemseh70 corresponds to the melting or decomposition of a so]%d decompo-
s{tion product of S3N3C13. Crystals obtained in th%s laboratory from
solutions that had not been heated above 50°C, melted cohsistehtly at
90-91°C.and fhis melting point is in agreement with thet reported by
Patton and Jolly for crystals obtained by a sjmilar procedure. Thus, it
is important that solutions of S3N3C]3 not be heated above'50°C during

crystallization protedures.

. II—o 'Preparation of 53_3 3

Tr1f]uorocyc]otr1th1azene was prepared by fluorination of S3N3C13

120

. The preparative procedure and equipment emp1oyed were essentially identi-

ca] to those used by Glemser and Schroder, however d number of modifica-

tlons were emp]oyed The quartz reaction vessel was fitted with a Teflon
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Rota-flo valve and did not contain g stirring bar. "This enabled the

3

’ X flask to be rigorously flame-dried unde; high vacuum. The AgF2 was
| 4 . :

3
placed in a Mnel bomb and subjected to a pressure of fluorine of

1000 1b/sq. in,Mat 150°C for one week to ensure complete fluorination.

Lt
Ty W~ g

The required amount of S3N3C13 and Ang_were‘transferred to .the quartz'

reaction bulb in a dry box and CCl (4d ml), that had been dried over

4

mo]egu]a? sngés, wés then distilled onto the 83N3C]3/AgF2 mixture.

The bulb was then placed on a mechanical agitator for 3 déys. After

th{s time, a yellow solution was obtained rather than a co]ourfess solu-

tion as reported by Glemser and SchrEdQ;.f The vessel was then connected

to the trap éssemb]y which had been‘previoully 1e$k checked and f]éme

dried under high vacuum. The procedure ¥;;m thié point was identical

to that outlined by G1emsef and Schroder. Due to the reactivify 6f .

33N3F3 with glass, it was sublimed into a Kel-F trap that had been p?e—

viously conditioned with HF and fluorine. The S\N3F3 was then stored N

in this trap under 25 1bs/sq. in. of dry argon. | C
It was’noted, however, that wher;S3N3F3 was sublimed into either

Kel-F on g]g;s vgsse]s, it.initially formed as a colourless crystalline -~

solid that turﬁgd yellow with time. This suggested that decomposition

g" may be ogcurring, and no‘explanation is offered to explain this ster—-

?,. vation: The 19F nmr spectrum of the material was consistent with that

’repqrted by Glémser]Z] and jndicéted that no other'fluorine—containing

species wers present.
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11-7 Preparation and Purification of Materials

Su]phur D1ox1de

Anhydrous sulphur dioxide (Canadian Liquid Aﬁr) was stored as
Y

? liquid over qu]0 prior to use.

Sulphur Trioxide

Sulphur trioxide (Baker anq Adaméon) was distilled under vacuum

~

into a dry glass storage vessel.

Arsenic Pentafluoride and Phosphorus Pentafluoride

. Arsenic pentafluoride and phosphorus pentaflucride (0zark
Mahoning Co.) were used directty from the cylinder and were measured

on a calibrated Pyrex vacuum line.

Antimony Pentafluoride S

Antimony pentafluoride (0zark Mahoning Co.) was doub]y'dist111ed
%n a Pyrex glass still before use. Distilled samples were stored in

dry Pyrex bottles in the dry box.

Ant1mony Pentach]or1de

Antlmony pentachloride (Baker Analyzed Reagent) was used d1rect1y

-without any pur1f1cat1on

Chlorine and Ammonia . -

Both gases were énhydrous grade {Canadian Liquid Air) and-were

used directly from the cylinder.

S1]ver D1f1uor1ae

N v

S11ver d1f1uor1de (Ventron A]fa Products) was sthected to

~

38
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1000 1b/sq. in. of fluorine at 150°C for one week prior to use.

Disulphur Dichloride

Disulphur dichloride (Eastman Kodak) was used directly without

any purification. . "

Thionyl Chloride

Thionyl chloride (J.T. Baker Chemical Co.) was distilled twice
from tripheny} phosphate to remove traces of SC]Z, SZC12 and SOZC]2 and

used immediately after purification.

Carbon Tetrachloride

Carbon tetrachloride (Mallinckrodt Analytical Reagent) was

. \
dried over molecular sieves.

Methylene Chloride

Methylene chloride (Mallinckrodt Analytical Reagent) was

‘'stored over phosphorus pentoxide and degassed prior to use. The pur-

'pose of the degass1ng was to remove any d1sso]ved 02 which could cause

paramagnetic line broadening during esr measurements on samples in

which CH,Cl1, was used as a solvent. \\\;r//g\

Anhydrous Hydrogen Fluoride -

Anhydrous hydrogen fluoride was stored under a pressure of 100 ]bs/sqf

of F2 to remove: traces of water. e

1I-8 General Experimental Techniques

In most instances, compounds were prepared in the reaction

. vessel shown in Fig. II-1. The vessel consists of two reaction bulbs

in.
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S

sinter

b ’ . @* stirring bar

Figure II-1
Double Bulb Reaction Vessel

N

NS SS,

. f . -~
_r sinter

] s
) ‘'stirring bar’

\n.m.n tube

1

Single.Bulb Reaction Vessel with nmr Tube

Figure 11-2
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“dried over sodium wire and spectra were recorded in the 4000 cm

(/X

separated by a medium glass frit. -Since many of the reactants used were
moisture sensitive, the vessel was flame dried under vacuum before use.
All transférs of Tiquid and soliqwjhto the vessel were done in a dry
box. I'n the éase of gaseous components, ‘trinsfers were”c&rried out on
a vacuum line, The vessel was sealed by use of Teflon valves whiéh’
also allowed Eonveﬁient connection to vacuum Tines. Details of individual
preparations are_g%ven in the appropriate chapters.

Experiments that required the use of Kel-F or FEP plastic equip;

ment are described ir the individual chapters. Techniques concerning

the manipu]étions_of plastic equipment have been described élsewhere.]22
[I-9 Instrumentation h

(1) Infrared Spectroscopy .

. Infrared spectra were recorded on a Perkin Elmer Grating Infrared.
spectrometer type 283. Samples wéie prepared from Nujol that had been
1 to 200 cm-

range-using CsI windows.

(ii) Raman Specfroscopy

Y

Raman spectra we}é recorded on a Spex Industries Model 1400° 3/4
meter Czerny-Turner double monochromator using a Spectra Ph;sics moae] .
164 argon ion laser giving up to 900 mi]]iwatps at 5145 E or & Spectra
Physics Model 125 He-Ne laser giving up to 50 milliwatts at 6328 K.

A1l spectra were obtained at -196°C to prevent decomposition from_the"

‘laser. Samples were run in 1/4" 0.D. glass sample tubes or in the double

\ . '
bulb vessel in which they were prepared.

Q

]

N
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(i11) Electron Spin‘Resohance.§pectroscopy

Electron spin resonance- spectra were obtained on a Jeolco Model

" J.E.S. 3BS-X spectrometer. The g-values and.hyperfine constants were:

" obtained'by comparison with a sample of an,+ in Mg0 (g = 1.981) and

are accurate to + 0.001. Samples were prepared by the use of the appara-

tus in Figure II-2: This apparatus convenienp]y fitted into the resonance

cavity and'a]]owed“a&justment of sample concentration to obtain « maximum

signal intensity and resolution.
In some instances, samples were prepared by transferring an
appropriate amount of sample and solvent to a glass nmr tube sealed

with a Teflon valve. \

|
|

\ v
(iv) Nuclear Magnetic Relsonance Spectrdscopy

(a) lgF NMR §pectrL
All fiuorine nmr schtra were obtained at room temperature usihg
either a Varian DA-60 spectrbmeter operating at 56.4 MHz or a Varian

HA-100 spectrometer oberat%ng.at 96.4‘MHZ. Samples which did not attack
glass weré prepared in 5 mj o.d. mediqm precision polished glass nﬁr

tubes (Wilmad Glass Co.) gJass b?o&n onto 2" lengths of 1/4" 0.D. glass
tubing. These tubes cou]dﬁbe conveniently attached to the vacuum 1ine

by means of a Teflon valve SamplQ%iwere transferred to the tubes in

. S

the dry box, followed by c ndensation of an .appropriate vqlume of sulphur

dioxide.
Samples that were recorded in anhydrous hydrogen fluoride were pre-
-bared in tubes that were m?de from 3.91‘mm‘o.d., 0.31 mm wall FEP tubing

(Warehoused plastics, Toronto). The tube and Tef]on valve aSsemb]yffor
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vacuum line manipulations have been describe& previously. The tubes
were washed with anhydrous HF several tines before use.‘ Al ]9F spectra
were measured with respect to external CFC13, positive chemical shifts

being to high field.

) 3P NMR Spectra . !

Phosphorus nmr spectra were recorded on a Bruker WH90 nmr
spectrometer at 36.43 MHz. The spectrometer was 1n§erna1]y Tocked to
the deuterium signal of €0,C1, in the{sarp1e solutiqh., A1l chemical
shifts are reported with reference to éS% phosphoric.acid, poeitive
chemical shifts bging to high field. |

1

(v) Mass Spectroscopy ‘ . |

Mass spectra were obta1ned on a Conso]1dated é]ectrodynam1cs
~ Corporation Model No 21-110B double focu551ng mass spectrometer Spectra
‘were referenced to-perf]uorokerosene dnd the normal energy of the bom-
‘Parding electrons was 70 e.v. The mass spectrum of S3N3F3 Was recorded
Ly connection of an evacuated Kel-F trap, containing the sample, to the

gas inlet systeh of the spectrometer by means of a Teflon valve.

(vi) Dry Box S ) .
) . ~ - .
A1l materials sensitive to moisture were handled in a Vacuum

N . ) @
~"Atmpspheres Dry Box Model HE-43 equipped with a dry. train model HE-373-B.
(vii)  Analyses
Analyses were done by the Stﬁwarzkopff Microanalytical Laboratory,
56-19 37th Avenue, Woodside, N.Y. and Pascher Mikroanalytisches Laboratori um,

8
.53, Bonn, Buschstrasse 54, West Germany.



CHAPTER 111

i . LEWIS ACID CHEMISTRY OF S,N,

FAR

III-1 Reaction of 54y4 with Lewis Acids

53

-

i- ‘The only results that are certain from the previous work of

% S4N4 with Lewis acids is that S4N4 forms molecular adducts with SbC15,29
§ and BF3,27’28 and that the oxidation of S4N4 by AsFé produces the radical
{ .

&

cation S3N;. The crystal structures of both the molecular adducts and

the'S3NZ cation have been determined.

4N4 with the Lewis acids

) PC]S, PFS’ ASFS,‘SbF5 and WFsiwas initiated in an attempt to

iso]gte ew sulphur-nitrogen compounds as well as perhaps qain

A systematic study-of the reactions of S

«

insight into reaction pathways.

I11-2  The PCL./S N, and PF./S N, Systend

The chemistry of these systéms was studied in an ;ttempt to.deJ
termine if the phoéphorus pentahah’des'PCl5 and PF5 are capable of oxi-
dizing S4N4 or forming molecular adducts. In general, it was observea
that PF5, whether present: in excess or equimolar ;mounts, formed only a
1:1 ho]ecu]ar adduct with S4N;.‘ Phosphorus bentach]oride, however,
reacted quickly to yield a complicated mixture.

The 3l

P nmr spectra of the mixtures obtaingd for the reaction
e . o of 34N4‘with oné and three moles,of PC15~are shown in Figure 111-1.
The spectri consist of a number of single lines and the chemical shifts .
relative to H3EO4 are ]istéd in T&b]e II1I-1. From the-nmr data, it is

‘clear that with higher molar ratios of PC]5 to SyN,s the reaction proceeds

)

- 44 -
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Table IT1I-1
? T nr signal% Obtained from S4N4/PC15 Mixtures
g S4N4/PC15 S4N4/3PC]5
£ o :
i . & (p.p.m.)- . ' § (p.p.m.)
¥ Signal number Signal number
: from H3P04 ) from %PO4
¥ 1 -25.8 1 L -25.7
E 2 -19.3 2 -10.5
§ 3 -10.1
s 4 - 9.6
3 - 8.84 5 - 8.9
6 - 8.4
4 - 6.56 7 - 0.1
5 255 ¢ 8 3.12
; \ 9 3.72
\ 10 4.65
\ 1 11.56
12 12.36
: 13 13.56
14 14.47
. 15 15.48
6 - " 16.32 -6 16.18
Table I1I-2 ~ -t
Reported 3]P nmr  Chemical Shifts”For Possible Reaction” Products
\ of the S,N,/PC1. System
e s ‘
Compound s {(p.p.m.) Compound §-(p.p.m.)
P_N.C1 -19.8, -20.0 PC1 -219.4, -220
338 ~20.2, -19.0 3
, -19.1 ,
PN, Cl 6.8, 4.6 PSC1 -28.8,-30.8-
44e 7.0, 7.0 3 -29, -20.6, -34
PSNSQ]O - 1.0 PC1g 281, 300, 305
P6N6C]]2 16.0 PC]5 80
P7N7C1]4 18.0
P,N,C1 18.0

8816

+
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- further to produce a complex mixture.

~

4 * Assignment of the signals in the spectra is difficult and
further experiments were not carried out. However, some speculative as-

signments can be made. The chemical shifts of some possible products
t

are listed in Table 11I-2.

e sPERRT s At

It would appear that there is no PC1_, PSCl_, unreacted PC]5

3’ 3
or PCf;“containing species present. It is noteworthy, however, that the

singlets at -19.3 ppm and 16.38 or 16.32 ppm are perhaps due to the

o LT T I Y

trimer P3N3C]6 and hexamer P6N6C1]2, respectively. The other singlets
are left uncharacterized. |
The reactions were carried out in CH2C12 and removal of the

solvent gave, in both ins;ances, yellow viscous oils that had the dis-

tinct odour of chlorosulphanes. A black solid was dispersed in the oil

obtained from'th? 1:1 S4N4:PC15 reactign mixture. The Raman spectra of
N . these oi]s‘weregrecorded at -196°C and the observed bands are listed

in Table III-3. Again these spectra represent complex mixtures and the

observed band frequencies are used only as a guide for discussion.

The two bands at 512 cm—] and 210 or 212 cm-] are assigned to

.

<
Al
N

R

V1 and v, of SC]Z. The band due to V3 is observed only as a poorly re-
solved shoulder. This is perhaps a result of its lower intensity in

comparison to vy and Vo

There are also bands that are coincident with those observed

for P3N3C]6 although many of the recorded bands of P3N3C}6 may be

* masked by the broad bands obtained in the spectra of the oils.

*

It was mentioned earlier in this chapter that PF5 combines with
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34N4 to produce the molecular adduct 54N4-PF5. This is not surprising

since phosphorous pentafluoride is known to form addition compounds

'; El}h a variety of Lewis bases such as ethers, amines, amides and esters.]%’]27
% Also, it was observed that PF5 did not oxidize S,N, under the described

% experimental conditions. o

? L_/)// The 94.1 MHz ]9F nmr AB4 room temperature sbectrum of S4Né.pF5

i ' in liquid SO2 is illustrated in Fig. II1-2B. The spectrum consists of

two doublets and two apparent quintets which show additional sp]itt?ngs
under higher resolution. The quintet showed all nine of the expected
transitions for the A spin system. The second order transiiions far the
B system were not observed because the lines are rather broaH and the
line width is comparable with the expected separation of the lines. The
second order effects for the qd?ﬁfet are shown in Fig. fiI-ZA.

Figure 111-3 illustrates the o

P room temperature nmr spectrum
of the adduct. The spectrum consists of a multiplet of lines which

) arises from the P'Faxial and P'Fequatoria] coupling. Fig. I1I-4 illus-
trates how a simple first order stick diagram may be used to predict
the theoretical intensities of the multiplet.

Table I1I-4 lists observed chemical shifts and coupling con-

stants for(the S4N4-PFS adduct as well as for other PF5 adducts.
Table I11-4
* ]9F nmr Data for Moiecular Adducts of PFS
. . 126 127 . 126

S4N4“PP5 (CH3)20 PF5 (CZHS)ZO'pFS CH3N PF5

JP-F axial (Hz) 755.8 777 : 745 747

JP-F eq (Hz) 789.7 820 790 848

Fax-Feq (Hz) 57.3 65 . 62 55
8 F o (p.p.m.) 65.4 69.6 66.3 7.1

6F_ (pp.m)  82.8 88.8 86.0 '83.6
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Room temperature p oy spectrum of SyNg - PFc adduct.
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The spectra of PF5 adducts .with' donor organic molecules wehe

all obtained at temperatures below -60°C. At higher temperatures intep-

-« ' molecular” fluorine exchange occurs ‘which has been attributed to the rapid
. equi]ibrium]27
PF. + baseg PF.-base — . A

5 “ 5 .- \

The exchange process does not occur to a significant extent at room tem-

perature in the case of the S4N4-PF5 adduct Since well-resolved spectra

] ‘ " were obtained. ‘ ¢
Ana]ogy with other known structures of molecular adducts of
54 4 allows one to assume.that the PF5 is co-ordinated to the nitrogen

in the S4N4 ring. The stab1]1ty of the adduct shows that the lone bair

on the nitrogen 3}95@15 available for donation to donor sites and that

formation of a dative bond as in the S4N4 SbC1. adduct, results in a

change in the geqmetry o_f_‘the-S4N4 ring.

N
T

I11-3° Raman and Infrared Spectra of the Molecular Adducts of’ S4ﬂ4

Table III-5 conta1ns a list of v1brat1ona1 frequencies for
/ ) some of the known adducts of S4N4 as well asjfah\ﬁéhg itself, and.
' ‘ig F1gune IIT-5 illustrates the infrared spectra of S4N4 SbC]5 and S4N4 PF5
while Figure I11-6 shows the Raman spectrum of S4N4 SbC15 The point

group symmetry of S4N4 is D2d and the vibrational spectrum of free S4N4 has
been extensively dT‘scussed.]2 Upon co- ord1nat1on with a Lew1s ac1d the sym-
'metry_betomes Cs'with.a.possibititx of 18 infrared and Raman active funda-
" mentals. .In additioh,.the pehta co-ordinated Lewis acids such as ShC]S and,PF5

once complexed have approximately C4V symmetry (ogtahedral co-ordination)
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Figure [II-5 In rared spectra of the S4N4-SbCI5 and 54N4-PF5
molecular adducts S
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about the central atoﬁ Considered as a rigid structure, the highest

symme try poss1b]e for!an 54N4 MX5 adduct is C for which the selection

rules -predict 36 Raman and ﬂnfrared active fundamenta]s Utilizing a
local symmetry approxnmat1on to the selection rules results in the

N-MX port1on having 4 Ay» 2B, , 1 B, and 4 E fundamentals with the

S4N4 -M portion contributing 12 A' and 9 A" fundamenta]s It is beyond
the scope of this thesis to attempt a complete vibrational analysis of
the molecular adducts of S4N4, although some discussion of the S-N

vibrational frequencies will be given.

’

A complete vibrational analysis of molecular adducts of acefo-

129 130
5’A

are . given in Table: III 5 in order to indicate frequency ‘ranges over

nitrile with SbCl and BF has been given, .Their assignments

wh1ch Sb-C1 and B-F| v1brat1ons are observed Thus, it is possible to ~

-assign the v1brat1ons involving the co-ordinated lLewis acid. For in-

stance, the h1gh frequency band at 117 cnr d in the S4N4 BF3 adduct which
has no correspond1ng bands in the other adducts may be ass1gned as an
assymetrlc BF3 stretch by ana]ogy with the spectrum of the aceton1tr1]e—
BF3 comp]ex Ass1gnment of P-F vibrations in the S4N4 PF adduct is not
pdssible due to th% lack of good v1brat1ona1 data on other PF5 adducts.
The v1brat1ona1 spectrum of S4N4 has been studied by Brag1n and

Evans. 128 A va]ence force field calculation allowed comparison of

- predicted frequenc1@s with-observed jnfrared and Raman frequencies.

l - : .

Twelve observed fundamentals, seven-of which are infrared active wege
. . . ' 1

assigned. 0f the six N-S stretching fundanentals,‘fwo (A] and B] sym-

metry) are active ﬁn the Raman .only and a third (the-A2 band) is inactive .

. Ll
&

|
i
|
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‘stretching of the shorter SN bands of 1.60 A to.
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",

in both the infrared and Raman specira. Therefore, £he‘remainipg fﬂ}ee
bands are a strong B, vibéation at 705 en” anq vibrations o% E s}mmetry
at 766 cn”! and 930 cm']. The strong vibration p§§ historically been
referred to as “the S-N stretch". o

Bragin and Evans have classified the v1brat10na1 frequencies

of free S4N4 into three classes. The high frequencyybands above 700 cm']
-] \

bands-%n the 340-615 cm

‘range and the low frequencﬁ\bands below *
: y

1

250 cm’ . The high frequency bands above 750 cm_ havé been identified,

as comb1nat1on bands. The 1arger number of bands observed 1n the vibra-

tional spectra of ‘the mo]ecu]ar adducts makes such a c]ass1f1cat1on dif-

flcu1t.f’However, it is-noted thap‘each of the molecular adducts exhibits

" strong bands above 1000 pm-]. These bands cannot be reasonably assigned

as combination bands as ih‘S4N4; but since a drasti¢ change in geometry’
: /

of the S-N ring occurs upon complexation, they maybe due to ‘the

Similarly

bands due to the S-N stretch associated with the cdcopdinated nitrogen

would be” expected to have lower frequencies, 700-900 cm—], due .
to the Tonger S-N bond of 1.65 A” 27,23 pocignment of S-N vibrations dug
to mot1on involving the co-ordinated nitrogén atom is difficult as there

are a ]arge.nUmber.of bands in the required range.

Infrared and nmr data 1nd1cates that the S4N4 PF5 adduct is

iso-structural with the other adducts. The expected geometry is as -

>

illustrated.

