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ABSTRACT 

The o x i d a t i o n and exchange reactions of simple phosphorus compounds 

and the behaviour of a range of low vale n t triphenylphosphine complexes 

of the t r a n s i t i o n metals i n l i q u i d hydrogen c h l o r i d e at room temperature 
31 

were studied by P nuclear magnetic resonance spectroscopy. 

When o x i d a t i o n d i d occur, the phosphorus was oxidised from the +3 

to the +5 o x i d a t i o n s t a t e . I n general, f i v e co-ordinate f l u o r i n e 

c o n t a i n i n g phosphorus(V) species were produced from the o x i d a t i o n of 

pho s p h o r u s ( I I I ) f l u o r i d e and four co-ordinate species of type PBr CI, ^ 

(0 ^ X ^ 4) from the o x i d a t i o n of p h o s p h o r u s ( i l l ) bromide or ch l o r i d e . 
31 + The P n.m.r. chemical s h i f t s of the complete series PBr CI, (0 ̂  x 

<, 4) were recorded i n s o l u t i o n f o r the f i r s t time, s t a b i l i s e d by 

te t r a c h l o r o b o r a t e anions i n l i q u i d hydrogen c h l o r i d e . 

The pr o t o n a t i o n of a series of oxygen containing phosphorus(V) 
31 

compounds i n the solvent at room temperature was in v e s t i g a t e d using P 

n.m.r. spectroscopy. A measure of the " a c i d i t y " of l i q u i d hydrogen 

c h l o r i d e was obtained from comparison of chemical s h i f t values w i t h values 

f o r the protonated species i n other a c i d i c room temperature solvents. 

The behaviour of the boron t r i h a l i d e s and tetrahaloborate ions i n 

the solvent at room temperature was studied by ''"''"B n.m.r. spectroscopy. 

The behaviour of low va l e n t triphenylphosphine complexes of i r o n , 

c o b a l t , n i c k e l , copper, ruthenium, rhodium, palladium, i r i d i u m , platinum 
31 

and gold i n the solvent was i n v e s t i g a t e d using P n.m.r., and where 

appropriate •'"'''B n.m.r., spectroscopy. Protonation of the iron(O) 



V. 

complexes Fe(CO) (Ph„P) (x = 1,2) i n the presence of the Lewis acid 

BCl^ was observed. Oxidative a d d i t i o n reactions took place between the 

i r i d i u m ( l ) and rhodium(l) complexes (Ph^P)2M(C0)Cl (M = Ir,Rh) and the 

solvent. F i n a l l y , the o x i d a t i o n of platinum(O) to p l a t i n u m ( l l ) i n 

rea c t i o n s between t r i s - and t e t r a k i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( 0 ) and 

l i q u i d hydrogen c h l o r i d e was observed. 

Products were characterised by elemental analysis, Raman and 
31 11 

i n f r a r e d , and P and B nuclear magnetic resonance spectroscopy. 
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CHAPTER 1 



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

The study of non-aqueous solvents i s a w e l l established branch of 

Inorganic Chemistry. Many possible types of system have now been 

i n v e s t i g a t e d , the most recent a d d i t i o n being fused s a l t s . The general 

f i e l d of solvent systems has been the subject of many reviews i n c l u d i n g 
1 2 3 those by Addison, Audrieth and Kleinberg, Emeleus and Anderson, 

4 5 6 Gutmann, Drago and P u r c e l l , and most r e c e n t l y Waddington. The main 

aim of these researches has been to compare s i m i l a r i t i e s and differences 

i n the chemical behaviour of the solvents and t h a t of water, and r e s u l t s 

tend to suggest t h a t although water possesses "very good" solvent 

p r o p e r t i e s , i t i s by no means unique and s i m i l a r reactions can occur i n 

other l i q u i d i norganic substances. The emphasis i n recent work has 

l a r g e l y been d i r e c t e d towards u s e f u l preparations, though i n many cases 

the modes of i o n i s a t i o n of the solvents are s t i l l open to doubt