X
S %
N
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1114 The Reaction of s4u4 with Anhydrous HF b
‘ The purpose of this work was to 1nvest1gate the poss1b1]1ty of
using anhydrous HF as an a]ternative solvent for S4N4 -Lewis acid systems.
MacD}armids] has demonstrated that S4N4 reacts with HC1 in carbon tetra—
‘; ‘ ch]or1de to y1e]d the cyclothiotrithiazyl cation S4N3 accord1ng to the
following sequence .
g 54N4 + HCl - S4N4§HCI (red ppt)
S4N4~HC1 + ?HCI -+ S4N3C1 + NH4C?c+ C]Z' .

b

The_tgF mmr room temperature spectrum of the mixture obtained from the

reaction of%§;N4 with HF in a 100:} HF:S4N4 molar ratio ethbited two
sing]ete at 6 = -70.9 ppm and -33.8\ppm as well as a peak due to un-
- reacted HF.' The ]H nmr épectrum consisted of_a triplet at. 4.9 ppmr

from fetramethy]si]ane: 'Tﬁe singlets observed in tpe ]QF nmr spectrum

are in the correct region for fluorine bonded to.eulphur. Table III;6 ‘

1ists possible S-F spec1es that may be formed as we11 as their chemical

shifts.. The signal at -33.8 ppm may correspond to that reported for F

on S4N4F4 (-35 ppm). The lower field singlet could not be identified

by ana]ogy with eny known S species. The trip]et in the ‘proton nmé spec-

[
trum is .due to the ammonium ion NHZ Although nitrogen has a quadrupo]e

.

moment, quadrupole-broadening is mi 1m1zed as the electric field gradlent

" is very small because of the high s ry of the ammonium ion. As a re-
sult, the.]H nmr Spectrum of the NHZ consists of ﬁhree lines due to N-H

coupling. I
¥
* |

The chemistry of the S4N4/HF system is complex. This systan,does'

-
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"Table III-6

]9F nmr Chem1ca1 Shifts of Possible React1on Products ‘ .

from the S N /HF System.

Compound ) | § (p.p.m.) from CFCT,

SpfFy o g 13 X
SyNFy | ‘ 35,0 131

NSF d' | 23.3 132,

NSF, o 1.7 133

not behave analogously to the HCl system; as only‘@n‘extremely powerful

oxidizer could be reduced by hydrogen fluoride as the product of the-

react1on would be e]ementa] fluor1ne

~,

It is also necessary to exp1a1h the downfield shift of the 19

f t

* nmr s1gna1 due to HF, as the react10n proceeds. The chem1ca1 shift of

HF 1n-]1qu_1d_SO2 is +193.1 ppm. The fluorine signal of ‘the HF/S /SO
reactlon mixture was observed at +182.0 ppm after the react1on had been
al]owednto proceed for~two hours. Over a period of several days, the

51gna1 moved downfield to +173. 1 ppm and bands "due. to F bonded to S

) appeared in the appropr1ate region. The codt1nua1 downfield sn1ft of

the HF line is attributed to an exchange process between free fluoride

- ion and HF, Qne-possible source of fluoride ion.is obviously NH4F .

As the reaction proceeds, the concentration of free fluoride increases

and the exchange process becomes more important.



.to have a strong vibration at 620 cm'] in ‘the'NO+ and NO

60

Due to the\complexity of this system and the lack of utility

nt or a syntheﬁgc reagent, thé HF-S,N, reaction

f HF i
of HF as either a so] N

was npt further thvestigat

III-5 - The Reaction of S4ﬂ4 with NF6 ina 1:3 Mq1e Ratio

The purpose of this work was to determine the reaction-.

of 54N4 with WF That is, would it be possible to form an

6
S4N4-NF6 adduct or would .an oxidative process accur?

Generally, the results are not readily interpretable. Tetra-

< sulphur tetranitride, when combined with WF6 in a*1:3 molar ratio,

. produced an SO2 insoluble black material and an SO2 so]ublf‘ggter1a1

that' gave a red solution which yielded a green solid upon solvent

‘removal.

An esr spectrum of the red solution showed a five-line patgerﬁ
whichlis consistent with the presence of a radical containing tw6 equi-
valent nitrogen atoms. The radica] has a g-vé]ue of 2.911 and a hyper-
fine dbupling constant of 3.14 gauss. These va]ueé are very similar
to those reported far S3'N2+ AsFG' which has a g-value of 2.011 and a

3 ¢ o 19

coupling constant of 3.15 gauss. h F nmr spectrum of the SO2

" soluble material consisted of one line with a chemical shift of -147.6 ppm:

Comparison with the chemical shifts of T](NF7) and Cu(N(CHé)S(wF7)2)

suggests that the anion may.be WF7.]3-4 The infrared spectra of the.iso-
lated materials are not very informative. The NF;nion has been reported
Z Sa]ts.]35,136,1§]

Both: sets of infrared spectra have bands in this region as well as higher

' fiequehcy bands in the 800-1150 cm—]nregion which are probably due to
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S-N vibrations.. The infrared spectra of the radical containing material

3

. was not similar to the: infrared spectrum of S.N AsF6. This. is not con-

32
clusive proof that the radical is not S3N; since it may only be present

in véry small amounts. Analysis of the ingbluble black materia[ failed

to produce meaningful results. fhis system was not further invegtigated
due to its complexity. It is apparent that S4N4 does not co-ordinate with
WF6 to form a stable molecular adduct, but instead, a complex process occurs

that probably involves oxidation of S4N4.

III-6 The S4ﬂ4/SbC15 System

Adducts of S4N4 were first prepared in 1906.]38

until 1960 that the first crystal structure of one of -these adducts, S4N4-SbC15,

was determined. Jo]ly;ﬂﬁQ'Wynne,in 1967 prepared for the first time the

However, it was not
29

S4N4--BF3 21,28 adduct and found it to be structurally similar to the SbClé adduct.

o " The species S4N4-Sb2C1]0 has also been prepared from the reaction of

S4N4 withva015 ina 1:2 mole ratio. Based on vibrational gata and compari-

N,-BC1,-SbC1, Malhotra et al.>®

R \ 474 3 5
have suggested that the S4N4-Sbsﬁllo species is an ionic compound containing

son with the results of Jolly for the species S

the S4N4°SbC]Z cation dﬁd_the proposed structure is illustrated on the next page.

v

Jd11y27 has reported the isolation of a yellow material, obtained from

. the reaction of S4N4-SbC15 with qugs in a 1:2 mole ratio, which ané]yzed as

S,N,-SbCT . "Theré is 1ittle information concerning the material since the

initial investigation was very limited.

At the time work was begun on this syéfem, iﬁ was clear that
S4§> formedymolecular adducts with SbCls, but the nature of the species
S4N4SbZC]10 @nd‘52N23b016 wasstill not clear. An attempt was therefore
made to clarify this SZNZSbQJ6 sys tem.
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When S4N4 is mixed with SbC]S in a 1:3 mlar ratio, it is easily
oxidized to produce a yellow crystalline material that analyzes as

) SZNZSbCIG. By means of an X-ray structural determination, it was shown

to be S4N4(SbC16)2 and is clearly identical with the material first pre-
pared by Jolly.

+ SbC1

SN, + 3SbC15 > S4N4(SbC16)2 3

44

Jolly27 originally obtained a solution having }he yellow colour of the

cyc]ot%trathiazyl d{c?tion by reaction of the molecular adduct S4N4-SbC1S

with SbCls. This reaction was checked in this laboratory and found to

be correct. It was also demonstrated that one mole of SAN4 could be_com-
Prad

bined directly with two moles of SbC]5 or one mole of S4N4-SbC]S with one

mole of SbC]5 to yield ah orange solid, the infrared spectrum of which

Y




63

N ,;Es different from that of the 1:1 molecular adduct or from S4N4(SBC16)2. ;

/

J
/

These reactions are summarized in Table III-7.

TABLE III-7

A Suﬁmary of the Chemistry of S4N4 with SbC]5 ///

e
S N

,

S0
2
S4N4 + ]SbC]s.-—————a S4N4)S§C]5

, 30,
. SN, + 25bC1 ——2> SN
: S0,

S4N4 + 35bC15—————-—> (S4N4)(5bmé)2 + SbC1

-szCl

4 10

[

3

* q

. 50
2
| S4N4-SbC1§T; SHCTg —S5 S,N, +Sb,CT 0
. s0,
‘ SyNy-SbCIS + 2SbCT——S» (SN, )(SBCT), + SBCT,
o ' S0

: 2
\ S4N4-ZSbC]

5+ SBClg——5  (S,H,)(SBCT,), + SbCl,

e If.js noteworthy. that S (SbClG)2 and SbCl, were the only de-

4" 3
o tectable products from the reaction of one mole of S4N4 with tgn moles
-of SbC]s. Thus, no further oxidation or cleavage of the S4N4 ring was
observed. A]sot it was observed that 502 solutions resulting from the
preparation Of the cyc]otetrathiazyl‘dication exhibited an esr signal
with a g-value of 2.016. The signal was in the form of a very broad
line with a width of 20 gauss. This indicates the presence of at least
one competing side reaction. No attempt was made to establish the iden-

-

" tity of thé radical giving rise to the esr spectrum.

\

The'abOVf reactions sdggest_a possible sequence for the prepara-
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tion of the cyclotetrathiazyl dication from SbCl,.
. G

(N S4N4 + SbC]5 > §gy4-SbC]5

(2) S4N4-SbC15 + SbC]5 > SAN4Sb2C1]O
(3) ‘S4N4$b2C1]O + SbC1. ~ S,N (SbC]s)2 + SbC]3

5 474
The first step is the formation of the molecular adduct which then
reacts further to form the 1:2 species, S,N,5b,C1,,. Based on experimental

data, there can be no doubt that the first step in the reaction sequence is
the formation of the 1:1 adduct.

The structure of the 1:2 species is not known, however, some specu-

-

lation can be made based on spectral data.

The following infonnation.is available:

‘(1) Infrared and Raman spectral data show that the compound is an SbC]6 salt.

(2) Mossbauer data indicate that it contains no SbCl., but do not clearly

3
Show the presence of two distiﬁct antimony sites. A broad signal was
obtainea that may consist of two signa]ggwith similar isomer shifts.

Crystals suitable for X-ray analysis could not be obtained. When-
ever crysta]]izatioq;&gs attempted the material appeared to dissoclate to
some ex?ent to S4N§+ and S4N4-SbC15. The remaining orange material was not
suitable for crysta]]ographic‘studies. At this point, it is not pdssib]e to
draw any certain conclusions about the structure of the San-ZSbC15 inter-
mediate. However, it is reasonable to assume, based on the available in-
formation, that S4N4-25bC15 is probably S4N4SbClebC1é and Ebat the struc-
ture of the cation is probably as shown in Figure I11-7.

i PR
IR,
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Figure 111-7  Proposed structure of the SaNqumZ intermediate
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TN gt o en

The addition of a mole of SbC]5 to one mole of S4N4-SbC]5 simply removes a

chloride ion from the coordinated SbC]5 to give the S4N4SbC14 cation. The orange 1:¢

species must then, in the presence of one mole of SbC]S, undergo further reaction to
produce the §4N§+ cation, presumably by loss of a second chloride ion to give

2+
.S4N4SbCT3 3"

It is important to note that, according to Jolly,

followed by loss of SbCl

27 -
. the (S4N4BC1 )(SbC16)

complex does not ﬁndergo reaction with SbCls. This would indicate that the
[:;N-SbC14]+ unit in the. intermediate is an active site capable of producing

SbCl3 and thus completing the oxidation, wheregs the correspondingZ:ﬁ-BC12 unit

is not capable of undergoing oxidation and therefore the reaction stops at this '

point.

II1[-7 The S4ﬂ4/AsF5 and S4ﬂ4/5bf5 Sys tems

In Chapter I, mention was made of the fact that S4N4 forms a compound
with SbF;\vhich was first assumed to have the composition (S4a%§bFZ Sb3F]6) 36

It has been confirmed that SbF5 is indeed capable of oxidizing S4N4y however

\ 2+ . .
the two S,N, salts, S4N4(Sb3F]4)(SbF6) and S4N4(SbF6)2 werre obtained rather
than the assumed (S4N4SbF )(Sb3 ]6)
In every instance 54N4 was mixed with 1:3, 1:4, and 1:6 molar ratios,

the solutions produced underwent a variety of colour changes to yield crystal-
1ine materials. '

The reaction of S4N4 with SbF5 in 1:4 and 1:6 molar ratios produced
green solutions from which a golden yellow crystalline material was obtained.

X-ray analysis of the crystals indicated the formation of .

the salt of the cyc]otetrath1azy] d1cat1on S4N§ (Sb3F]4)(Sng) Formation
. of this compound is cons1stent with the following sto1ch1ometry
- - SO2 ‘
S4N4 + 4SbF5——————=> S4N4(Sb F]4)(SbF ) ¢
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ratio to produce the species S4N4(SbF6)2

S0
2
S4N4 + 3SbFs —_— S4N4(SbF6)2 + SbF3

This salt was ijdentified by comparison of its Raman and infrared spectra

~

with the spectral data of the other S4N§+sa]ts.

It is worthy of note that in the production of the Sb3F;4 salt, '

some SbF3°SbF5 139 was formed. - THis is a result of the one further ;
mole of SbF5 reacting with free SbR,, which is generated in the first

step of the reaction

S4N4 u 3SbF5 + S4N4(SbF6)2 + SbF3
SbF3
S4N4(Sb3F14)(SbF6) SbFSSbF3 |

" f
Thus, care must be taken not to obtain a product contaminated

with SbFB-SbE,5 and S4N4(SbF6)2.

The A5F5/54N4 system behaves somewhat differently from SbF

5
system and observations have been made which are at present difficult

to explain. It has been previously reported that AsFS, when mixed with

+ 2
S4N4 in a 3:1 stoichiometry, produces the S3N2 radical ion“] as well as

catnst. © R REREedebid v L ST

other unidentified species. The reaction of one mole of S4N4 with both

2 solution, has been shown to produce

-

~three and six moles of AsFS, in SO

the (S4N4)(ASF6)2-xSO2 salt. ‘This has been established by comparison
of the infrared and Raman spectra of this sa}ﬂmuith-those of S

N
f r . &

4(Sb3F]4)(SbF6)

—



S0
S4N4 + 3AsF5_———_§f; S3N2(AsF6) + AsF3 + other products

or
SO

2
SN, + 3ASF5 ———— S4N4(ASF

aNa +xS0,, “+ AsF

6)2 2 3

The reaction with AsF5 has been repeated many times in this

laboratory and only on one occasion was S3N; obtained. In all other
2+

instances, the S4N4 cation was isolated. It is also significant that‘
in the SbF5 system, the S3NZ cation was not observed in a reaction using
identical stoichiometries. At present, these conflicting results can-
not be explained. It is felt that the formation of the§e different
products is a function of two competing reactions. It is not clear,

however, how to influence the system so as to obtain S3NZ or the S4NZ+

cation. Although the SBNZ cation is not as highly oxidized as the

+ . o . .
S4N§ cation, it seems unlikely that it is an intermediate on the way

to formation of S4N§+. It is difficult to visualize the S4N§+ dication

being formed by first cleavage and cyclization to produce a five-membered
ring species followed by ring expansion td produce the required eight-
membered ring.

In the reactions of S4N4 with SbF_ or ASFS’ regardless of the

5
molar ratio employed, the resulting solutions exhibited one line esr

spectra with a g-value of 2.011. This value is in the range of the

values reported for the radical species 82.140

Solutions of S4N4 in 20% oleum were observed by Chapman and
Massey39 to yield first a five line esr spectrum which then changed

with time to produce an esr spectrum identical. to that produced by

58
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sulphur in 20% oleum. Presumably, this can now be interpreted as

formation of S3N; initially which tﬁen reac{s to yield S; and other

unidentified species. In no case was a five line esr spectrum, that

could be attributed to S3N;, observed from the solutions resulting from
2+

the oxidation of S4N4 to S4N4 with SbF5 or Ast.

A reaction sequence for the production of S4N§+ via SbF5 or

Ast cannot be proposed at present. It is reasonable to speculate that

A

the first step is the formation of the molecular adduct. Although

there is no evidence for the existence of a molecular adduct of S4N4

with SbFS, Glemser has prepared the S4N4-AsF5‘30 adduct in CC]4 solu-~

tion. Identification of this adduct was based on analysis and infrared

data.

¢

2+
I1I-8 Infrared and Raman Spectra of4§4ﬂ4 Salts

In Table I1I1-8 and Figures III-8, -III-9, III-10, I11-11, III-12

gNg(SPCTg) 50 SyNy (ASF
S4N4 6)2 and S4N4(Sb3F]4)(SbF6) are presented. The infrared and

Raman spectra of the anion in each of these salts will be discussed first.

- xS0

SbC1 6) 9

and III-13, the infrared and Raman spectra of S

(SbF

The site group symmet%y of the pr]6 anion in the crystal

6)2 is C2. Table I1I-9 gives the correlation of the point

with the site group symmetry C2. {

S4N4(SbC]

group 0h

This site group symmetry implies tﬂat the degenéracy of the doubly
and triply degenerate vibrations should be Tifted and Vg and Vg which
are Raman inactive in the purely octahedral environment, become Raman

active. Similarly, the vibrations due to Vys Vo and v_ may now also be

5
infrared active.
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Figure III-8 Infrared spectra of S4N4(SbC16)2 and S4N4(A5F6)2-x502.
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Figure 111-9 Infrared spectra of S4N4(SbF6)2 and S4N4(Sb3F]4)(SbF6).
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Table [11-9
Correlation Table for the Point Groups Oh’ D4 and C2
Oh 04 C2
v, Alg(R) AL(R) ACIR),(R)
v Eg(R) Ay(R) + By (R) 2A(IR),(R)
v TR AL(IR) + E(IR),(R) (A%2B), (IR)(R)
vy T, (IR) A,(IR) + E(IR).(R) (A+2B), (IR)(R)
vg ng(R) BZ(R) + E(IR),(R) (A+2B) (IR),(R)

The vibrations due to the SbC]é unit are reasonably consistent
i th C2 site symnetry. The Raman active band at 338 cm_] is assigned
0 o\ which is a non-dggenerate vibration and therefore no splitting
i) expected. The second Raman active vibration, Voo is a degenerate
vibration and appears to be split. It has been assigned to the two bands

] 7

at 283 c¢cm  and 271 an . The final Raman active mode, Vg » is triply
degenerate and again the degeneracy appears to have been lifted. Thus,
the vibrations at 173 cm-], 180 cn”! are possibly due to v.. There

are also two‘shoulders at 191 cm_] and 193 cm-], either one of which may
be due to the other component of the triply degenerate vibration.

The infrared active mode, v., is triply degenerate and is assigned

3
to the strong band at 340 cm—]. There is also one other band present at
320 cm-]. This may also be due to lower site group symmetry and a con-
sequence of the degeneracy of v3 being destroyed. The other infrared

active vibration vg Was not observed since it was outside the scanning

region of the spectrometer employed.
13
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4

Tﬁe crystal structure of the S4N4(Asf - xS0

6)2 2
o
termined and therefore site.symmetry effects cannot be discussed. The

salt was not de-

6
purely octahedral environment. The band at 682 cm‘] has been assigned

Raman spectrum does, however, indicate that the AsF. unit is not jﬁ a

to vy while as in the SbCTé salt, Vo and vg appear to be split. Two of
1 1

the three bands at 567 cm

, 572 cn” ! and 578 cm”! can be assigned to

the doubly degenerate Eg modes. The tﬁird’component may possibly arise

from either factor group splitting or site symmetry lowering effects.

1

Two bands were observed at 373 cm ' and 367 cm-] which may be- assigned

to the triply degenerate Vi mode, the band at 373 cm'] is somewhat
broad and may be composed of two unresolved bands. Again, the apyé;;;t
loss of degeneracy is due to the effects mentioned above.

The infrared active fundamentq], vy is assigned to the bands

at 700 cm-] aﬁd 672 cm—]. This fundamental is triply degenerate and

the band at 672 cm_], which appears as a sharp spike on the side of the
broad band at 700 cm'1, is assumed to be a resuit of solid state effects
which destroy the degeneracy of the fundamental Vg

The other infrared active fundamental, Vg is also triply de-

1 1

generate and is assigned to the bands at 400 ™', 390 cm | and 373 e,

In the SbF salt, the intense line at 647 em™! in the Raman
|

'spectrum is[égsigned to vy Bands due to Vo have been observed in the

1 in ksbF, . 142 1

). -
region 574-594 cnf ] The two bands at 630 cm 1

and 615 cm~

1

The bands at 294 cm" !

are assigned therefore to v, of SbF. and 282 cm’

are assigned to vg of Sng and are comparable to the. frequencies re-

ported for Vg (295, 284, 269 cm'l) in KSbF6. Again, loss of degeneracy

vty
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3,
in th Eg and ng modes are presumably a result of solid state effects.
The infrared spectrum has two intense bands at 280 cm-] and

655 cm™! and these are assigned to Yy and vy for the anion.

The vibrational bands due to the anions in the S4N4(Sb3F]4

salt are difficult to assign. This is possibly due to the lack of

) (SHF. )

b

vibrational data concerning the Sb3F]'4 anion. In the Raman spectrum,

there are three bands in the region where Vi of SbF_. would be expected.

6
These three bands occur at 656 cm'], 650 cmTl and 643 cm'1 with the band

at 650 cm-] being observed as a ;hou]der. The band at 643 cm'] may be-
due to ] of SbFé and the remaining bands a consequence of a symmetric
Vi type vibrafion of the Sb(v) units of the Sb F]4 anipn. ‘The other two
Raman acpﬁve vibrations, vy and Vg resulting from the SbFé anion are
difficult to assign. In Table III-9, the bands from 629 cm‘] to 564 cm-]
are attributed to Sb-F vibrations, and no attempt has been made to make
definite qssignments. The infrared spectrum of the salt is very complex.

-1 -1

There are a large number of bands in the region from 700 cm ~ to 200 cm

and many of these are due to vibrations involving the Sb3F]'4 and SbFé
gnjons. Assignment of these bands is also not attempted.

The bands remaining in the infrared and Raman spectra are there-
fore due to vibrations involving thQ.S4 2 ring. The Raman and infrared
active bands common to all the sa]ts gﬁg listed in Table II1-10. Infra-
red bands sole]y attr1butab1e to the su]p r nitrogen ring are more
difficult to 1dent1fy especially the higher fYaquency bands, due to the

possibility of overlap with overtone and comblnatlon bands of the anion.

e o yuisimmiin
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~
The data in Table III-10 makes it clear that there are three
characteristic groups of bands associated with the'S4N§+ cation. There
© .are single bands in the 225 en” to 230 cm™! and 500 cm™! to 505 cm”!
region as well as a group of bands above.1,000 cm']-that are.commén to
all four salté. The high freﬁuency bands are due to vibrations of the

S-N framework.

I11-9 Structure of the Cyclotetrathiazyl Dication

The X-ray crystallographic-determinations were performed by
Dr. D.R. Slim of this department and pertinent crystal data are listed
in Tables III-11, III-12 and III-13. Unit cell diaérams are shown in

Figures I11-14 and I11-15 for S4N,(SbC1(), 6)

and 54N4(Sb3F]4)(SbF

Table I11-11

Crystal Data for S4N2+ Salts ’
S4N4(Sbc16)2 SNy (bF. ) (SDF,)
Space Group ' Pbcn orthorhombic PZ]/n monoc]ini;
Unit Cell Dimensions a = 12.873(8) A a = 16.382(8) A
b = 12.602(7) A b = 16.200(8) A
¢ = 13.557(8) A ¢ = 8.454(6) A
. 6"= 109.3°(7)
Final unweightea R-factor 0.073 0.10
Note: The final unweighted R-factor is defined as
- e([F | - IF.]) ‘
zIFol

These studies have indicated that the cyclic 5492+ cation has

4477314

" - . . / \
different ring geometries in the compounds S4N4(Sbc16)2 and S,N,(Sb,F )(SbF67.
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Figure I1I-14  Unit ceHudiagram of S4N4(SbC16)2.-
X

‘A PROJECTION OF THE STRUCTURE DOWN THE b-AXIS
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THE_PROJECTION OF THE STRUCTURE DOWN THE C-AXIS
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" Figure III-15 Unit cell fiiagram of '54N4(Sb3F]4)(SbF6)



Table 111-12

Bond Lengths and Bond Angles for S N,

o .
Bond Lengths A

SN(1)-SN(2)
SN(2)-SN(3)
SN(:3)-SN(4)

SN(4)-SN(4.)

SN(4')-

SN(3')-SN(2")

SN(2')-SN(1")-

SN(1')-
Sb-C1(1

(
(
)
Sb-C1(2)
Sb-C1(3)
Sb-C1(4)
Sb-C1(5)

)

Sb- C](6

SN(3')

SN(1)

1.
1.
1.
1.

SN(3)SN
“SN(4)SN(4")SN(3")

SN(4)SN(3")SN(2")
3')SN(2")SN(1")
SN(2')SN(1')S

4 4(

Bond Angles in Degrees .

SN{1)SN(2)SN(3)
SN(2)SN{2)SN{4).
(4)SN(4")

(52 NI~
—

SbC] 6)
3)

4)
6

(
(
(
(
(
(
SbC1(6)
(
(
(
(
C1(4 SbC](6
(

)
)
)
)

5)SbCl 6

SN(1)
SN(1*)SN(T)SN(2)

4) -
5)

5)

135.

132.

133.

- 134.

133.
135.

133.

133l
178.
88.
89.
88.
89.
90.
91.

-91.

90.
177.
90.
88.
91.
?9.
177.
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Table ITI-13:

Bond Lengths and Bond Angles for\§4N4(Sb3F]4)(SbF6)

6]

Bond Lengths. (A)

Ring (A)
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SbF6

Table I11-13 (Continued)

Bond Ang]gs in Degrees
Ring (A)
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In Tables III-12 and II1-13, the bond lengths ang\bnng/aag+é§,;;;_}isted

for the two salts. ,

Figure II1I-16 illustrates the ring geometries found in

(54N4)(Sb3F]4)(SbF

bond lengths about sulphur and nitrogen, structure B is also planar but

6) and S4N4(SbC]6)2’ Structure A is planar with equal

has alternating bond lengths, while structure C is non-planar, has S4
symmetry and a very pronéunced alternation in bond lengths while the
bond angles are all equal.

It is fiotelorthy that the contact distances between chlorine
on SbClé and the cdtiom range from 3.2? R upwards and when compared to
the sum of the Van der Waals radio for nitrogen and chlorine and sulphur

143 may be signifi-

o o
and chlorine (3.30 A ry trer and 3.55 A re * rC]),
cant.
The possibility of a genuine secondary bonding effect is best
reflected in the elongated Sb-C1 bond of 2.43 A. Comparison of thigj’/ﬂ

bond length to the usual Sb-Cl bond distance found in the SbCIé anion

2t
4

ring and one chlorine of the SbC]é anion in the compoundtS4N4($bC16)2.

of 2.36 A would imply thdt ‘there is an interaction between the S4N

However, the elongated Sb-C1 bond could be a result of thermal motion
and, consequently, tﬁe problem of the existence of a genuine secondary
bonding effect coh]d be best resolved by a redetermination of the
structure at 3 lower temperature. .

At present, there is no bonding schgne that adequately explains
the ring geometries observed in cyclic sulphur nitrogen ring systems.

. +
A valence bond description is completely inadequate for the S4N§ 'cation.

R T A T

—t
Ty ST il n reb et 2

St -3

R s K xR




89

gure 111-16  (A) Structure of ring (A) in [S4N4][SbF6][5b3F14]?
(B) Structure of ring (B) in [34N4][SbF5][Sb3F14];

(C) Structure of ring (C) in [S4N4][SbC]61 viewed down

the 34 axis;

2

(C') Structure of ring (C) viewed down the pseudo—Cé axis.
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In Figdre I11-17, valente bond type structures (1) and (2)

are illustrated with.a possibility of\}ixteen resonance fééms for both
structures. Structure (1) is consistent with an S-N bond order of 1.37
whereas structure (2) predicts an S-%/Eond order of 1.75. The large
S-N-S bond angles in ring forms\LA}and (B) are consistent with contri-
bution of a resonance form such as’ type 2 in which lone bain§ on three

of the nitrogens have been ptilized by forming additional S-N bonds. -
The vatence bond diagrams also suggest possible resonéncﬁ stabilization
of the ring., However, this may not be an important factor due to‘the
observation that the flat ring form (A), with equal bond lengths in which
resanancé stabilization would be expected to occur, is readily distorted
to structure (B) and to the noniplanar ring (C) with strongly alternating
bond lengths. It is impqztant ﬁo‘note that planarity and bond equivalence
may not be nacessary for resonance stabilization in SN ring systems. All
of these ring forms must have simi.lar energies and the differences between
tHe ring geometries must be due to interaction#iwith‘neighbouring'ions

in the crystal lattice. -
If it is assumed that each sulphur and nitrogen has a 1one pair

of electrons and there is pne $7gma bond between each pair of atoms,

-
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then there are ten remaining valence electrons in S4N§ , this may be

described as a 10 = electron aromatic systém. Utitization ¢f the lone
pair on nitrogen, in the bonding,.as in structure‘(Z), is clearly in-
consistent with the 10 = molecular orbital description. Valence bond

descriptions do not, therefore, adequately describe the cbserved ring

geometries. g

III-]Q The Sb3f_]4 Anion

The geometry of the Sb:,)F]4 anion in the salt 54N4(Sb3F]4)(SbF6)

is i]]ustrateq in Fig. III-18. This 1is the first time that this anion

has been prepé?éd and characterized crystallographically. The crystal-

lographic data*indicates that the anion consists of an SbF; ion linked

by two trans assymetric fluorine bridges to two SbF6 anion§, thus giving

144

to a first approximation an AX,E configuration about the central Sb(III).

4

L\‘, —

III-11 Experimental Section.

The Reaction of<§4ﬂ4 with a Large E xcess of SbC]5

In a tyeica] experimept (250 mg, 1.35 mmol) of S4N4 was added to
oné arm of a déﬁb]e burb reaction vessel fitted with a medium glass frit
separating each of the bulbs. To the other bulb, SbC]5 (4.06 g, 13.5 mmol)
was added|using a glass syringe. All ﬁransfers were carried out in a
dry-box containing’ah atmosphere of dry nitrogen. Sulphur diqxide.(lo ml)
was condensed at -196°C into each bulb and the ampbu]e was then flame

sealed. Upon warnting to roem temperature, the SbCl. completely dissolved

5

- in the 1liquid 502, but some S, N, remained undissolved. The SbCl_ solu-

474 5

" tion was poured onto the S4N4 solution and immediately a deep red soTy-

o
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tion formed, with the undissolved S4N4 developing a red coating. After
stirring for 24'hours, a yellpw-orange solution-was obtained with some
undissolved bright yellow solid. The solution was filtered and.the 502
slowly removed resulting in the-formation of small yellow needles which
were very sensitive to moisture. Antimony(IlI)chloride was sublimed

from the crude reaction mixture and characterized by comparison of its

Raman spectrum with that of a sample of pure SbC]B.

The Reaction of;§4ﬁ4

The experimental procedure was essentially as described above.

with SbCl,. in a 1:3 Mole Ratio
v

In this instance, S4N4 (250 mg, 1.35 mmol) was reacted with (1.22 g,

4.07 mmol) of SbC15. The resulting 302

dark red upon mixing the two reactants. After stirring for 48 h. the

solution immediately became

red solution faded to again yield a yellow-orange so}ution that contained
some unQisso]ved br%ght yellow solid. The solution was’filtered and
left undisturbed for approximately one week to give yellow crystalline
needleé. Again, SbC]3 was characterized as a component of’the reaction
mixture by Raman spectroscopy.

The Raman spectrum of the yellow needles was identical to that

of the product of the previous Treaction. Analysis of this material by

two independent- Taboratories yielded~the following results:

Found h Calculated for SZNZSbm6
S 14.18%  ° 14.81% 15.03% |
N 6.54% 6.74% ' . 6.56%
Sb 28.83%  30.77% 28.54%

cl . 46.82% 48.74% ‘ ‘ 49 .86%

93
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A crystal suitable for -X-ray analysis was chosen and it was

demonstrated that the yellow material was (S4N§+)(Sbc1é)2.

is oxidized by SbC]5 fo the cyclotetrathiazyl dication

Thus, S4N4

" 50
2 .
(SqNy * 3SBCT —53 (SN )(SbCIg), + SbCl,

The preparation of S4Ni+ as outlined above may also be carried out in

CHZClz.

4—4 5
The 1:1 molecular adduct which has been previously reported by

e

The Reaction of S.N -SbCl. with SbC1,_in a 1:2 Mole Ratio

Jolly was prepared in a double bulb reaction vessel, S4N4 (250 mé,

1.3 mmol) and SbC]5 (388 mg, 1.3 mmol) were each added to separate bulbs

of the double bulb reaction vessel, SO, (10 ml) was condensed at -196°C

2
onto each of the reactants and the reaction vessel was allowed to warm

to room tempefature. The SbC]S/SO2 solution wg% poured through the

frit onto the S4N4/SO2 solution and a dark red solution forméd immediately.
The solution was stirred for 24 h. to ensure complete reaction, The SO

“ (' i
was then removed to yield a solid red material. The infrared spectrum

2

of a small amount of this material was‘found to be identical with that
of ; genuine sample of S4N4~SbC15 prepared from a mﬁfiiliji/chloride
solution, - :
It is clear, therefore, that fhe nature of the product is not-
affected by changing the solvent from CH2C12 to SOZ. |
To the arm of the bulb not containing the molecular adduct SbCl,

(810 mg, 2.17 mmo1) was added and 50, (10 m1) was condensed at

9
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£)J96°C into both bu]UgF: The vessel was allowed to warm to room tempera-
ture. The 50,/5bC1 solution was poured through the frit onto the mole-

cular adduct whiéh was only moderately soluble in liquid 502.

The solution was stirred for 48 h during which time a yellow
solid formed and the solution became yellow-orange in colour. The

yellow solid was identified as (S4N4)(SbC16)2 and SbC1, was sublimed

3
from the reaction mixture and characterized by its Raman spectrum.

The reaction sequence may be summarized as follows:

S0

2 .
Sy, * SbCl S5 5N, SbCY,

502
—> S, N (SbC]6)

S N4~SbC]5 + ZSbC15 a'y

4 + SbC]3

2

v

It should be noted that the reaction of the molecular adduct
wi th further.SbC]5 was also c%rried out by Jolly 23_31427 in an attempt
to prepare the diadduct of S4N4 with SbC]S. The experimental procedure
was not the same as outlined above but they probably obtained the same

product.

The Reaction of_§4§4 w?th SbClé in a 1:2.M01e Ratio
The compounds S4N4 (250 mg, 1.3 mmol) and SbC]5 (810 mg, 2.71 mmol) were
each added to separate bulbs of a double bulb reaction vessel and 592~
(10 m1) was condensed at -196°C into each bulb. The vessel was ailowed
to warm‘to room, temperature and the SbC15/502 solution was then poured:
.onto the S4N4/SO2 solution.- Immediately, a red.coloured solution formed

»

‘and the mixture was stirred for 48 h. to yield an orange coloured solid.-

This material would appear 10

1.36 and suggeste

e the same as that brepared by Malhotra

!f‘D
ot
o3

|

¥ them Jto be the compound (S,N,SbC1,)(SBCTE).

\
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The orange material was reacted further with one additional mole

96

of SbC15. The SO2 was removed from the ampoule and SbCl5 (556 mg, 1.86 mmol)

was added to the bulb not containing the orange material and SO2 (10 m1)

., was distilled at ~1965C into both bulbs and the vessel was allowed £3\
warm to room temperature. The SbC15/502 so]dtion was poured onto the
’ orange mater%a] and after several days, a ye1ﬁow material formed which
was characterized as S4N4(SbC16)2. :

The above reaction was repeated a ndmber'of times in an effort
to obtain crystals of this material. It was generally found that the

_ material would not crystallize well and if solvent was slowly removed

from a saturated solution, both S4N4°SbC'I5 and S4N4(SbC]6)2 were formed.

The Rea§tion of S4ﬂ4 with PF5 in a 1:3 Mole Ratio

. . The compound S4N4 (250 mg, 1.3 mmol) was placed in one arm of a
double bulb vessel. Phosphorus pentafluoride (488 mg, 3.9 mmol) was then
condensed at -196°C onto the S4N4 followed by SO2 (20 m1). The ves;e] was
f]ameé§ea]ed and allowed to warm to room temperature. As the mixture
warmed, a deep red colour formed to eventually produce a deeb‘red solution
with some unreacted S4Na present. The mixture was stirred for several days
and no further colour change occurred. Filtration-of the solution and
slow solvent removal yielded a bright red crysta]]fne material. The yie]d
based on S4N4 was 70%. The reaction was repeated with an S4N4:PF5 molar
ratio of 1:1 and the red material obtéinéd was féund to be identical to
that produced in the 1:3 S4N4:PF5 reéttion. Infrared and nmr data which
have been discussed indicate that the product is the molecular adduct,

S4N4'PF5.

s
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The Reaction of S N, with One Mole of PCI. in CH CH,C,

The reaction of S4N4 with PC] was performed- in CH2C12 ratner than

‘Tiquid SO2 due to the solvolysis reaction which occurs between PC]5 and 502‘///////
) —

to produce thionyl chloride and oxyphosphorus trichloride

502 + PC]5 - OPC]3 + SOC]2

Phogphorus peptach]oride (112 mg, 0.543\mmo]) and S4N4 (100 mg, 0.54% mmo1)
were placed together in the same arm of a double reaction vessel fitted
with a medium giass frit. It was necessary to place both solid reactants
~in the same bulb due to their Timited solubilities in CHZC] It j; also
important to note that S4 4 and PC]5 did not react in the solid phase.
Methylene chloride (20 ml) was condensed at -196°C onto the éwo solids and
the ampoule was allowed to warm to room temperature. As the reaction mix-
ture reached room teﬁpefaturé, the materials present c&mbined to’yield a
* bright orange solid. Within one-half hour, the oraﬁge material darkened
to produce a black-green solid and an orange solution. Afterg24.hours,
théré was  no quther change. Re%ova] of the solvent yielded a viscousv
liquid with a black solid dispersed in the l;auid. The presence of
several phosphorys-containing épecies in the so]ufion was indicated by

3]P nmr data. 3\

The Reaction of S4ﬂ4 with PC] in CH2C12 ina 1:3 Mole Ratio

The reaction was performed as described above in the procedure

fof the reaction of oné mole of S4N4 with one mole of PC]5 Agair,
bright orange solid formed and the solution was ye]]ow—orange hhe

orange solid disappeared within one-half hour to yield a black solid

A, L st
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which within 24 hours disappeared to produce a clear orange liquid. Re-

moval of %ﬁe metﬁy]ene\chloride produces an oranée viscous oil. This

~31

01l had the distinct odour of sulphur chlorides and =~ P nmr data in-

dicated the presence of a large number of species.

The Reaction of S4§4'with Sbf5 in a 1:4 Mole Ratio

In general, whenever SbF5 was used in an experiment, efforts

were made to measure the requfred quantity as‘aécurate1y as possible.
This was best acComplished by syringing an estimateg amount of SbF5
into a preweighed reaction vessel;' the vessel could then be'weighed
in order to find the exact amount of SbF5 added. Other materials could
then be added in the required amounts. )
Using a syringe, SbF5 (937.6 mg, 4.376 mmol) was placed into one 5u1b of a
double bulb vessel and A (0.1990 g, 1.08 mhm]jkwas placed in the '

474
with time as it came in contact with SbF5 vapour. SO2 (10 m1) was con-

'other bu]b.\ It was observed that the surface of the S,N, turned red

densed at -196°C onto both the S4N4 and SbFS. It is important to ‘add

enough 502 to the SbF5 to solubilize the SOZ-SbF adduct that forms.

5
The yessel was allowed to warm to- room temperature and the SbF5 com-
pletely disso]ved.in'the SOZ' Thg SbFS/S_O2 so]ut{on was then poured
through the frit onto the S4N4/SO2 mi xture. Imﬁed{ate1y,.a red colour
formed, which faded within a few‘minutes to proé%ee a'purplé solution,
which in turn, within one-half hou}, turned green. During this time,
some solid was present, presumably unreacted S4N4. After sgvera] days,

the green colour still persisted and some white solid had precipitated

from solution. The solution was filtered and slow removal of solyent

EIC TP S0 S WORRL R 28 P P S,
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. yielded avso1id:Erysta][ine material. ThiS'nater%a1 was washed with

f}eSh SOZ to produce go]de;.ye]]ow crystafs that were ch;racterized

by X-ray studies and shown.to be S4N4(Sb3F]4)(SbF6). The white mate}ia1

was identified as st3°SbF5; no free SbF3 was isolated from the mixture.
The above reaction sequence was also repeated using a 1:6 rolar

ratio of S4N4-SbF5. . The same sequence of colour changes was observed

‘ and again S4N4(Sb3F]4)(SbF6) was obtained.

Analysis of the material‘yielded the following results:

’

Found Calculated for SNSBF5
S 11.16% 12.20% ‘
N 4.53% , 5.33%
Sb 47.87% 46.33y

¢
F - 37.10% 36.10%

The percentages of antimony andSFfuorine are somewhat higher

than expected and this is attributed to the presénce of some SbF,-SbF

3 5 v

in the éample.

It is important to note that the solution should be left for

. several days before being filtered. A white precipitate, SbF.-SbF

3 5’
tends to form rather slowly and if the solution is fi]tered too early

in the preparation, the 54N4(Sb3F]4)(SbF6) produced is significantly

contaminated with SbF-SbF .

3 5

%
The procedure was, as outlined for the reaction of S

The Reaction of S4ﬂ4 with SbF. in a 1:3 Mole Ratio
4N4 with

four moles of SbF,.  In this instance, S,N, (617 mg, 3.35 mmo1) was added

[P
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~to SbF5 (2.16 gm, 10.05 mmol) in liquid SOZ' The same sequence of colour
N
changes was observed as was described in the previous preparations.

The green Soz.solution was allowed to stand for 24 h. An‘SO2 insoluble

material brecipitated out which was characterized as SbF3 by comparison

of its Raman spectrum with that of a genuine sample. The solutign was

filtered and allowed to stand for several days; after this time a yellow

crystalline material formed. This was characterized as S4N4(SbF6)2

by comparison of its Raman and infrared spectra with the spectra of other
2+ ‘

SaNy  salts.

The Reaction of S4ﬁ4 with Anhydrous HF

The reaction of S4N4 with anhydrous hydrofluoric acid was car-

‘dried out in a preconditioned FEP nmr tube. Two FEP nmr tubes equipped
with Teflon valves were conditioned with HF and evacuated for 24 hours.
S4N4 (50 mg, 0.271 mmol) was transferredlfn the dry box to one tube
and HF (500 mg, 25.1 mmof) was distilled into the other tube.

The HF was then distilled onto the S4N4 at -196°C. The tube Was

placed in a dry-ice acetone bath (-78°C) and képt at this temperature

for one hour. After this time, no apparent reaction had occurred, there-

fore, the tube was allowed to warm to room temperafure.
The solution turned déep red in colour as it warmed ahd a con-
siderable quantity of a red-black material was also present. The solu-

tion was investigated by means of nmr spectroscopy.

The Reaction of 5454 with Anhyd}ous HF in Liquid SO,

Ahhydrous HF (26 mg, 1.3 mmol) "and SNy (242 mg, 0.131 mmol)

I SR
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were each transferred to preconditioned FEP nmr tubes. Hydrogen fluoride

was then distilled onto the S4N4 at -196°C followed by (2 ml)‘SOZ.

mixture was warmed to room temperature and no immediate colour change

The

occurred. After two hours, the ]9F nmr spectrum was recorded. Over a period
of several days, the solution became dark red and considerable unreacted
S4N4 was present. The ]gF nmr spectrum of this mixture was obtained and

the reaction was not investigated further.

The Reaction of S4ﬁ4 with WF_ in a 1:3 Mole Ratio

e s e € B

In working with WF6, it is most important that all glassware is

dried thoroughly, otherwise hydrolysis readily occurs to produce tungsten

5 i

oxyfluoride , WOF4.

In the dry box, S4N4‘(298,mg; 1.61 mmol) was transferréd to one
bulb of a flame dried double bulb reaction vessg]. A three molar equi-
vatent of NF6 (4.83 mmol) was condensed onto the S4N4 at -196°C fol-
Towed by 20 ml of 502. The ampoule was'flqme sealed and al]owed‘to

*X‘M:»sz»;mfa“z st

warm to room temperature. No immediate reaction occurred, but within
) X

LY

one-half hour, the mixture slowly became brown-red.- After 24 hours,

thg solution was'é very deep red colour and a black purple 502 insoluble )
solid had formed. The solution was filtered and the 502-slowly removed. ‘
‘This left a green solid material, which did not crystallize. The infra-

red spectra of both the green material and thevSO2 insoluble material

were recorded.

The experiment was then repgated using the apparatus in Fig. [I-2. . Nuclear

magnetic resonance and esr spectra were obtained for the 502 soluble material.
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., v
The’ Reaction of §4ﬂ4'w1th AsFS in 1:3 and 1:6 Mole Ratios
In a typical reaction, S,N, (250 mg, 1.35 mmol) was added to

474
one side of a double arm ampoule. The other side of the ampoule had
been previously flame sealed. AsF5 (692 mg, 4.07 mmol) was condensed
onto the 54N4 2
-196°C.~ The ampoule was flame sealed and the solution was allowed to
N

at -196°C, followed by SO, which was also condensed at

warm to room temperature. As the solution warmeg, a pink colour formed
which then darkened to a deep red. Within minutes of warming completely
to room temperature, the solution became green, most of the solid material
was dissolved or had reacted after approximately one hour. A bfown- :;)
green solution formed within 24 hours and no further colour(c Sl
observéd, even after one week. Mt is important to nqte that if no solid
material is present in the original reaction mixture, it should be left
undisturbed to allow crystal growth, but if some solid material is pre-

sent, the solution shbu]d be filtered. In both instances, if crystals

did not form after several days, the solvent was slowly removed. Yellow

cubic crystals were obtained and these were demonstrated to be S4N4(A5F6)2-x502

by coméarison of the Raman spectrum with that of S4N48b4F20. The observed

reaction sequence was identical for both the 1:3 and 1:6 stoichiometries.
It is important to note that the reaction of S4N4 with three moles of

AsF. in liquid SO, has been previously reported to yield the S3N; cation,

5 2
+
This preparation was repeated seven times and in one instance only S3N2

was obtained. In all other cases, 34N4(ASF6)2'xSO2 was isolated. At

this time, no explanation is offered for this discrepancy.
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/ CHAPTER 1V

/

P
- THE LEWIS ACID CHEMISTRY OF S3N3C]3 AND S3N3F3

1
4

IV-1 Reactions of S3N3Q13 and S\.‘_lﬂ_?)f_3 with Lewis Acids

Ionic compounds may be produced by the reaction of S3N3C]3

with Lewis acids. A summary of the known reactions is given below:

a1
. 4
(i) S3N3C]3 + SbC]5 —_— (S3N3C12)(SbC]6) 30
SOC]2
(ii) S3N3C13 + 3SbC]5 + 354N4 —_— 355N5(SbC16) . 145,51
(iii) 3S4N4 + 253N3C13 - 683N3C1 146

Reaction (i) is a simple chloride ion abstraction whereas
reactions (ii) and (iii) involve more complicated pathways. Reaction
(ii) has been rationalized by considering that S3N4C15 in the presence

of SbCl,. is.a source of thiazyl cation which behaves as an electro-

5
phile towards S4N4 to generate the SSN; cation.

In contrast, the Lewis acid chemistry of S§N3F3 is much more
limited, but there has been some indicayioﬁ\fﬁét‘S3N3F3 reacts with cer-
tain Lewis acids@to form the S3N3F; cat%on.30

Due to the very.limited knowledge concerning the behaviour of

S3N3Cl3 and S3N3F3 towards Lewis acids, a study was initiated to further

~ investigate the triha]ocyc]otrifhiazene-Lewis acid system.

IV-2 The SN C13/SbC1£ Sys tem Q///
— . J

—< 28234

&

It had been assumed by earlier workers that S3N3C]3 was capable

- 103 -
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50,51

of forming 1:1, 1:2 and 1:3 molecular adducts . with Lewis acids’,

5
and no studies had been made to determine the structures of the adducts.
145
2)
The results of this work formed the basis of

such as SbCl.. The exact nature of these adducts was not understood’

Banister has done much work on the S4N4/SOC12/SeCl
146

and S4N4/SOC12/
Lewis acids systems.
the S4N4/S3N3C13/SOC12/Lewis acid system which has been demonstrated to

* be a source of SSN;. It is also known fhat SN, will react with thionyl-

474
. 147 (
chloride to produce S,N;CT and S5N,Cl, 7" but the role of thionyl chloride

in the production of SSN; is not known. The chemistry of S3N3C13

with SbC]5 was, therefore, studiedin SOCIZ,‘as well as in the solvents

-502 and CHZC]Z.

It was observed that when S3N3C13 was combined with SbC]5 in

liquid SO2 in a 1:2 molar ratio at room temperature, dat least two pro-
ducts were formed. One of these was characterized as the SbC]é salt of

' WD
the cyclotetrathiazyl dication, S4N4(SbC1 by comparison of its Raman

6)2
spectrum with the Raman spectrum of a pure sample of S4N4(SbC16)2. The

Raman spectrum of the other product, a green solid, syggested that it
contained an SbC]5 molecule éb~ordinated to a nitrogen atom.
The Raman spectrum is shown in Fig. IV-1 and Table IV-1 lists -

the observed Raman frequencies and intensities as well as some assign-

129

ments, made by Byler and Shriver, for the vibrational modes involving

the SbC1. unit in the adduct CH_CN-SbC It was also observed that

5 3
, the usual reduction product formed wheneve

SbCl

SbC acts as an

3 5
oxidizing agent, could not be isolated by normé] chemical means nor could

any Sb(III) be detected in the Mossbauer spectrum of the crude mixture

obtained from the reaction of S.N.C1., wifh SbCl

3N4C15 5 in a 1:2 molar ratio. . "



. C1,5=N-SbC1

Taél;:lﬂxl\\}

Raman Frequencies- for C]éSsN-SbC15

- 129
3 5 - CH3C:N~SbC15

Av, (Cm-]) Ay,(cm-])

83(13)
102(9)
126(6)

130(7) 135(33) SbC]4 in-plane def.
' 149(9)
+167(18) . 169(11) C1-SbC1, wag

171(19)

v

175(13) © 74(sh)(1) SbC1, out-of-plane def.

4
184(17) 187(23) SbC]4 in-plane def.

192(8) , . ,
280(11) - 295(16) SbC1, eq. str.
329(64) 344(100) SbC1, eq. str.
336(49) /348(30) Sb-C1"ax. str.
351(10)

360(10) /

376(22)
1394(6) -
1403(100)

105 °
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The oxidation state of the sulphur in S4N§ is +3.5 which is consistent

with S4N§+ being the reduction product in the oxidation of S3N3C]3 with

~ SbC]S. The green material may then be the oxidation product and the oxi-

«

dation must involve a change in the valency of sulphur from four in S3N3C13

to six in the product. The green material is therefore assumed to be a

molecular adduct of SbC1,. with thiazyl trichloride, C1,5=N-SbCl.. , The

5 3 5
overall stoichiometry for the reaction of S3N3C]3 with SbC]5 may perhaps

be described by the following equation:

S0

2 -
553N3C13 + 9SbC15-————g> 3(S4N4)(SbC16)2 + 3C13S:N SbC15

The assumption that the green material is C13SEN-SbC]5 seems

to be reasonable but further proof is required. An attempt has been made

to correlate the observed frequencies with those of the SbC]S-CH3CN 129

adduct. The assignment of Sb-Cl1 vibrations by comparison w%th the work
of Byler and Shriver is difficult due to the S-C1 vibrations in the same
frequency range. The remaining vibrations are presumably due to thiazyl
trichloride portion of the adduct. Thiazyl trichloride is unknown, how-

ever the corresponding fluoride and thiazyl trifluoride-antimony penta-

148

fluoride adduct are known and thiazyl trichloride is expected to be

isostructural with the fluoride, i.e., to have the following structure

| Cl
| N=s—Cl
- g |

. A7
The molecule would be expected to have C3V symmetry and, ther

hgC RIS

-~

e~

fore, 3A] and -3E Raman active fundamentals. Complexation with SbC]5

¢

“would not change the symmetry of the thiazyl trichloride, however,’it

P
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would cause shifts in observed band freque&cies. Ié is importaﬁt to
note that the Raman spectrum of complexed C13SzN vwould have on1y'one
high frequency fundamental involving motioﬁ of the sulphur and nitrogen
atoms. Consequently, only one S-N vibration should be observed at a

]

frequencx\above 1,000 cm ', the range for S-N tripfe bonds. The Raman

spectrum i;\Fig. IV-1. shows only one high frequency vibration at 1403 cm_].
Table IV-2 compares the high frequency fundamental for thé thiazyl }1uor1des
Aand chlorides, .

| In a mlecular adduct of C13SN with SbC]B, the fundamental in-
volving the S-N vibration would have a frequency lower than 1650 gm—],

as observed in SbFs-F3SN, due to the lower Lewis acidity of SbCl_ com-

5
pared to SbF5 and the lower electronegativity of chlorine in comparison

t6 fluorine. The location of a band at 1403 cm™' is reasonably con-
sistent with this evé]uation.

However, this comparison of thiazyl frequencies is not compietely
convincing. In}going from thiazylrﬁﬁuoride to thiazyl trifluoride, . =
there is a frequency increase of ]Q%th_]. Once the thiazyl trif]uoride
is comp]éxed to SbFs, an additionqﬁ frequency increase of 135 cm'] occurs
in the high frequency vibration involving the thﬁazy1 Qroup. This 1is
an overall increase of 278 cm"]. In comparison, it is expected that in
going from NSC1 to 613SN-SbC]5 that the increase in S-N frequency would
be greater than 78 cm']. Also, assuming that adduct formation of NSC]3
wi@h SbC]5 would raise the‘S—N frequency by at 1e§st 50 cm—], then the

difference between the S-N frequencies in NSC1 and NSC _wou]d be rather

3
small. More work is required on this system to identify the green material

Sedtr gy wr o n
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Table Iv-2.

Comparison of High Frequency Fundamentals for Thiazyl Halides

. /F , /C]
N=S 1372 em™ ), 190 NS 1325 cm”! 149
F Cl
7 -1 148 e -1
NzS—F 1515 cm N=S—C] 1350 cm
F e ‘ Cl
F Cl
SHF g NsS—F 1650 cm | 148 SbClg-NzsZ=Cl 1403 ]
F Cl

T N s T B it Y
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with certainty. -

It was found that the use of thionyl chloride as a solvent in
place of SO2 did not change the reaction products obtained in the
S4NsC14/SbC1 system. It is therefore concluded that ‘ &
i) Thionyl chloride does not react significantly with S3N3C13

| to produce unwanted side products;
ii) The S‘3N3C]3°beC15 (x =1, 2 or 3) adducts, referred to by

Banister, formed by the reaction of S3N Cl, with SbC]5 in a

33
1:3 mo1a% ratio in SOC]2 do not exist, but that rather the

yellaw-green precipitate formed consists ofL_S4N4(SbC16)2 and
perhgps SbC]5°NSC]3;

iii) That there is no thiazyl cation generated and’ although Glemser
and Mews52

have shown that SSN; may be obtained from S4N4 and

sNT, in the S4N3C1,/5,N,/SbCl ¢ system the sswg must result from

ol 2+ N
an oxidation of S4N4-by S4N4 and C]SSzN SbC]S.

Bam’ster's46 preparation of SSN; referred to in (ii) above was

repeated and the reaction proceeds identically as described. Indeed,

‘S4N§+ and C]3NS‘SbC15 were 1ni¥ially formed and theée further reacted

with added S,N, to produce SSN;. The reaction sequence is then best des-

Lribed as follows

553N3C]3 + 95bC15 + 3(S4N4)(SbC]6)2 + 3C13SN-SbC15

C1,SNSbCT + S4N4(§§c16)2 + SyNy » (SgNg)(SbCly) + other products

It was alse observed that S4N§+ could be obtained from S3N3C13

and SbCl5 if the reaction was carried out in methylene chloride. However,

e DT e 25 9 ek
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the reaction mixture first became orange-red in colour before yellow g
S4N4(SbC]6)2 was formed. If S3N3C]3 and SbC]5 were combined in a 1:1 A
molar ratio in CHZC 29 it was found that the red-orange mixture persisted . é
and could be isolated if the solvent was r;moved.. The material could l K
most easily be crystallized from liquid SO2 and the resulting material

-

consisted of two crystalline forms. A crystal representative of each
form was removed for X-ray crystallographic studies and they were shown

to be 55N5(SbC16) and S4N4~Sb015, The strqctures are Qiscussed later

in this chapter. Addition of one further mole of SbC]5 to the red-orange

mixture yielded within 24 h. the yellow S4N4(SbC]6)2.

The crystals of SSNSSbm6 obtained in this manner were red, how-
<,

ever; Banister]éﬁ has reported that SSNSSbC]6 i$ yeﬁiow-orange. The

‘SSNSSbC16 prepared by the reaction of the S4N4(Sbc16)2/C13SN°Sb015 mi x-

ture with S4N4 was also yellow-orange in coiour.%_It was found that the /

red material exhibited an esr spectrum consisting of five 1ines with

N

a g-value of 2.01 and a hyperfine coupling constant of 2.52 gauss. Com-
parison of these values with those obfained for S3N2AsF6 (g = 2.01, ]
a-s 3:15 G) tend to suggest that the radical is not S3N; but the data is
nevertheless consistent with that of a sulphur-nitrogen radical con-
taining two equivélent nitrogen atoms. The red colour is presumab1y

due to the presence of this unidentif{ed radical. Thé radical is pos -

sibly S,N, which could readily dimerize to produce S,Nj . - ’
In each instance, whenever SbCl. was added to S;N.CT,,a yellow

solid 1mme41ate1y formed regardless of the solvent used in the reaction.

6)’ first prepared by

This yellow,material is the salt (S3N2C];)(Sbc1

Glemser by the action of SbCl5 on S3N3C13 in carbon tetrachloride. : |
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gave a red solution and some orange-red solid. A Raman spectrum of

112

o CC14 + - 30
*S3N3C13 + SbC]S————~—a (S3N3C12)(SbC]6)

Thus, it was concluded that S3N3C]ZSbC16 once formed in carbon

tetrachloride does not undergo further reactions to produce any of the

products obtained in other solvents.

A Raman spectrum of the solid matgrfa] obtained was consistent

with that reported for S3N3C1;,30 and indicated no evidence for S4N2+,

+
SSN5 or S,N,*SbC1_.

474 5 .
It is worthy of note, that if S3N3C13 is combined with SbC]5
in a 1:1 molar ratio in liquid SO2 for 24 h, no S4N4-SbC]5 or (SSNS)(SbC16)

is produced. However, a Raman spectrum.of the solid material indicated

the presence (S,N,)(SbCl;), and (S3N3C12)(SbC16).

The results discussed to this point tend to suggest that the *

T S

polarity of the solvents used in the oxidation process may have some

effect upon.reaction pafhways. In CH2C12 or 502, the S3N3C1; cation }

this material %ndiceted that SSN; and S4N4~SbCI5 were formed in both

instances. However, S4N§+ was also observed wheanO2 was employed as

a solvent. A summary of the reactions is pfesented in Table IV-3. ‘
‘ Although the results obtained from this system are difficult to

rationalize, the'fbflowing conciusions seem to be reasonable. |

i) "The first step in the reaction of S3N3C]3 with SbCl5 i§ formation

- of (S3N3C12)(Sbc16), by's%mp1e chloride ion abstraction. It
“would appear that the subsequent oxidation process is inhibited

by a-non-polar solvent such as CC14, but is facilitated by use

of more polarssolvents such as CH,C1, and SO

272 2’
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Table IV-3

A Summary of the Reactions of S3N3C13 with SbC]5 in Various Solvents

b

. : cciy, .
1) Sy + sy —— (S3N3C12)‘Sbc16)

CH,C1
. 2°'2 ; + - + -
ii) SaNaCls sblly ———— S4N4-SbC15 u (SSNS)(SbC]G) +[(52N2)(SbC]6)]

S0

. 2
i11) SoN,C15 + Sbc15’——————a (SyN5CT,)(SbCTE) + (S,N, ) (sbCle),
SO2 or - . %
iv) 5S4 Cl, + 9SbCl, —=— 3(S4N,) (SbOT, ), +[3C15SN-SbC1 ] ;
S0C) :
. 2 g
CHiCl, : {
-v) | S N,CT, + 25bCT: -—-——f—a SN, (SbC1), }
: _ CH,C1,, : !
Vi) (SgNaCT,)(SBCT)  —S—=3 S N ~SbClg + SN SbCT ) :
s0,,
vii) (S3N3C12)(SbC16) ——5y SN, (SbCT), + SNy -SCT + SSNS(SbC16)‘

K

Note: a) Fquations (ii), (iii), (v), (vi) and (vii) are not balanced and
are meant only to indicate observed products.
b) The compounds 613SN‘SbC15 and (SZNZ)(SbC]é) enclosed in square .

brackets in the above equations are only suggested products.
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Cii) That the (S3N3C12)(SbC16) once formed in a polar solvent may -

+
produce SSNS’ S4N§+ and S4N4~SbC15, in a manner that is not clear,

without additipn of further SbC]S.

1i1) The product tggt has been assumed to be C13SN-SbC]5 was observed
only in preparations involving.SO2 or SOC]2 as solvents.

iv) Addition of one further mole of SbC]5 to reaction mixtures from

S3N3C13 and SbC]5 in a 1:1 molar ratio in 502 or CHZC]2 produced &
+

the S4N§ cation. The fate of any SSN; present is not known.

It was obseryed that SSN; does not react with SbC]5 in SOZ' The .

. . .. 2+
S4N4 SbC]5 present is readily further oxidized to 54N4 .

V) The formation of S4N4-SbC]53 SSNS(SbC16) and - the unidentified

radical would seem to occur more readily in CH2C12.

It is difficult to explain the observation_thath4N4-SbC]5 and

SSN5~SbC]6 were produced when (S3N3C12)(Sb016) was in contact with_SO2

but not when S3N3C]3 was reacted directly with Sb'C]5 in SOZ'

The conclusions are summarized in the following proposed reaction

sequence. N
- . ]
S3N3C}3 + SbC]5,+ (S§N3C]2)(Sb£16) . v

¥ +
8

+ .
S4N4-SbC]5 + (SSNS)(SbC]G) + SZNZSbC16

¥ SbC]5 X

(S4N§+)(SbC]é)2 + other products

This sequence is speculative and no attempt will be made to

give any mechanistic explanation for the formation of the'products. ~This



‘that SBNBE3 behaves as a fluoride ion donor to giveathe cation S3N3F2.

15
{

A

study does, however, indicate that the oxidation of S3N3C13 with SbCl

is complex and more work is required to fully understand the system.

5

IV-3 The S3ﬂ3£3/Lewis Acid System

The Lewis acid chemistry of S3N3F3 was reQiewed in the introduc-

tion. Glemser has demonstrated, with Lewis acids such as AsFg and SbF

' +'30
. S0, . ~

S3N3F3 + MFS-*—————é (S3N3F2)(MF6) M = Sb or As

Thus, it is apparent that S3N3F3 behaves somewhat similarly to S3N3C13 in

this respect. Glemsér has shown that SyN.F) is obtained from S,F and

in a'1:1 molar ratio, whereas S.N F+ i{s obtained from §3N3F3'and AsF5

SbF 3Ny

5

in a 1:4 molar ratio.
The purpose of the present study was to determine if SSN3F3 could be
oxidized, to produce new cationic species, by reaction with higher molar

ratios of Lewis acid to S3N3F,.~ For this purpose, S3N3F3 was combined with

AsFS, SbF5 and SO3 in the molar ratios 1:6, 1:6 and 1:3, respectively. The
results obtained are summarized in the equations, for formation of the SN+
502 + _ : .
S3N3F3§? Ast —=3 (SN )(AsF6) + at least one unidentified product -
SO . _
S.N.F. + 6SbF. ———2> 3(SN*)(Sb,F1,)
3’33 5 50 rAR R
2 +
S3N3F3 + 3503 —=—>3(SN )(so3F)

cation was verified in each ingtance by Raman spectroscopy. Figures V-2,
IV-3 and IV-4 illustrate the spectra and Table IV-4 lists the J%brational
frequencies for each of the thia;yl salts. Q
Note: A1l productskof the reaction of §3N3F3 with AsF5 were not charac-
terized and therefore a stoichiomeé&ic equation is not given.
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An attempt has been made to corre]ate the Raman spectrum of

(SN)(SOaF) w1th that reported for KSO F. The band due to the SN stretch

is located at 1438 cm 1 and is comparable to that reported by Glemser
for SN+,(1437 cm-]) in (SN)(Ast). This indicates that there is probably

little cation-anion interagtion in the form of a fluorine bridge.

However, the Raman spectrum of (SN)(SO3F) indicates that Vi (1058 cm'],

1063 cm-]), the totally symmetric vibration for the anion, is split.
This must be a result of factor group splitting since site symmetry
‘lowering cannot .split a non-degenerate vibratidn. It is also noted that

Vg the SO0, asymmetric stretch is split into four bands. Again, this is

3
a result of either factor group splitting or site symmetry lowering.
Due to the absence of crysta]]ographiqrddta, it is not possible to aﬁa]yze
the spectrum in terms of site symmetry and/or factor group splitting ef-
fects. Many of the weak bands cannot be assigned dnd afe attributed to
impurities. )

Ina 1:2 molar ratio, S3N3F3 was also combined w1th AsF5 and Sbf
The Raman spectrum of the products could not be obYained due to strong
19

5°

background fluorescence; however, F nmr spectra were obta1ned The

]9F nmr spectra each contained a singlet at -5.38 ppm for the SbF5 system

and -5.34 ppm for the AsF. system. The signals are presumably due to

5
53 3o although Glemser reported § = —6 12 ppm for S3 3 2(AsFB) | and
$§ = ~6.7 . ppm for S3N3F2(SbF6) with respect to external CFC13.0 One ad-

ditional singlet was observed at 6 = -2.17 ppm in the nmr spectra of

3 3 3 and AsF5 in1:2 and 1:6 molar

ratios. The species responsible for this singlet is probably also res-

solutions obtained by comb1n1ng SN

-
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ponsible for the vibrational bands observed in the reported Raman spectrum

in Table IV-4 for the S3N3F3/ASF5 system which were not interpreted. It

is reasonable to speculate that this unidentified compound may be S3N3F2+

" for the following reasons: ~
i) it is not S3N3F;, since its vibrational spectrum is not comparabie
+
to that of S3N3F2;
ii) although some (SN+)(AsFé) is produced, the existence of S3N3F2+

is consistent with the fact that AsF is a poorer fluoride ion

. acceptor than SbF5 and thergfore removal of the final fluorine
from S3N3F2+ would be less efficient than in the SbF5 system.
Th‘fRaman frequencies of (SN)(Sb,F,,) are listed in Table IV-4 and 7/

2’1 :
153

arecompared to the Raman data for CsSbyFyy 153 and XeFszF]]. A

complete assignment of the anion frequencies of'SNCSbZF]I) is not possiple
but there is generally good agreement with the frequencies obgerved for
other compoundi containing this anion. Again, the stretch due to the

1).

The Raman spectrum of the product of the reaction of one mole

4+ i -
SN cation occurs at the expected frequency (1436 cm

of S3N3F3 with 6 moles of AE?S is consistent witﬁ the formation of

SN(AsFG). Table IV-4 shoks that Vs and Ve of the AsFé anion are split

and this is due to the lowering of symmetry of the AsF

6
sult of solid state effects: The S-N stretch occurs at 1438 em™ and

anion as a re-

is essentially identical to'that reported previously for SN(AsFG)-

In the Raman spectra of SN(SO3F) and SN(AsF6), resolution was suf-

1

ficient to detect one additional high frequency band at 1427 cm . This

“band is attributed to the presence of 34SEN+ for which the calculated

frequency is 1426 o,

’
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It.has been sHown previously that S3N3C]3 combines with SO3 to
form the trichlorotrioxocyclotrithiazene S3N3C13O3 via the molecular

adduct S_N,C1 -6503.57 However, this study has.indicated that the

3'37°3
analogous S3N3F303 is not produced if S3N3Fé is combined with 303, but
rather the S3N3F3 ring is depolymerized to produce thiazyl fluorosul-
phate.

It is apparent,.therefore, -that S3N3F3 does not undergo oxidation
in the presence of oxidizing Lewis acids as S3N3C13 does. Instead, the

fluoride acts as a fluoride ion donor with successive loss of fluoride

" jon to yield the thiazyl cation, ' Cd

+ -
3Naf o) (MFg) ,q//

S.NF, + MF. » (S

333" M
v MFC
(s3N3F+2)(MFé)2
v MF, ﬁ

3(SN+)(MFg)

IV-4 Mass Spegtrq of 53N3£3 and s3gag13

The mass spectral data for the fluoride and chloride are listed

in fab]e IV-5. In each instance, m/e intensities that were less than

10% re]atjve to the most intense band are not reported unless tHeir iden-
tity was obvious. The mass spectral data is in agreement with the reg-
pective chemical behaviour.of the cyclotrithiazenes with Léwis acids.

That is, S3N3C13 undergoes successive loss of chloride ion whj]e the

E#;’A{Q »
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Mass Spectrs of S3N3F3 and S3N3C13

m/e

213
210
208
175
173
138
129
127
121
N9
118
116
94
92
83
81
74
72
70
69
67
64
48
46
38
37
36

3%

Table 1v-5

Relative
Intensity

100

13
12
r28- :

53H3F3

w w1 wn [%]
U+ O 4+~ + 0 +

w

(9% )
=

(%] =
n w
= -
N+ W + W +

= -

m/e

256
224
192
160
138
103
92
85
81
78
65
48
46
32

Relative
Intensity

< 1%

13 -

94
11
100
1
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fluoride in contrast simply depolymerizes to produce thiazyl fluoride
which ultimately prodUces SN+ It is also important to note that the
species SZN2< 4 4 ) is observed in much greater abundance in the mass

spectrum of the chloride than the f]uoride. Again this is consistent

with what is observed chemically in that S3N3C13 is a source of S4N2+

in the presence of an oxidizing Lewis acid whereas S3N3F3 is not. It

wou]d‘appear therefore that the mass spectra of the sulphur nitrides

may give some insight into their chemical bekaviour in oxidizing media.

IV-5 The Crystal Structure of;_rﬂ5

The X-ray crystallography was performed by Dr. D.R. Slim of -this

(SbC],)

department and the relevant crystal data are reported in Table v-6.

Bond lengths and bond angles are given in Table IV-7. The 85N5 cation

and unit cell for 35N5(3b616) are shown in Figures IV-5 and IV-6, res-
pectively.

The SSNS ring in the SbClé salt is structurally somewhat dif- .

ferent ta the regular azulene-like geometries reported for the SSN;

ring in the compounds SSN5(53N304) 54 and S N5(SnC150PC13).55 This is

a result of the sulphur-nitrogen bond distances in the two latter salts
B

] o
varying to a lesser extent (1.52 A £o 1.58 A in 55 5 (S.NS0,) an&“\554 A _

37374

to 1.58 A in SSNS(SnC]SOPC1é)) than in the SbC]g salt in which the sul-

phur-nitrogen bond distances vary from 1.43 A to 1.66 A. This varia-

tion in.bond distances is more pronohnced on one-half of the r?ng and has

not been observed in the other SSN; systems. It is worthy of note that
both 55N5(53N304) and SSNS(SnC]SOPC13) belong to the space group PZ]/c'
This particular space group has no crys;a]]ographic mirror plane that

would bisect the 55 5 ring thus making eqqivalént sulphur-nitrogen bond

+
distances and angles equal. However, both of these S/N. salts have been

¥
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. Figure V-5 The SN; Cation
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Table IV-6

/\jz\ Crystal Data for SSNS(SbCI6

Space Group

Unit Cell Dimensions

Final unweighted R-factor

_ Fddd orthorhombic

a = 18.05

N
c= 7.

)

(1)
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Table IV-7
Bond Lengths and Bond Angles for (SSNS)(SbC]6)
Bond Lengths (f\) Bond Angles in Degrees
Sb-Cl(1) . 2.346(4) C1(1)-Sb-C1(2) 177.2(2)
Sb-C1(2) 2.381(4) C1(1)-Sb-C1(3) 89.7(1)
Sb-C1(3) 2.370(4) C1(1)-Sb-C1(4) 189.6(2)
Sb-C1(4) 2.373(5) C1(1)-Sb-C1(5) 92.1(2)
Sb-C1(5) 2.322(5) C1(1)-5b-C1(6) 90.8(1)
Sb- C](6) 2.352(4) C1(2)-5b-C1(3) 89.8(1).
€1(2)-Sb-C1(4) 87.6(2)
€1(2)-5b-C1(5) 90.7(2)
S(1)-N(1)  1.55(1) C1(2)-$b-C1(6) 89.6(1)
$(1)-N(5)  1.53(2) C1(3)-Sb-C1(4) 89.8(2)
s(2)-N(1)  1.56(1) 61(3)-Sb-C1(5) 89.4(2)
5(2)-N(2)  1.54(1) C1(3)-Sb-C1(6) 179.4(2)
S(3)-N(2)  1.56 (1) c1(4) Sb-C1(5) %~ 178.1(2)
S(3)-N(3)  1.49(2) C1(4)-5b-C1(6) 89.8(2) -
S(4)-N(3)  1.53(2) C1(5)-5b-C1(5) 91.0(2)
S(4)-N(4)  1.43(2)
S(5)-N(4)  1.66(2) S(1)N(5)5(5) 151.2(13)
5(5)-N(5)  1.56(2) N(5)S(5)N(4) 121.1(10)
S(5)N(4)S(4) 157,8(13)
N(4)S(8)N(3) 115.7(10)
S(4)N(3)5(3) 154.5(12)
N(3)S(3)N(2) 111.3(9) .
S(3)N(2)5(2) 137.6(12)
N(2)s(2IN(T) 108.7(8)
S(2)N(1)s(1) 136.6(8)
R(1JS(TINGS) 107.6(8)

C Ry degrintaated
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described in the literature as having bond distances and angles that\ERe
related by a mirror plane. At present, the larger variation in the sul

.

phur-ni trogen bond distance in SSNS(SbCIG) is an observation that is not
possiLle to explain. It may, however, be a result of thermal motion that
was not corrected for in the present stkuctura]‘determination.

The SSN; cation obeys the Huckel 4n + 2 rule having 147 electrons
and therefore may perhaps be considered to be an aromatic S-N ring system.’
As for S4N§+, a valence bond description of'SsN; does not adequately ex-

plain the observed bond distances.

\
/

-
/
— W

NN

Sl e AN A

NN N
A B C

Resonance forms of type A are not sﬁﬁficient sindé(participation
of the lone pair on nitrogen in the bonding is requirsd to explain the
large S-N-S bond angles. Forns B and C account for this as well as the
short bond leng;hs observed of 1.43 R and ],49.;, wﬁich would indicate

some triple bond character, but have charges on many of the atoms making

L\Enese forms unfavourable. Participation of the nitrogen lone-pairs in

the bonding is also inconsistenf with the idea of a Huckel 14n-electron’

~
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IV-6 The Crystal Structure of_§4y4-SbC15

The crystal structure of S4N4'SbC15 was first determined in 1960

by Neubauer and weiss.33 The structure was not refined and high accuracy

was not claimed. As a consequence, the SN bond distances and bond angles

are not comparable to those reported for the S4N4-BF328

N o

course of this work, the structure of the%uNll-SbC]5 adduct was rédeter-

adduct. In the

mined with greater accuracy than reported by earlier workers. The
crystallographic dataare reported in Tables IV-8 and IV-9, the unit cell
diagram and molecular structure are illustrated in Figures IV-7 and IV-8.

The structure is comparable with the BF, adduct and there are no

: 3
‘significant differences in bond lengths and bond angles between the two
adducts. =t is apparent that co-ordination with a Lewis acid results
in an opening of the S4N4 cage to a puckered ring as electron density is
removed in the format{on of a bond between nitrogen and ‘antimony. The
resultingcgeometry blaces each of the sulphur atoms in a plaﬁe with the
nitrogen atoms arranged so that the S4N4 ring is boat-shaped.

-Fig. IV-9 illustrates some valence bond resonance forms for the
molecular adduct. Resonance forms of this type give approximate proper
weighting to each S-N bond such that.the S-N bond involving the nitrogen co-

*ordinated to a donor site would be expected to be the longest. However,

such explanations are very inadequate and do not properly explain the

bonding in the ring.

IV-7 ‘Bonding in Sulphur-Nitrogen Ring Systems
The literature contains papers.which attempt to rationalize the

bonding in sulphur nitrides, particularly the cyclic sulphur nitrides.
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Figure IV-8  The Molecular Adduct S4N4'SbC15 K
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. SN, ShCY
© T4 5,

133

R intheaed Wt Al St o Attt o AB 7 -~



=

e TR

L 134

\\
!
. ’ L ‘
Table IV-8
4 c Data for S,N,-¢
rystal Data for 4Ny SbC]5
Spacg Group ] PZUC monoclinic
Unit Cell Dimension a= 6.96
b =12.40 g =107.1(0)
¢ =15.22
Final unweighted R-factor 0.0527 ’
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Table 1V-9

ngths and Bond Angles for S 4

I3
N
— ed ad et mad ed ed med
. . . . . . . . “

Ee e aw v -
-

Bond Ang]es in Dedrees

i
\ (

)-Sb-C1(2)
1)-Sb-C1(3)
1)-Sb-C1(4)
1)-Sb-C1(5)
1)-Sb-N(1)

1(2)-Sb-C1(3)
1(2)-Sb-C1(4)
1(2)-Sb-C1(5)
1(2)-Sb-R(1)

1(3)-Sb-C1(4)
1(3)-Sb-C1(5)
3) Sb-N(1) -
4) -Sb-C1(5)
1(4)-Sb-N(1)

1(5)-Sb-N(1)

Rt P ST
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116b

For instance, a CNDO/BW calculation on 34N4 suggests that there'ié

116a

e]ectron delocalization in the molecule, whereas a CNDQ/2 calcula- "~

tion‘suggests that there are three delocalized "i§1ands" in S4N4 similar
to those found by Dewar154 for the phosphonitrilic halides. At present,
a good rational‘bonding.scheme has not been developed.

Table IV-10 lists some S-N bond distances and N-S-N and S-N-S
bond angles for neutral and cationic SN ring sy;tems and Figures IV-10
and IV-11 graphically illustrate variation in S-N-S bond angles and
N-S-N bond angles with S-N bond distance. The purpose of these figures
is not to establish a relationship betwgen S-N bond distance and N-§—N
or S-N-S bond angles, but rather to illustrate the greater variation‘in
bond angle about nifrogen, as compared to the bond angle about sulphur,

with S-N bond distance.

The following facts may be important in the development of any -

-~ __ bonding scheme. v

1)  The largest S-N-S bond an§1es are found in the cyclic cationic com-
pounds composed of seven to ten-membered rings. The increase in bond
angle that is required with increasing ring size js almost entirely
at nitrogen whi1e.theré is little variati&h\jn/4§e angle at sulphur.
The fact thqt the N-S-N bond angle is less dependént on ring size is
readily illustrated by the azulene-type géqmétry of SSN;. Th?re are
two re—entrang angles at nitrogen in the SSN; ring and presumably
this is due to the fact that a ten-membered SSN; ring with no reen-

trant angles at nitrogen would be energetically less favourable due

- e

g e



Bond Distances and Bond And]es for Some SulphurfNifrogen Compounds

Compound

S4Ny

©oaqt
S3N2C]

dSN(A)

1
1
1

=]

.62
.65
.61
.59

.58
.54

.58
.49

.55
.55

.61
.57

.61
.55
.57
;59
.58
.62

.62
.54

.58
.55
.56
.55 .

.57

S-N

112.

90.
123.
123.

134

153.

151

119

119

119.

118

120.

133
138
151

150

143

Table IV-10

-S dSN(A)
6 1.62
4 1,65
9 1.61
2 1.59
.4 1.55

1.58
3 1.55
1.58
.5 1.54
1.49
.0 . 1.57
.9 1.61"
1.59
8 .1.54
1.58
.0 1.62
1.58
7 .
1.62 -
1.54

0 - 1.5
.3 1.55
.0 1.56
.0 1.55

.0 1.57

N=S-N°

References
104.4 5
89.6 115
113.6 46
112.6 72,73
111.8 156
110.9 '
118.8 !
119.0
108.0 155
96.6 3]
96.4 ‘
107.2 *
95.5 157
97.8
106.3
108.7 . 55
109.6
124.5
120.0
127.0
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to thé necessity of hqying 1a}ger bond angles at su]phur.
2) The observance of nitrogen bond angles in excess of 120° suggests
a change 1n(hybridization at niorogen frombsp2 to a hybrid orbital
thaf has a larger degree of s character. The N-S-N bond‘aﬁgle is
appareot]y 1eso flexible to change and it is presently not under-
stood why. Presumably, donation of-the nitrogen lone pair to the
empty sulphur d-orb{tals does not affoct the hybridization at ;ul-‘
| phur. - |
3) Participation of the lone pair on nitrogen in the m-system of S-N '
cationic rings destroys the concept of a Huckel 4n + 2 system. Al-
though many of the ring systems obey the Huckel 4n + 2 rute, this
may in fact just be & fortuitous coincidgnce. (For {nstance, the
cation S3N; exists and yet has 7m electrons; the stability-of the
Fing is not apparently affected by the fact that it is not Huckel

precise.

IV-8 Experimental Section

- The Reaction of 53_ Clg w1th Sbglp in Liquid SOO in a 1:2 Mole Ratio ’

The compounds S3N3C]3 (250 mg, .1.02 mmol) and SbC] (615 mg, 2.05 mmo}} were
both added, in the dry box,- to separate bulbs of a doub]e bulb reaction
“vessel fitted with a medium glass frit. The reaction vessel was connected -
to a-vacuum line evacuated and S0, (5 ml) was condensed ot -196°C onto ?b
both reactants. The reaction vessel wos allowed 'to warm to room tempera-

373
moderately soluble. The SbC]S/SO2 solution was poured onto the S3N3C]3/SO2

" turé, the SbCT, conpletely dissolved in the SO, while SNC14 was only

solution and a yellow solid initially formed. After stirring faor 24 h,

.
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the solution was greeh-brown in colely with a‘yellow solid present. The
solution was filtered and left undisturbed for 24 h. At this time, yel-
Tow needles formed é]ong wjth a few green needles. Continual washing
Qith SO2 removed the green material yielding a pure yellow crystalline
(samp]e. This was shown to be S4N4(SbC16)2 by comparison qgiips Raman
spectrum with that of a pure sample.

The above procedure was repeated one further time; only in this
instance thé‘so]ution was not fj];gpgg,.buxztﬁe solvent was removed on the vacuum
1ine;fyfélding a crude solid ﬁixture. The Mdssbauer spectrum of th1§
crude mixture indicated only the presence of Sb(V) with no signal due
’fo Sb(II1) being observed. A Raman spectrum‘of the crude material showed

_that S4N4(SbC]6)é was present, with bands die tb at least one ther pro-

duct that was not SbC]3. Thisuother product, the greea'crystalline material,"
was extracted fromii}e crude m{xtyre with methyléne chloride. ‘The bands

in the Raman spectrum of tHe extracted green material were identical to

_ those not due to S4N§+ in ‘the Raman spectrum of the crude material. This
reaction may‘a1soqbe done using excess.SbC15, with no change in the ob-

served reaction products.

The Reaction of S3ﬂ3§13 with Sb(}l5 in SQC]z‘in a_1:2 M3le Ratio

The experimental procedure was as described above, S3N3C]3

(250 mg, 1.02 mmo1)* and SbC]5 (6.5 mg, 2.05 mmol) were traqsférred in
a dry box to separate bulbs of a doub]e,bulb"reaﬁtionAvesse]. SOC]Z“'
(10 m1) was also tyansferred to each of the.sebarate bulbs "in the.dry
bok. The vessel was then'evacuatéd and the SbC15/50C12 solution was

po ured throu;h the frit onto the S3N3C1é7SOC12 solution. After 24 h,

0 (

»
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a yellow solution was formed with a yellow powder present. Filtration
2+

.of the solution yielded yei]ow crystals that were shown to be S4N4A by

comparison of their Raman .spectrum with a Raman spectrum of a pure sam-
ple of S4N4(Sb616)2J A Raman spectrum of the crude mixture indicated
the presence of at least one other product different to that obtained

in the 502 solvent system.

N.C1, with SbCl5 in CH,,Q_]_.2 in a 1:2 Mole Ratio

The Reaction of‘S3 1

The procedure was identical to thai putlined above for the reac-

tion of S3N3C13 with SbC]5 in 302. In this instance, S3N3C13 {200 mg,

0.823 mmol) was combined with SbC]5 (492 mg, 1.65 mmol) in 20 ml of dry

CHZC]Z. 5 dissolved completely in the CH?_Cl2 while S3N3C13 was

only moderately soluble. Upon addition of the_SbC]s/CHZC]2 solution to

The SbCl

the SN CI3/CH2C12 solution, a yellow precipitate formed.” Within one-

33

" half hour, the stirred solution became ﬁncreasing]y orange in colour

and finally orange-red to red. This experiment was repeated several

times and it was found fhat the’so1utions varied from érqnge-red to'deep
red in colour. After 24 h. the solution became bright yellow with a
ye1low_so]}d present. This soiid was shown to be S4N4(SbC16)2 by com-
parison of its Raman spectrum with that of a pure sémp]e of S4N4(SbC16)2.
Otﬁer'products from the reqction were not charactérized. “The green ‘

material obtained in.'the«SO2 solvent system was not observed.

2

’

The Reaction of SaN,Cl, with SbCle in CH,Cl, in a 1:1 Mole Ratio
;. t) R v} . ~ N (4

>
The procedure is ‘identical to that described in the previous

3373

Y

section. In this instance, S,N.Cl (175Es9{ 0.720 mmol) and S’bCl5

142
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(215 mg, 0.720 mmo1) were reacted in dry CH,Cl, to yield a red solution.
After 24 h, there was no-further change and the CH2C12 was removed/on

the vacuum line to give a black-green residue that contained soﬁQ/batches
N

“of red and yellow. SOZ (20 m1) was condensed at -196°C onto the solid.

Upon warming to room -temperature, the solution again became red in colour
with some undissolved red solid present. The solution was filtered and

left undisturbed for several days. After this time, many crystdls

formed, three sets of distinct crystals were isolated from the mixture.
Ligﬁt red ana dark red needles were shown to Sé, by an X-ray crystallo-

graphic study; S4N4-Sbc15 and (SSN;)(SbC1g), respectively. A few yellow

crystals were also present and these were characterized as S4N4(SbC16)2.

It should be noted that the Raman spectra of the mixture before and after

addition of 50, were identical.

2
The Reaction of S3H3§l3 with Sbgls in 502 in a 1:1 Mole Ratio
The compounds s3N3013 (2.50 mg, 1.02 mmol) and SbC]S»(307 mg, 1.02 mmol) were

each transferred in a dry box to separate bulbs of a double bulb reaction

vessel fittedswith a medium glass frit. Sulphur dioxide (10 ml) was

- condensed at -196°C onto both reactants and the ves;ff was allowed to

warm to room temperature. The SbCl}S/SO2 sb]utjon wxs poured through the
frit onto thé S3N3C13/SO2 solution and a yellow precipitate immediately
formed. After 24 h, the solution was yellow-orange and a yellow solid
was present. The solution was filtered and aftér severa} days a yellow
crystalline solid formed. This .was shown to be S4N4(SbC16)2. The SO2
was removed from the crude reaction mixture and Raman data indicated

it. ¢ontained S3N3CI; as we{l as gome S4N§+.
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Preparation of (S3ﬂ3912)§SbC15) from the Reaction of S3ﬂ3C]5 with SbCl

5

in CC]4 ina 1:1 Md]e Ratio

This was done aEcording to the method of 0. G]emser,lzq S3N3C13

-

(200 mg, 0.823 mmol) and SbCl5 (?46 mg, 0.823 mm&]) were a?ded,*in a dry
box, to separate bulbs of a double bulb reaction vessel fitted with a
medium filter. CCl, (20 m1) was distilled at -196°C onto both reactants
and the vessel was allowed to warm to room témperapure. The SbClS/CC]4

solution and a yellow precipitate formed. The mixture was stirred for
24 h to yield a yellow solid that is insoluble in CC14. The CC]4 was
removed and a Raman spectrum of the yellow material was "identical to

that reported by 0. Glemser for (S3N3C1Z)(Sbc1g)._

9 and(SO2

The compound 53N3C12(Sb016) was prepared as described in the

previous section;; Methy]ene_ch]oride was condensed at -196°C onto the

yellow S3N3CIZ(SbC] ) and the mixture was allowed to warm to room tempera-

6
ture. Upon reaching room temperature, the solution turned orange-red

in colour and appeared to be very similar to solutions obtained directly

from the reaction of $.N;C15 with SbClg in CH,C1,. The CH,C1, was re-

moved and a Raman spectrum of the solid mixture was identical to that
obtained from the crude mixture prepared directly in CH2C12.‘ Similar

bbservations were made using liquid SO, as a solvent.

2

Preparatibn of (Ssﬂ5}§SbC15) by the M;thod of Banister

. Cyclotetrathiazyl bis hexachloroantimonate (V) was prepared in thionyl

chloride according to the procedure outlined earlier in this chapter,

L d
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A

Trich]procyc]otrithiazene (320 mg, 1.32 mmol) an 6§bc15‘(1.17 g, 3.94 mmol)
were the molar amjunts used in the preparation. After 24 h, formation of
S4N4(Sbc16)2 was complete and S4N4 (0.727 g, 3.95 mmol) was added in the
dry box to the stirred SOCI2 solution containing the S4N§+ as well as other
unidentified products. The so]ution.immeaiate]y turned green and after

24 h a dgrk red-green dichroic'solutibn remained. Fi]tyation yielded a

yellow-brown solid that when washed with thionyl chloride produced a

yeltow-orange material, the infrared spectrum of which was identical to

that reported by Banister for 35N5(5b016).
The Reaction of S_N.F, with SO, in a 1:3 Mole Ratio
Under dynamic vacuum, S3N3F3 (0.1395 g, 0.715 rmol) was sublimed

from a Kel-F siorage trap to one bulb of a double bulb reaction vessel,
at -796°C, that had been previously weighed and flame dried under vacuum

for 48 h. 503 (0.1716 g, 2.14 mmol) was then sublimed onto the S3N3F3

_at -196%°C, follewed by 10 ml of 502' The solution was allowed to warm

to room temperature and turned orange-brown with all the solid material P
dissolving. After three hours, large cream coloured needles appeared

and the solution was lteaf green in colour. At this point, the solution

was fi]tered,land the c}ystals were washed with SO2 Qﬁti] they were

'white in colour. The solvent was removed from the reaction vessel and

the bulb containing the crystalline material was flame sealed and stored

at -196°C. A Ramannspectrum of the white crystalline material was con-
sistent with the formation of (SN)(SO3F). It is jmportant that once the

crystalline material is formed that it is soon isolated and stored at -196°C.

\ -
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@e Reaction of SN.F
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3NaF 5 with SbF, in a 1:6 Mole Ratio

Antimony pentafluoride (6.72 g, 28.6 mmol) was added in the dry
box to one bulb of a preweighed double bulb reaction vessel.
o

vacuum, S3N3F3

Under dynamic
(932 mg, 4.78 mmol) was sublimed from a Kel-F trap into
the other bulb-at -196°C. Sulphur dioxide (5 ml) was condensed at -196°C

into both bulbs and the vessel was al]oweq to warm to room temperaturél
The S3N3F3 and SbF

5 were both completely soluble in SO2 and the SbF5/502
solution when redcted with the S_N.F

3NaF5 solution produced a cream coloured
solution from which a pale yellow solid was isolated. The Raman spectrum

-

.of this solid was consistent with (SN)(szF]]).

The Reaction ofvs3ﬂ3£3

with SbF. in a 1:2Hale Ratio
As described in the previous_section, S

3N3F3 (2.43 g&‘12.4 mmo 1)
and SbF5 (5.41 g, 249 mmol) were combined in a double bulb reaction vessel.

~

vessel was aT]qwed to warm to room temperature. The resulting two so]d- \\\\
tions were mixed by pouring the SbFS/SO2 solution through the frit onto

the S3N3F3/SO2 solution. A cream coloured solution was formed and after

Su]bhur dioxide (5 ml) was condensed at -196°C onto both bulbs and the

24 h, the solvent was removéd under vacuum to yield a cream coloured
solid. A Raman spectrum could not be obtained due to strong background
fluorescence; Gowever,an

F nmr spectrum of -the solid was obtained and
consisted of one line at § = -5,38 ppm.

The Reaction of S3ﬂ3§3 with AsF5 in a 1:6 Male Ratio

Into one bulb of a double reaction vessel, at -196°C, S3N3F3

(52.3 mg, 0.268 mmol) was sublimed under dynamic vacuum from a

%
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* The Reaction of S,N.F, with AsF._and SbF; in a 1:2 MoTe Ratio
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Kel-F storage. vessel, Ast (0.257 g, 1.61 mmol) and'SO2 (10 m1) werg//

coh?enseq at -196°C onto the 53N3F3 and éhe vessel was a]]owgd to Qakm Y,
to‘room temperature. The‘S3N3F3 reacted quickly to yield a yellow solu-°
:tion from which a yellow solid was isolated. The Raman spectrum of this

material showed the presence of (SN)(AsFG)'and one other unidentified .

product.

s

The procedure was as described iq the previous section, S3N3F3
(372 mg, ].91.mmof) was combined with Ast (0.610 g, 3.82 mmol) and
302 (10 m1). The resulting solution was yellow with no undissolved solid
present. The SO2 was removed to produce g‘yel]dw solid, the 19F nmr

of which indicated the presence of (S3N3F2)(AsF6) based on comparison

with nmr data reported by Glemser for (S3N3F2)(A5F6). A. Raman spectrum? ,

“ ' =~ - ",:\ ? or
_codld not be obtained due to strong background fluorescence.

1 4
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y-2 The S4ﬂ4ﬁ4/SbCTSA§ystem

: CHAPTER V
THE LEWIS ACID CHEMISTRY OF THE SULPHUR IMIDES

¥-1.  Reactions of the Sulphur Imides with Lewis Acids

Very 1jtt1e is known about fhe reactions‘of the sulphur imides
with Lewis ACi&S. The chemistry of 57NH is domigated by the acidity
of the hydrogen atom as Hea]79 has demonstrated. A few poorly charac-
terized adductg of S4N4H4 have been prepared. The reactidns of other

imides, such as 1,4-56N2H2, with Lewis acids, have not been investi-

gated at all.

A study was, therefore, undertaken to attempt to understand
the behaviour of some sulphur amides with group (V) pentahalides which

have both oxidizing and Lewis acid properties.
N . -f

The compound prls has proven to be of great utility as a
synthetic reagent with other sulphur nitrogen systems dhd thus reac-

tions with S¢N4H4,were studied.

It was found that whensSbC]5 was reacted with S4N4H4 in a 3:f
molar ratio, the product$ were §4N4'SbC15, SbC]3 énd HC1. The stoi-
chiometry may be described by the equétion ,

SO

. o aenm %2 .
SyNghg *+ 35DC1, ——LmmS N, -SHCT, + 2SBCT, + 4HCI

¢
.

The isolation of the SbCl; adduct of Sely implies that cyclo-

tetrathiazene could be obtained by the action of SbCl5 on S4N4 if a

- 148 -
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lower molar ratio was used.
, 302
S4N4H4 + ZSbCI5 ____T__> S4N4 + 4HCY + ZSbCI3
“\> It haq previou;]y been shown that S4N4H4’is oxidizad to S4N4 o
by chlorine and by nitrate ion—-//’w,,-‘\\\ . - :
158 - '
S4N4H4 + 2C12 - S4N4 + 4HC1

- - 108
Sqligh, + 2107 » 2H,0 + SN, + 2N,

/7
It is known that the hydrogen of sulphur imides is acidic and salts

containing S-N anions may be prepared. Hea]g] has also demonst;atgd that

the N-H group inh cycloheptasulphur imide is capable of undergéing conden-

"sation reactions with the boron trihalides. Thus it is reaSohable to

speculate that the first step in the oxidation process is the formation.of
‘the imido.antimony tetrachloride complex. This could be followed by chlorjde

ion abstraction and liberation of SbC]3 with a positive charge sfmultaneous]y

generated at the nitrogen.

! &
Fis 0 g
S4N4H4 + SbC]5 -+ Hr? ?-E;:;?b + HC]

S-N-S a

|
., H
¥ LY

¥ SbC]5
i

?—N-? ?1

H-4  N-Sb-C1 SbCl;

| [

S-?-S Cl
H

-
[
=z
"
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The overall result of this is to increase the acidity of the remaining

hydrogen atoms and generation of a neutral S4N4H2 intermediate may be

expected. This process could then be repeated to give the final pro-

duct S4N4.

] e

The formation of the molecular adduct;54N4-SbC15 in this system

suggests that S,N H may be a starting material for the breparation of
4744

the dication134N2+. It was shoyn in Chapter III that S4N4'SbC]5 reacts
with additional SbCIg to produce S4N4(SbCTb)2. Thus, it was not surprising
that S4N4H4 was found to react with SbC]5 in a 1:5-molar ratio to produce '
the S4N§+ salt. Th; required stoichiomgtry may perhaps be described by the equation
: s, ‘
SqNgHy + 5SbC15-—-77> S4N4(SbC]6)2 + 4HCT + 3SbC1,4
The reaction of S4N4H4 with the Lewis acids SbF5 and AsFé

was.a1so investigated to determine if these Lewis acids would also oxi-
dize the tetraimide ‘to thie corresponding S4N§+ salts. In both instances,
the cyclotetrathiazyl cation was pot produced and consequently the
reactions were not-studied furtﬂer.

‘ It is noteworthy that in the three Lewis acid systems, the
solutions obtained were paramégnétfc. The esr spectra consisted of one
single sharp line with a g-value of 2.013. -This value is in the re-
ported range for S; which is pogsjb]y ap iﬁtermediate or a by-procuct

of the formation of SN .

V-3 The Dithionitronium ion Szﬂi

"The chemistry of.cycloheptasulphurimide is quite extensive ard

PR s *
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much of it is dominated by the known acidity of hydrogen atom. 79,92

Heal

has demonstrated that the combohnds boron trichloride and boron tri-

bromide are capable of abstracting-the hydrogen atom fram S7NH to generéte

the appropriate heptasulphurimide boron  dihalides.

S7NH + BX3 - S7N—BX2 + HX X =2Cl or Br

As: the boron trihalides have no oxidizing capability, it seemed ap-

s

propriate to determine the behaviour of S7NH in tﬂe presence of a Lewis

acid of oxidizing ability. ~

It was observed that SbC‘l5 readily reacted with S7NH in liquid

sulphur dioxide in a 2:1 molar ratio to produce an orange crystalline

»

material. This material was characterized by X- ray crysfal)ogrhphy as

the dithionitronium hexachloroantimonate(V), (S 2 SbC] fz\add1t1on,

the other charactefized reaction products were e]ementa] sulphur, anti-

mony(111)chloride and HC1. The stoichiometry of the reactionmay perhaps

be described by the equation
. 5 A ’ ,
S7NH'+ ZSbC]s + HCY + (SZN)(SbCTG) +,§'58 + SDC]3

.

It is difficult to propose a mechanism for this reaction at the present

time. However, it seems reasonable to suggest ‘that the first step is

the 1oss'of‘fhe acidic proton from S7NH with the fqrmationﬂof hepta-

sulphurimido -antimony- tetrachioride analogous to;the-compound formed

s

in the reaction with boron trichloride.

-

S NH + Sb(:'l'5 > S]NSbC] g+ HED

\/
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. with BC13, reacts with SbC]5 to give (S,N)(SbC1

152
Indeed, it wé§ found that S7NBC12,‘formed by the reaction of S7Nﬁ ]

) 6

_ S,NH + BC, > SNBCI

7 g 5;NBCT, + HCI

NE 5 —
S7NBC12 + 25bC15 (SZN)(SbC]6) + 8 58 + SbC]3 + BC]3

The initial formation of S7NSbCI4 must be followed by a series of

rather comblex steps that produces 32N+ and other products. It is in-
teresting that the red-g?bwn solutions obtaiped from the abavé reactions
exhibited an esr si§na] consisting of one sharp line with g = 2.0]3.
This can probably be attributed to the radical S+ fﬁr which thezg—va]ues

in the range 2.013 - 2.Cl6+ have been reported, and which is obtained

¥

when su]phur is OX1d1zed“by SbF5 or AsF5 or by. certain strong oxyacids. 140

It is noteworthy that the formation of SZN from the S€N r1ng leaves an
55~fragment. Presumab]y 58 is then formed from the 55 fragment by a
series of complex reactions. '

The dithionitronium catjontcan also be obtained from the reac-

tion of 1,4-56N2H2 with SbC]s. This implies™a stoichiometry 'given by

the eQuation . . ' .

],,4-56N2H2 + 4SbC15 -+ 2(52N)(Sb016) + %\QB + Z2HC1 + 25b€13 ‘

The mechanism of this react1on is not obvious. There have.been no

’pr1or studies of the.behaviour of the diimide with Lewis acids. The
: so]Utioh obtained from this reaction exhibited a 5-Tine esr spectrum

¢ .
‘w1th g = 2, 002 and a = 3.15 gauss. ’This is .consistent with a radical

+
containing two equ1va]ent n1trOgen akoms A signal due to the_SS-

cay -

-
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Figure V-1  Proposed Reaction Sequence for the Oxidation of S7NH and

1,4-S6N2H2 with SbC]5

-

S7NH + SbC'I5 1,4—56N2H2 + 25bC1¢
v : + L
S7NSbC]4 + HCI ],4-56N25bC]4.+ ?ﬁE} | g
SbC]5 SbC'l5

,}N-slbi’m Sbel,

C1
¥
+ -
R N shClg
+ \
/ SbC1, S .
' +, ) 2+
(S7N ) "\ ‘ . ) (SsNz )
' ’ +
: . 1 i
+ .5 L ?
SNt Sy 25N + 7 Sg
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radéca] was not observed. The identity of the radical is not known.

Comparison of the g-value and coupling constant with those of S3NZ.3]

tend to rule out the cyclothiodithiazyl cation as a possibility.

\

Again as in the S7NH system, the first step may béqthe forma-
tion of hexasu]phurdimido bis antimony tetrachloride which then reacts .

further "to -produce the products .

T,4=5NH, + 2SbC1, + S.N,(SbCl

2"z 57 %2 20

4)2

The next step in the reaction sequence for both the S7NH

' \ and the ],4-56N2H2 systems is -assumed to be chloride ion abstraction

-by one further mole-of SbC]S‘from the N-SbC]4 site. This is outlined
in the reactibn sequénce in Fig. V-1. The resulting complexes would

lTose SbC1, to generate the cations S7N+ @nd/56N§+. These species were

3
not observed and either fragment as soon as they formed or simultaneously

as loss of SbCl; occurs. It'i5 not clear why the above cationic species
are -not stabge enough to be isolated from the reactijon mixture. -

- It 1s noteworthy that S7N-§H .does not react with SbC]s, in

3
1iquid 502, in a 1:2 molar ratio to produce'tﬁe SZN+ cation. This ob-

servation is consistent with the fact that the acidic hydrogen is neces-

sary for the formation of the dithionitrionium cation in that loss of

CHg from S7N—CH5 is very unlikely.

-~V The reaction of §

/MM with the Lewis acids SbF, Ast and PF,
was also investigated. ' ’

.
.

The Lewis acids Ast and SbFsﬁwere observed to produée a brown
solution when combined with S7NH in Tiquid SO2 ina 1:3 molar ratio

of imide to Lewis acid.

. . . . .
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. line signal at g = é.013.

*son with the coupling constant and g-value for S
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The esr specirdm_of this solution consisted(of two signals, one sharp
Tine at g = 2.028 and a five-iine*signa] at g = 2.013 with a coupling
constant of 3.2 gauss:' Increasing the molar ratio of imide to Léwis
acid to 1:9 caused thé solution to turﬁ deep blue. Thg intensity of
the single line at g = 2.038w%§§reased‘re1ative to that of the five-

If s also noted that the resolution of the
five-line signal decreased somewhat. An infrared spectrum of the solid
blue material isolated after solvent removal, was consistent with the

1

presence of the ASF; anfon (v; 692 cm™' and v, 388 cn™') and ‘the ab-

sence of an N-H stretch. These results can pé best explained by the |

Afo]]owing sequence‘

A}

S0
i ) +, - : + -
S7NH + XF5——-———> ( y)n(XFG)n + XF3 + HF + (SXN2 )(AsF6) -
further XF5 ¥
+
X = As or Sb ‘

The S7NH first loses H+ to yield HF and then, in a manner that

is not clear, a sulphur radical is produced that has been observed in

SO2 solutions of ng. The S%; cation hastrecenf]y Béeq;shown by an X-

ray crysta]iographic determination in this laboratory to be the true

identity of the previously reported ng.; Therefore, the esr signal at
g = 2.028 is due to an unknown sulphur radical thét 1§ also present in

SOz_solutions of st. However, it is noted that the observation of this

‘radical does not necessarily imply that the S?Q cation is present. The

* five-line pattern is consistent wi4h a radical containing two equivalent

nitrogen atoms, the identity of the radical is not known and compari-

+ -
3N2 would. tend to

~

-~
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s > . , . {
ru]e.out'S3N; as a possibility. Further addition-of Lewis acid results
in a blue solution. .Blue solutions of. sulphur in oleum have reqént]y.

‘ /
been shown to contain the S; radical which has g-values repgrted(in the’

range of g = 2.013-290]6.]40 Thus, it is reésonabTe.to asgume that upon

- further oxidation the S; radical is formed. TH{S may explain the decrease

in intensity of the signal at g = 2.038 and the loss of resolution for

. the five-line signal at g = 2.013.

Cycloheptasulphurimide was also oxidized with PF5 in a 1:2 molar ratio
in SO2 and elemental sulphur was characterized as one of the products. The
esr spectrum of this solutidn consisted of a five-line pattern, ;he g-value
and coupling constqnt of which were identical to those obtained in the Ast
and SbF5 systems. Apparently, EFS also okidizeg themsgN ring, however due
to its. lesser oxidizing power, in,tomparison to SbF5 and Ast, sulphur is pro-
4uéed‘rather tha? ng or Sé*. HoweVef, the.same nitrogen cohtaining radical
was formed as was observed in the SbF, and AsF systems. |

Due to the comp]ex{ty of the §7NH/AsF5, §iNH/SbF§$and S7NH[PFg systems
and the fact that thesé systems,did not appear to he a source. of new S-N cations,
they were not explored f’u(the?.~ SR

‘ The reaction of $NCH, with'Ast and PF% was also studied briefly to
determine if the addition of the methyl group to the S7N ring would facilitate

production of new S-N- species. It -was found ‘that AsF5 wheh coﬁbined with

S./.NCH3 in a 9:1 molar ratio in liquid SO2 produced a dark blue solution. The

esr spectéum of this solution exhibited a sharp singlet at g = 2.016 aqd a
broad line at g = 2.028. The signal was too broad to observe the fine struc-
ture associated with a nitrogen contaihiﬁd radical.

The reactign. of S,NCH, With PF, in a 1:2 molar ratio in SO,

B o
G T T

* ppm b
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produced S8 and the esh spectrum of the resulting solution again as in

the case of S7NH with PF_Yexhibited a five-line pattern with a g-value

5

of 2.012 and a coup]ing‘conétqn gauss. Thisvradical is there-

fore probably the same species obsgrved in all the other esr spectra.
The'fate of the methyl group in these reactions is not known. As no
evidence was obtained for new SN species, the reactions were not further

investigated, -

V-4 The Infrared and Raman Specfra of (SZN)(SbC]ﬁl-

'The infrared and Raman spectra of solid (SZN)(Sb616)-are given

in Table V-1. The Raman spectrum of (S;N)(SbC1c) is shown in Fig.

V-2. The spectra can be ‘interpreted in terms of the ionic structure

(32N+5(SbC]é). In the Raman spectrum of the solid, the three bands at -

1 1

1333 cm-], 293 cm ' and 175 cm ' can be readily assigned as v](A]g),

vZ(Eg) and v3(T29) of the SbCTg ion. As the site symetry of SbCTg

]

is.Dz, the degeneracy of the Eg and T, modes is lifted and they are

29 ‘
observed as a doublet and a triplet, respectively. In the infrared

spectrum, the band at 320 cm—] may be assigned to v3(T]u) of SbClé.

"In addition to the above mentioned bands, the most prominent band in the

1

Raman spectrum is that at 688 cm ' which may c]éar1y be assigned as the

single Raman active fundamental of the linear triatomic 52N+. The ana-
logous band of the isoe1ectron1’c.CS2 molecule is observed at 656.5 cm

However, in addition to- this band, there are two additional bands; a

1 1

moderately intense band at 766 cm ' and a very-weak band at 680 cm™ .

The former is assigned as 2v2,whith should normally be very weak but

- appears to have its intensity enhanced by Fermi resonance with vy

R ]

-1 159
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Table V~1'
. Raman and Infrared Spectra of 52

+ - a
(52N )(SbClﬁ) ’ CS2

R(cm™ 1)

g

1498 m 1523

I.R.(cm-])

R(cm'])

solid solid

)
766(17) AL

747(2)
68%(44)
680(8)

656.5

648.8 396.7

o 374 m

333(100)

| 320 s

203(12)

283(8)

180(26) .

175(48) , o

167(4)
78(100)

62(76)
' 3\

a. Reference 159.

s=§tmnm m = medium

+ -
N SbC]6 and CSZ.

I.R.(cm"];

vy 3,

S N+(C§

29, 3,

2 732734

+
V1 52N (CS

V1 23234

v +

2 52N (CSZ)
2 (A1g) SbC1
v3(T]a) SbC]6

Yy (Eg) Sba1

Vg (ng) SbCl

Latfice modes

N (Cs,)

2)
29, S..5. N'(

oo wEE MRS

158

€S,,Sq4)

32734

2)
S..S. NT(CS,.S

3253)

6

6
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A simiiﬁr band is observed at 648 cm”! in_the Raman spectrum of C3,

and is similarly assigned to 2v2 enhanced by Fermi resonance with v, .

532534N+ mole-

160

The weak band at 680 cm”? can be assigned as v, of the
cule for whi&h the calculated value of Vi is 678 cé‘l. The other. /
. Raman inactive but infrared active fundamentals of .the 52N+ ion, v, and
) vgs are observed at 374 and f498 cm'], respectively, and have frequencies
close to the corresponding bands for CSZ' Satisfactory solution Raman
spectra of (SZN)(SbC]G)
solveng lines, low solubility or reaction with the solvent.

could not be obtained due to interference of

hJRY

V-5 The Crystal Structure of SZN§SbC151

-

The crystal structure of SzN(SbCIG) was determined by Dr. C.J.L.
Lock and Mr. R. Faggiani of this department. The crystal data is pre-
sented in Table V-2 and Fig. V-3 illustrates the unit cell of SZN(SbCIG).

The S N+ cation is linear and has Dooh symmetry, and has an S-N bond

2
length of 1.46 A. This SN bond is shorter than the CS bond in the iso-
4] ©
electronic C52 molecule (1.55 A),]60 just as the NO bond in NOZ (1.10 A) 161
2y 162

is shorter than the CO bond in the isoelectronic CO2 molecule (1.16 A).
The differences are consistent with the presence of the positive charge

and the greater elettronegativity of nitrogen in comparison to carbon.

A1l of these molecules have bond lengths that are smaller than those
predicted from double bond covalent radii such as those given by Pauh‘ng.]63
This may suggest that all of these molecules have bond orders greateh
than two and that the simple. valence bond structure is not an adequate.

. + .
b SasS

‘representation of the molecule.

RO U S




. ) © 161

1 Table V-2 E
Crystal Data for‘(SZN)(SbC16)
Space Grpbp o Inmm Orthorhombic
Unit Cell Dimensionsq/ a=9.299(3) A
. b=7.976(3) A
.Cc = 7:070(2) A
. A
) "
Unweighted R-factor . 0.0377 (

Bond Lengths SN 1.463(a) A
| $b-C1(1)  2.351(3) A
A

)

Sb-C1(2)  2.363(2)

Bond Angles in Degrees C1(1)-Sb-€1{(2) 90.0(0)

C1(1)-5b-C1(2)  90.0(0) ° =
C1(2)-Sb-C1(2)  90.0(0)

/ C1(2)-5b-C1(2) 90.0(0)
C1(2)-5b-C1(2)  180.0(0) -~
3
% - . ‘

N RSB ATEA fay cam By
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Figure V-3. The unit cell diagram of. S N(SbCls). a and b are parallel

2
to the top and side of the page, respectively, ahd the

view is down c.

SE %?
. - @
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The S-N-S bond angle of 180° at nitrogen would tend to suggest‘
that the nitrogen atom is sp hyb(idized, leaving two orthogonal p-orbi- .

tals to participate in a n-system with sulphur. Due to the presence of

. sp hybridization
‘ at nitrogen

Y"

-

the positive charge, the 3d orbitals on sulphur would be contragted in-
ward, .and may be available for overlap with the 2p orbitais on ni%Yogen.
However, it is not known how important this is in'contributing to the

overall bonding.

V-6 The'S7NH/P91S System

The reaction of S7NHNw1th PC]5 in a 1:2 molar ratio in methy]éne
chloride was observed to produce sulphur and a white crystalline material.
An X-ray study of a-single crystal (taken from the mixture) pro-

vided sufficient evidence to assign the identity of the crystal as the

1

salt (C13XNXC]§)(PC16) where X must.be eithe; sulphur or phosphorus. Dif-

ficulty is encountered im assigning the jdentity of the atom X since

1

crystallographically it is not possible to distinguish between sulphur and

- . e aq e 4 ,
phosphorus in the cation due to their Similarities in atomic number.

3

2

P

[V
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‘ o
Difficulty also arises because the P-C1 bond distance, 1.94 A, is com-

parable to observed S-C1 bond distances in similar sulphur nitrogen

cations, for instance 1.985 A in C]ZSZN+ 50 The crystal of (C13PNPC13)-

(PC]G) used in the X-ray study was obtained from a mixture containing

sulphur and other products and consequentTy a chemical analysis was not

performed. The Raman spectrum of (C]BPNPCI3 164

and therefore a Raman spectrum of the single crystal-used in the X-ray

)(PC16) has been published

determination was obtained for comparison with the published data.
Table V-3 1lists the Raman freduencies for the published and observed
values. The two spectra are comparable, however more bands were ob-

A\

served in the Raman spectrum of the single c¢rystal presumably due to

" solid state crystal effects. It should be noted that the crystal was

colourless as (C1,PNPC1:)(PCI

3 3) (P,
SN+ are coloured. Although crystal]ographica]]y it is not possible

) should bé, whereas all S-N cations except

to definitely assign the fdentity of the cation as Cl PNPC1+, rather than

3
C13SNSC13, the Raman data coupled with the 3]P nmr data, to be discussed,

favour the ass1gnment of the cation as Cl PNPC]3

The 3]P nmr spectrum of the prqoduct mixture i]lu;trated in
Fig. V-4 contains several signals. Possible assignments for these sig-’
nals are Tisted in Table V-4. The band at -219.5 ppm is assigned to
PC1,, one of the to signals at -33.0 and-29.4 ppm is likely due to

P(S)C]3

and the large singlet at -20.3 ppm is attributed to the C13PNPC1;
éation Assignment of fhe other bands is difficu]t especially when the

A
intensities are too low to a]low observat1on of phosphorus phosphorus

coupling. The products of the reaction of S.NH ﬁ1th PC1. are summar1zed

7 5

in the form of a non-stoichiometric equation.

o
"

&
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Av, (cm’])

87(4)
116(4)
154(12)
160(11)
169(14)
206(7)
213(9)
216(9)
240(18)
249(145
265 sh
276(21)

?88(9)

357(100)

467(11)

629 < 1 .

637 < 1

166

‘Table V-3

Raman Frequencies for (C1PNPCT ) (PCT )

Vo & Vg
PC]ﬁ.

V1 PC1

broad

8 Reference 164.

}

Av, (cm_l) a

163(2)

210(0)

©

247(7) vg PCIZ S

276(3) v, PCl

358(10) vi Pc1g
468(4)

495(0)
611(0)

632(1)
648(0)

820(1) -



3 p mor Data for Possible Reaction Erbdu@ts of S,NH/PCI

s (ppm) from H3P04

- 4.

All nmr

NOTE :

-219

- 33
- 29.
- 20.
- 14,

- 10.
+ 3.

+ 13.

The P-P coupling constant in (C1

observed to be 45.3 Hz.

5
.0
4

167

Table V-4

5 System

1

Literature Values

PCIy  -219.4, -220, -215 ppm

SPCl,  -28.8, =30, -30.8,
-29, -30.6, -34 ppm
+
(C]BPNPC13)
(C13?GNP6(CT

-21.4 ppm
)t -12.5 = 1.0 ppm

"

Z)PaC]3 o

—

i +
(C1,P NP (CIINP C1)™ 8

14.0 £ 1.0 ppm

data from-Reference 123.

-

3
This value is compatible with 'the

Tt
PGNPB(C]Z)yPaC13) has been
165

1ine widths observed for -the signals assigned to this cation.

However; these signals were much too weak to observe the actual

triplet and doublet that would be required of C13PaNP

+
5 (CT),P C15.

Y-
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CH,C1

2° 2 .
S7NH + RC]Sf-—_-_——1> S + PC]3 + PC]3(S) + HC1 + (C13PNPCT3)(PC16)

+ (C13PNP(C])ZPNPC]B)(PC16)

The intensity of the nmr signal due to the (C13PNPC1;) cation indicates
that it is one of the major products from the reaction of S,NH and PCI,

The trichlore[(trichlorophosphoremylidene)amino]phosphorous (V) hexa-

* chlorophosphate has been preparéd by two other routes.]66
(1) 3PC15 + NH4C] > [C13P=N7PC13][PC]6] + 4HC]
- ’ \
[H3N0H1C] + PC]5 > C]3P NOH + 3HC1 ) ‘\\\‘\“
(2) C]3P=NOH + PC]5 > C13P=N~C} + HC1 + POC]3 .
C13P=N—C1\+ ZPC]5 - [C13P=N-PC]3]PC1°6 + C]Z ‘

Both of these synthetic routes for the production of'(C]3P=N-PC13)(PC]60
are more involved than the method usgd in this thesis. However, more

work wotld be required in order to maximize the yield of the (€1 P=N-PC13)f

3
(PC]6) obtained from S NH,

‘0 _It should be noted that a]though the tr1chloro[(tr1ch1orophosphoranyl-
1ndene)am1no]phosphorous (V) cation was -present as the hexachlorophosphape
‘l (in the crystal used for the X-ray study), PC]g was rot observed in the
3]P nmr spectrum of the érude mi xture. .
Presumab]y, ch]orlde is the. maJor anion because very little free
PC]5 is ava1]ab1e to form the PC]6 -anion. Consequent]y, the 3.'P nmr sig-

"nal due to PCl6 is too weak to be seen.

The react1on of PCL5 with S7NH is c]earIy very comp]wcated
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It is reasonable to assume, as in the SbC]é-systema that the first step
is the removal of hydrogen as HC1 with subsequent formation of S7N-PC]4.
A complex 'series of reactions must follow to-produce the observed products.

“
V-7 The Crystal Structure of (CI,P-N-PC17)(PCIZ)

A crystal of (C13PNPC];)(PC]g) was remoyed from the reaction
.mixture and the crystal s;ructﬁre determined. 'The étructural determina-
tion was carried out by Dr. J. Sawyer of this dépa?tment. The.peréinent
crystal dafa is 1isteﬁ in Tables V-5 and V-6. The unit ce11'ang the ca-
tion are depicted in Figures V-5.and V-6. It should be noted that the
unit cell cﬁntajnsltwo non-equivalent cations. The environment around the
phosphorus'atoms in the cation is essentially tetrahedral with the average
CIPN and CIPC1 bond angles for the two cations be}ng 112° and 107°, res-
pectively. The aveF;ge P-C1 bond length in the cation, 1.94 K, ié con-
sistently shortér; die to the presence of thé positive charge, than the
average E-Ci bond distance of 2.13 A in the anion. The P-N bond_dis—n
.tances observeq-ére 1.56 A and 1.51 K, the difference is not ponéif
'_dered significant for éhe error 1iﬁits invoTved in these bond lengths
and also due to the fact that thermal éorrections were not appljed. The
length of a P-N single bond has been assumed :to be in the region of

> 167

1.77-1.78 A, The bond

67

s observed in (CH3NPC13)2 and (CH3NPF2(C6ﬁ5))2,

" lengths in cyclo=~and pb]yphogphazenés are in the.range of 1.47-1.62 3,1

a his is coﬁsistent with the. P-N Bonds having-=some mu]tip]e’bonq charactgr.
As with su]phur-nifrogen compounds, the angle éboﬁt the' nitrogen

atom,:whether in an acyc]ié'pr.cyglic (phosphorus-n{frogeh)wcompound has

been gbservedng vgry'quite w{dely. In Table V-f, some:P-NaP bond ang]és

are given for some phosphorus-mitrogen caompounds and ity is clear ~ a
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Table V-5 « -

Cryst\a'l\eag for (CTPNPCT ) (PCT,)
“Space Group p21/c | Monoclinic
Q
Unit Cell Dimension a=11.692(5) A o =90°
b = 20.898(9)‘A g = 119.00(3)°
¢ = 15.872(6) A 'y = 90°
Final urweighted R-factor 0.053
.
~
\
K
\ ‘ ~
) -



-

ci1(1)- P-c1(2)
C1(1)-P-C1(3)
C1(1)-P-C1(4)

C1(1)-P-C1(5)
C1(1)-P-C1(6)
C1(2)-P-C1(3)
C1(2
C1(2)-P-C1(5)
C1(3
.(3

P-C1(4)
P-C1(5)

)-

)-
C1(2)-P-C1(6)-

}-

)-

P-C1(4)

)
'178.90(36)
)
)

Bond Lengths in (A)

Table V-6
P(1)CIE
“
P(1)-C1(1) 2.127(6)
P(1)-C1(2) 2.111(6)
P(1)-C1(3) - 2.138(6)
P(1)-C1(4) 2.111(6)
P(1)-C1(5) 2.120(8)
_P(1)-C1(6) 2.146( )
c13P(11)N(1)P(12)C13

P(11)-N(1) © . 1.561(11)
P{11)-C1(13) " 1.926(7)
P(11)-C1(14) 1.943(7)

© P(11)-C1(15) 1.945(7)
P(12)-N(1) 1.521(13) -
P(12)-C1(16) 1.955(8)
P(12)-C1{17) 1.947( B}Qb
P(12)-C1(18) 1.939(5)"

89.93(23

90.43(24
91.27(28
89.45(30)
90.38(24)
178.68(36)

90.20(27)

89.21(29)

.89.24(23)

89.79(30)

P(2)C1

P C1(7)
P C1(8)
P C1(9)
P C1(10)
P C1(11)
P C1(12)

Cl P(ZT)N(Z)P(ZZ

P(2
P(2

(21 N(Z

(21
P(21

(21

)- .
)-C1(19)
)-C1(20)
P(21)-C1(21)
P(22)-N(2)
P(22)-C1(22)
P(22)~CT(23) .

" P(22)-C1(24)

s Bond Angles in Degrees

P(2)C1

C1(7)-P-C1(8)
C1{(7)-P-C1(9)
C1(7)-P-C1(10)
C1(7)-P-C1(11)
C1(7)-P-C1(12)
C1(8)-P~C1(9)
C1(8)-P-C1{10)
C1(8)-P-C1(11)
C1(8)-P-C1{12)
€1(9)-p-C1(1 0)?
C e c1( )

)C1,4

Bond Lengths and Bond Angles for (C13PNPC13)(PC]6)

171

120(7

134(6)

101(6
.105(6

+

2. )
2. )
2.145(8)
2.146(6)
2. )
2 )

.551(14)
.946(7)
.934(5)

.521(11)
.931(7)
.947(8)
.962(7)

89

89

91
89

179
90
89

1
1
1
1.956(8)
1
]
[
1

.36(27)
178.

65(29)

.65(26)
90,

88(27)

.05(30)
.99(%4)
88.
.07(32)
.09¢23)
15(29)

70(23)-



P(1)C1
C1(3)-P-C1(6)
C1(4)-P-C1(5)
C1(4}-P-C1(86)
C1(5)-P-C1(6)

"6

Table V-6 (Continued)

89.50(27)
91.06(30)

89.54(27)

179.07(31)

C1,P(IT)N(1)P(12)C)

P(11)-N(1)-P(12)
CH(T3)-P(11)-C1(14)
C1(13)-P(11)-C1(15)
C1 PIT)-C1¢

14 15)

(
(
(14)-
C1(13)-P(11)-N(1)
C1(14)-P(11)-N(1)
C1(15)-P(11)-N(1)
C1(16)-
C1(16)-R(12)-C1(18)
C1(17)-p ({2)-c1(18)
C1(16)-P(12)-N(1)
c1(17) P(12)- N(1)

(

©C1(18)-P(12)-N(1) -

P(12)-C1(17)

135.73(79)
106.65(35)
106.76(32)
196.52(31)
113.22(54)
110.85(51)
112.43(65)
106.34(34)
196.27(29)
197.49(35)
112.86(63)

114.26(58)

109.19(38)

P(2)C‘16

C1(9)-P-C1{(12)

C1(10)-P-C1(11)
C1(10)-P-C1(12)
C1(11)-P-c1(12)

3

P(21)-N(2)-P({22)
CT(19);P(21)—C1(20)
C1(19)-P(21)-Cc1(21)
C1(20)-P(21)-C1(21)
Cl 137i;?21)-n(2)
20)-P(21)- N(2)
C1(21)-P(21)- N(Z)

C1(22)-P(22)-C1(24)
C1(23)-P(22)- CT(24)
C1(22)-P(22)-N(2)
C1(23)-P(22)-N(2)
C1(24)-P(22)-N(2)

c1(20

(
C1(22)-P(22)-C1(23)

{

(

Y

90
178
90

C] P(2])N(2)P(22)C1;

139
107
106
106
112
111
112
197
106
106
110
113

113.

172

.13(28)
41(24)
.60(26)
.80(26)

.02(79)
.04(28)
.45(34)
.96(36)
.60(62)
.08(47)
.36(56)
.37(38)
22(29)
.17(28)
.79(51)
.07(54)

73(69)
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Figure y-5. Unit cell diagram of (C13PNP013)(PC16_).q
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Figure V-6. The'c13PNi>c1’; cation.
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Table V-7  Variation in P-N-P Bond Angle in Cyclic and Acyclic

Compound

v
C6H5—P|—-4. +\'J~—-P|~—C6H5
C6H5 C1 C6H5

flﬂHCH3 :‘JHZ
HZN-;L———N-——P-NH
!

3 M,

2
NHCH

P3N3C]6

PaN4Fy

P4N4F8

: (NPFz)n

(NPC]Z)n
S S
I Il

HAN-P—N—FP-NHCH

2 |

NH2 Me NH2

Reference 168; (°) Reference 167.

Phosphorus-Nitrogen Compounds

P-N-P

1360 (@)

120 {a)

.00 (®)

12740 ¢
120.3° (P)

147 .40 (0)
1360 (0]

1270 (0]

175
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that the -angle about nitrogen may vary as_much as '48° depending upon
ring size, conformagion and cha}ge. |

Another important factor that must influence the P-N-P bond
angle is\the type of‘orbita] hybridization occurring at the nitrogen
atom.” It has been assumed .in the cyclic phosphonitrilic halides in
which the F-N-P bond angle c]oée]y épproximates 120°, that the nitrogen
is sp2 hybridized. Again, as in sujphhr—nitrogen compounds, observdnce
of‘ang]es at nitrbgen in excess of 120° must indicate a greéter degree-
of s character in comparison to p-character in tAe hybridization scheme

. ) .

at nitrogen. This must be the situation in the C]éPNPC]3 cation in
. :

whid the average observed P-N-P bond angle is 137.5°. - ;

&

V-8 Experiméntal Section

The Reaction of Heptasulphurimide with SbC]5 ina 1:2 Mole Ratio

Heptasulphurimide (0.287 g, 1.20 mmol) and SbCl, (0.717 g, 2.40

5
mmo 1) were each transferred in a dry-box to separate bulbs of a’

double bulb reaction vessel fitted with a medium glass frit. Sulphur

dioxide (5 ml1) was then condensed at -196°C into each bulb and the ap-

paratus WS; flame-sealed. }he mixtures wére-then allowed to warm to

room temperature. The SbC]5 completely dissolved in the 502 at room -
temperature, but as S7NH is only moderately soluble in 1iquid SOé,

some remained undissolved. The SbC’l5 sotution was then poured through

the glass frit into the bulb eontainiﬁg the S7NH. There was an immediate

’ reaction with the formation of a deep red-brown solution. On shéking_

for 48 h a yellow bowder tormed which was characterised as 58; by means
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of its Raman spectrum. After filtering at room temperature and slowly
removing the solvent, an orange‘crysta]1ine méteria] was obtained which
was shown to be (SZN)(Sb616). The reaction must be allowed to proceed

for at least 48 hours prior to filtration to ensure that the S NSbCl

2
is not contaminated with sulphur. Hydrogen chloride produced durﬁng

b

the reaction was identified by means of its infrared spectrum and SbC]3

sublimed from the reaction mixture was characterised by comparison of
\

its Raman spectrum with a pure sample.

-

The Reaction of Heptasulphurimide with BC13 and-SbC15

The compounds S;NH (" 0.5448 g, 2.27 mmol) and SbC1. (1.3631 g, 4.56
mmo 1) ' were trvansferred in the dry bo; to éeparate bulbs of a doub1e
bulb reqctipn vessel. This vessel was fitted with a glass frit as well
as ayRota-flo valve between thg frit and xhe(bulb containing the SbC]S.

In addition, the bulb containing_the S_NH was equipped wjith a stirring

7
bar. Boron trich]owide (0.5288 g, 4.5] mmol) and S0, (5 m) were con-
densed onto the S7NH at -196°C, the solution was allowed to warm to ;48°C

'(n—hexanol slush bath) and maintaiﬁed at this temperature for approxi-
matelty 1 hour until all the S7NH was consumed to.yie]d the’hepta§u1phur—
imide boron dich]dride. It was ihportant not to allow thé mixture to
warm to a higher temperatdre as a red tar-Tike material was then produced.
Sulfur dioxide {5 mT) was fhen condensed onto the Sbm5 at ~196°C and
the so]ut{on was allowed to warm to room temperature. The resulting
SOZ/SbC15 solution was then poureﬂlthroﬁgh the frit onto the S7NBC12, ‘
at -48°C, by opening the Rota-flo valve. The solution 1mmediate1y

- turned red-brown and was kept at -48°C for one hour. After this time
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the solution was-allowed to warm to room temperature and stirred for
another 48 hours tg giQe a yellow-orange solution containing much solid
yellow material. The solution was- then filtered and the solvent slowly
removed to yield flarge orange crystals characterized as -(SZN)(SbC]s).

Sulfur and SbC]3 were characterized as. other reaction products as out-

- Tined previously.

622

The compounds 1,4-S;HH, (0.3166 g, 1.42 mol) and S$bC1,

(1.7052 g, 5.71 mmol1) were transferred in a dry box to separate.bu]ps

The Reaction of 1,4-S_N_H, with Sij5 in a 1:4 Mole Ratio. -

of a double bulb reaction vessel fitted with a medium glass frit and a
stirring bar containing the heptasulfurdiimide. Sulfur dioxide (5 m1)
was cohdensed’at -196°C into each bulb and the apparatus was flame- ~

sealed. The SbC]5 completely dissolved in the SO2

at room temperature
but as ],4—56N2H2 is only moderately soluble, some remained undissolved.

The SbC]5 solution was then pouYéd through the glass frit into the bulb

) contaiggng the 1,4-ScMoH,.  There was an imﬁediate reaction with the forma-
tion of &eep red-brown solution. The solution was stirred for 48 hours
by which time a yg11ow powder had formed, which was characterized as
elemental sulfur by means of its Raman spectrum. The solution colour _(ﬂ\\.
‘had aléo faded from a deep brown to a yellow-orange. After filtering '
at room temperature and ;]owly removing'the go]vent, an orange crystal-
1ine‘m5teria] formed which was shown to be SZN(SbCIG)-. Hydrogen chloride
broducedfdyring the reaction was identified by means of its infrared
spectrum and SbC]3 which sublimed from the reaction mixture was charac-

terized by comparison of its Raman spectrum with a pure sample.



-~ -

e g et ——— RN A 4%

' each reactant were formed and the SbC]S/SO

178

The Reaction of S,NH, with SbCl, in a 1:3 Mole Ratib.

The compounds S4N4H4 (0.2268 g, 1.21 mmol) and SbC]5 (

3.62 mmol1) were each transferred in a dry box to separate bulbs of a

1.08 g,

double bulb reaction vessel fitted with a medium glass frit. Sulfur
dioxide (5 m1) was then condensed at -196°C.into each bulb and the ap-
paratus was flame sealed. The mixtures were then allowed to warm to

room temperature. The SbC1,, conpletely dissolved in the S0, at room

temperathre but S4N4H4 was on1y m@derate]y soluble and consequently some

remained undissolved. The Sb(Cl

s

5 solution was then poured-through the
glass frit into the bulb containing the S4N4FI4 There was an:{mmediate
reaction with‘the'formation of a deep red solution. “The reaction mix-
ture was stirred at room temperature for 24 hours and aftgr this time
filtered and the so]yent'was slowly removed. . A red‘crysta111ne material
was obtained which was shown to be- S4N4 SbC] by‘comparison of its Ramén
spectrum with that of a genu1ne sample. Hydrogen chloride produced
during the reaction was’identi?ied by means of its infrared spectrum

and SbC]3 sublimed from the reaction mixture was characterized by com-

parison of its Raman spectrum with a pure sample.

The Reaction of S4NgHy with SbCI- in a [:5 Mole Ratio

The reaction procedure was identical to that outlined in the

previous section. In this instance, SaNgHy. (0.1771 g,,0.942 fmo1) and”

SbC]5 (1.41 g, 4.71 mmo1) were transferred in the dry box to separate

bulbs of a double bulb reaction vessel. Sulbhur dioxide so]utions of

solution. was poured through

N

2

the fr1t onto the § N4H4[SO solution. The reaction mixture immediately
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turned red and after several hours it faded to an orangé-red colour.

The mixture.was stirred for 24 h and finally became yellow with much

yellow solid present. The safurated yellow soJutioﬁ was washed through

1 .

the frit and yellow crystﬁls formed on slow removal of the solvent.

These crystals were:-shown to be S,N,(SbCl ' by comparison of their

‘ 474 6)2
Raman spectrum with thatl of a pure sample. The other products HCI

and 5bCl, were. charactet;ze as before.

NCH, with SbCl__in a 1:3 Mole Ratio

7
The -compound S7NCH3 (0.0886 g, 0.350 mmol) was transferred in

" the dry box td one bulb of a déible reaction vessel. Due to the fact

thét S7NCH3 is an oil, the transfer was accomplished by first dissplving

180

the S7NCH3 in dry QC14 (5 ml) and the resulting solution was -then syrihéed

into the reaction vessel. The CC14 was then evacuated from the vessel.

The other reac_tant,SbC]5 (0.314 g,71.05 mmo]),was transferred in the dry

. box to the other bulb and then SO2 (5 m1) was condensed at -196°C into

both bulbs and the reaction vessel was flame sealed.  The Sbé15/802
B
solution wds poured through the frit onto "the S7NCH3/SO2 mixture and an

orange-red mixture formed. The mixture was stirred for 24 h. and the °

solution became deep orange in colour and a cream coloured solid pre-

'

cipitated from solution. The solid was identifiéd as su]fyr by compari-
son of its Raman spectrum with that:of pdre sulphur and SbC]3 was is0-
lated and characterized as described preQious]y.. The other products

formed were not characterized and there was no evidence for the forma-

tipn of SZNSbC]G.
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The Reaction of SNH with AsF,

This reaction was carried out in the vessel i]]usfrated in

in a 1:3 Mole Ratio

Fig. 1I-2. The compound S7NH(O.T76 g, 0.735 mmol) was.transferred in

the dry box to the vessel. The vessel was then evacuated and AsF5
/7

(0.375 g, 2.20 mmol) and SO2 (10 m1) were condensed at -196°C onto the

<

.S7NH. The ampoule was not flame-sealed and the contents were allowed

to warm to roém temperature. At room temperature, the solution was
red-brown ana\no solid material was present.. The esr spectrum of the °
solution was obtained after one hour and then further Ast (1.12 g,
6.62 mmol) was condensed into the reaction vessel at -196°C. After

warming to room temperature, the solution was dark blue and again no

.soTid material was observable. The esr spectrum'was obtained agdin after

one hour. The solvent was then removed under vacuum-to yield a dark
blue.solid. The u.v. absorption spectrum of this solid nnf%ria] was

consistent with the presence of S§+.

The Reaction of S;NH with SbF5 ina 1:3 Mle Ratio

The compound SbF5 (1.56 g, 6.92 mmol) was transferred in the
dry box to one bulb of preweighed double bulb reaction vesse]t The
vesse] used was‘stmilar to thé one 111ustr5ted in Fig. 1I-2 but an
nmr tube had been b]own onto the bulb not containing the st1rr1ng bar.
The .ampoule was weighed to determﬁne the exact amount of S7NH requ1red

(0.551 g, 2'3? mmol) and this amount was transferred, in the dry box

., to the remaining empty bulb. Su]phur d10x1de (5 m1) was condensed onto

each reactant, at -196°C,.and the vessel was allowed to warm to room

o,
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temperature. Upén reaching Yoo temperature the SbFS/SO2 solution was
poured through the frit onto the S7,NH/SO2 solution. An immediate reaction
occurred with the formation of a red-brown solution. The S7NH became
coated with a red-brown material .and within 24 hours no solid material
was present. The reaction mixture was filtered and the esr spectrhm was
obtained. Removal of the solvent produced a red-brown solid that was
extremely sb}ub]e in 50;.

The entire‘procedqre was then repeated using S7ﬁH and SbF5
in a 1:6 molar ratio. The ;esu1ting SO2 solution initially became red-

brown, however within 24 hours a dark blue solution was obtained that

contained little undissolved solid. The esr spectrum of the solution

was obtained’and removal of the solvent produced a dark blue solid.

The u.v. spec%rum was cgnsis;ent with this haterial‘contajning S§+.

JNCH, with AsF. in a 1:10 Mole Ratio

The reaction was carried out in the vessel described in Fig. I1-2. 3

The S7NCH3 (0.257 g, 1.02 mmol) was transferred to the vessel in a manner

described previously. AsF5

condenseﬁ at -196° onto E?e S7N CH3, the vessel was flame seéled and

(1.72 g, 10.1 mmo1). and 502 (10 m1) ‘were

warmed to room temperatd}e. The solution turned red-brown as it warmed

and after several hours was a deep dark blue. The solution was fi]yered
2+

and the u.v. absorption spectrum indicated the presence of 88 '

The Reaction of S7NH with PC]5 in a 1:2 Mole Ratio

; 5 (0.317 g, 1.54 nmo))
. : R

-

The compounds S_NH (0.184 g,-0.770 mmol) and PC}
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were each transferred in the dry box to.the same bulb of a double bulb
rézction vessel; no reaction of the mixed solid materials was noticed.
Methylene. chloride (10 ml) was condensed onto the reactants, at -196°C
and the mixture was éi]owed to warm to room temperature. Upon reaching
room temperature, no immediate reaction occurred but within one hour,
the solid material slowly dissq]ved'to produce(a clear yeliow solution,
after 24 hours no solid material was present. The clear yellow solution
was stirred for & further 24 hours and then filtered. The solvent was
siowly hemovea t] yield a mixture of yellow and‘colourless crystals.

The yellow crystals were demonstrated to be sulphur by cohparison

with the  spectrup of a pure sample of sulphur. A S'p

nmr spectrum of txe solvent was obtained and pné éf the colourless

crystals was isolated for X-ray crystallographic §tudies and was shoWn

to be (C13PNPC13)(PC]6). The presence of HCl1 was verffied as previously

described.

7 . .
The compound S7NH (0.459 g, 1.92 mmo1) was transferred in a dry

The Reaction of SINH with PF. ina 1:2 Mble Ratio

box to one bulb of a double bﬁlb reactibn vessel that had an nmr tube
attached to one of the bulbs. Phosphorous pentafluoride (0.484 g, 3.84 mmol)

and 502 (10 m1) were condénsed at -196°C onto the S7NHAand the reaction

vessel was flame sealed. The reaction mixture was allowed to warm to

- room temperature to give a red-pink solution with much unreacted S_NH.

7
After 24 hours, the solution_became clear yellow and a considerable -

amount of yellow solid was present. The solution was filtered and the

esr spectrum was obtained. The Raman spectrum of the yellow solid in-

»
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dicated that it was sulbhur% It was noted that after approximately two

weeks the SO2 solution became increasingly blue-green in colour.

The.Reaction of S7NCH3

The reaction procedure was similar to that described above for

with PFS ina 1:2 Mole Ratio
¥ :

the S7NH/PF5 sjstem. The S NCH3 (0.280 g, 1.12 mm1) was transferred

7

as described in previous sections to the vessel illustrated in Fig. IT-2.

The compounds PF5 (0.239 g, 2.21' mmol) and 502 (10 m1) were condensed

at -196°C onto the S7NCH3

temperature. A pink-red solution formed initi&]]y and the S7NCH3 Qas

consumed over a 24 hour period to yield a yellow solution and a yellow

and the reaction mixture was warmed to room

solid. The solution was filtered and the esr spectrum was obtained.

A Raman spectrum of the ye]]ow solid indicated the presence of sulphur.

184
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CHAPTER VI ’

VI-1 Conclusions

At the commencement of this work, the Lewis acid chemistry of
the sulphur nitrides was poorly developed. A number of the products of

the reactions between sulphur nitrides and Lewis acids had been only
a——csld

i . . .
poorly characterized and almost nothing was known about the mechanisms
of these reactions. Attention had been largely focused on the forma-
tion of dénor—acceptor complexes between S4N4 and Lewis acids and some

of these adducts, particularly those with SbC]5 27 and BF3,27’28 had

been characterized crystallographically.

-

¥

Little attenpion had been paid, however, to other types -of reac-

tions that might occur between 54N4 and Lewis acids although it had been

31 to the stablé radical cation

shown that S,N, can be oxidized by AsF
S3N;.' One importaqt result of the present work was the demonstration
that S4N4 is rather readily oxidized by SbCIS; Ast and SbF5 to thé

hitherto unknown S4N§+ cation. Phosphorus pentafluoride, however, ap-

parently is not a strong enough oxidizing agent to oxidize S4N4 to the

. dication but jt forms the previously unreported adduct S,N -PF.. In

474 5
contras.t PC]5 was found to react vigorously with 54N4 to give sulphur

chlorides and phosphonitrilic halides. The ‘results of the Lewis acid
: >

_Chemistry of §,N, are summarized in Table VI-1.

[t was of considerable interest to find that the ney species

+
S4N§ was.also formed when S3N3C13 was reacted with SbC]S. There is at

.

- 185 -
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1east one other product of this reaction which was identified as CY3SN SbCl5

However, as Cl SN has not been previously prepared and as a full struc-

Gﬁg;;(sfﬁdy of the new compound was not carried out, this conclusion can
only be regarded as tentative. It was demonstrated that the firét step

in the oxidation process is the formation_of the cation S3N3C12 and the

compounds SQN4 SbCl5 and SSNS(SbC1 ) were shown to be “intermediates in
the reaction. " The detailed investigation of this redction has thrown

considerable doubt upon the previous claim that SbC]5 forms the adducts

S3N3C13—beC15, where x = 1,2, and 3.

The trifluoride S3N3F3 reacts in a different manner with AsFS,

SbF5 and 503 in each case giving a salt of the SN+ cation, namely SN(AsFB),

SN(SbFé) and SN(SO3F). The chemistry of thégtriha]oéyclothiazenes is

.

summarized in Fig. VI-1.

It appears that S4N§+ is#a common product of “the oxidation of SN
compounds since this appa?ent]y rather stable jon was also obtained as
the product of the oxidation of S4N4H4 w;th SbC]S. However, oxidation
af heptasulphurimide, S7NH and ],4—56N2H2 led to the férmatiqn of the pre-

viously unreported 52N+ cation,

1§, was found that PC]5 reacts with S7NH in a similar manner to
its reacticn with 54N4 to produce phosphonitrilic halides and in this
case the compound (CT3PNPC13)(PC]6) was identifie?_among the products. The
Lewis acid chemistry of the su]ihur imides is summarized in Fig. VI-2.

Clearly, these reactions are very\%am§1ex and need considerable further

. study. Indeed, it is true to say that.details of almost all the reactions

described in th%é_thesis are poorly understood. The chemistry of the sul-

v



188

- a
Aumomvzm _ .
€ose : . , :
aSESY = W Can) (Caibs) e—— Ei&Es — o5 (q)ns
. g 9 e
Wl s ‘
(*1ogs) s , C -
51995 ONPs
515qs1 %1987 .
.9 2,6 ¢ 05 ¢ g - Cos 2.9 bb. 2,9 by 5. ¢
(7129S) 195N ¢——ro LO'N"S  —=—> “(7129S)"N"S + “(712aS)"N’S + 21245 NS 1)
: 319451 519452

SSUBZBLY3 143012400 RYL4] BY] JO Aa3siupy) pLoy m.Eum._ 8yl jJo Asewuwns y

L-IA 3anbL4

- P R Y



Fh Lo TRR Pl gy

189

B b i et v s s NN

¢(91995) NTS € UPNPs 5 Si9gs.tyPs
S S
194sS 129se
(?12a5)N%s ——— Wn%spL L&
4 1995 )
)
9 2 L 9. ¢ £
: (T129S)N“S & HN®S ———— (“12d) " L2dNd* 1D
S 19452 1242 ‘
€109
€10 + A@_uamvzmmAnﬂwuuju‘ %19g-nts . S

- ~7124S

SapLW] Jnyd’nS 9yl 4O A4ISLWAYZ PLIY SLMaT

Z-1A 34nbry

pE
akW.tMviufu =

.
Sk

o~



e Wb

as exemplified by ene form of 54Ny
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phur nitrides is still in a very early state of development and it seems
unlikely that much progress will be made in Qnderstanding these reactions
until all products have been isolated and identified and at least some
of the intermediates have been characterized.

The known sulphur-nitrogen cations are listed in Table VI-2.

2+
4N4 ’

Banister has pointed out that most of the cyclic cations are Huckel pre-

A1l cyclic cations are planar except for one of the forms of S

cise and obey the Huckel 4n + 2 rule. The only clear ex§eption to the
rule is the radical ;ation S3N; which has seven 7 electrons. However,
it shoy]d\be noted that although these species appargnt]y conform to the
Huckel rule they do not necessarily have equ&] bond ]enths as in aro-
matic carbon compounds. Mofgpver; these rings are not necessarily planar
2+

It should alse be noted that jn many cases, the bond angles at
nitrogeﬁ are considerably in exéess'of that expected for sp2 hybridiza-

tion which is, of course, characteristic of aromatic carbon compounds.

VI-2 Suggestions for Future Work

The catians S N+ and SN+ are isovalent with NO+ and NO+ and at

2 2

present it is not known whether they would exhibit similar chemical be-
haviour to the nitronium and nitrosonium ions. Thus, it may be poséﬁb}p
to produce thiazyl benzene and dithionitronium benzene derivatives by

reactions-such as

S\\.§<;§S

@ + SN(SbC1) +  HSBC1,
@ + SN(AsF) -




The Known -Sulphur—Nitrogen Cations

]

Cycldc Cations

+
SSNS

2+

+
S4N3

S.N.
3o

2+
S3N2

‘ +
S3N201

Open Chain Cations

+
C]252N

-+
32N

s

Table VI-2

Number of = Electrons

147
107
10w
A

6

6n

191
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o : It hai#é;en demons trated thai the SN+ cation may act as an electro-'
. - : .. +:52 - .
phile toward.S4N4 to yield SSNS' There is therefore the 1ikely possi-
bitity thdt SN+ and 52N+ might react with other SN species to‘genérate
] new ring systems, Possible reactions are listed
! SN, + SN' > SN | e
: 33 R . ' ‘
- +
S3N3 + SZN - S5N4~ . -
- + :
Slg * SN > Selg {
It was observed during the course of this work that S4N4 is
. .. . + .
easily oxidized by the cations Sg‘ and Seg+, The reduction products of
these reactions are elemental sulphur and selenium. Jhe yield of sul-
phur produced was ]ower than expe;ted and thié may be indicative of
. 24

sulphur atoms being inserted into the S4N4 ring. " No evidence for the S4N4 ?

cation could be found and thus these reactions may provide synthetic routes

to new S-N cations. -The oxidation of S4N4 with Segf may be a synthetic

route to mixed S-Se-N cations. The oxidation of S4N4 by other polyatomic

cations .of group VIa may be a good source of new cations.

" The group 53N3C13 was shown-to be easily oxidized by SbC]5 to
r

produce the S N2+ dication and a green material which is believed to be

e Loy gy -

474
C]3SN-SbC15. ‘It would be of interest to study the reaction qjlthiazyl

chloride, NSC1, with SbCfs. If oxidation occurs, rather than ch]orjde
ion abstraction, it is possible that the sulphur{VI)compound C]3$EN thiazyl

trichloride could be‘pfepared.

¢

7 CISN + SbC1. + C13SN + Sb013‘

5

Cap
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The chlorination of S3N202 produces the compqund S3N3C]30 "
(. ' which can.bg easily fluorinated to S3N3F3C]O.]69
| ' a0 &
‘ . 6 10 C]Z \S/ AgF2 \S/ \5
- M= SN T AN
- L
; 7~ .
f N N TN N
: L. ~  (1D) ,
i Lewis acid oxidation of I could be .a source of oxygen containing -
S-N cations. It is perhaps possible that 34N402+ may be synthesized in
this manner. Oxidation of II would be of intereét, in that II may be a
* source of SNf and the unknown cation, SNO+, thert this would seem to imply
that the new cation SN@+ may be prepared.
. _ . %
S3N3FZOC] + AsF5 - ZSN(ASFG) + {SNO )(AsFSCI) o f . ?
|
: {

The Lewis acid PCl. apparently reacts with the su]phur nitrides

5
to produce phosphofus-nitrogen éompounds. Due to fhe complexity. of these
reactions, they were not fully 1nvestigated.'.prever, the PCTS/sulphur

K o nftride system may be a good source of phosphorus compounds that are’ |

: difficult to obtain by.other means. _

: ‘ | The chemistry of the sulphur nitrides is a field whzch'needs to

be studied fdrther.: More work is required to unders tand synthetic path-

ways and bonding in sulphur-nitrogen systems which have a]rqady presented

ﬁany challenges to both the synthepic aﬁd physical chemist.-

o ae S
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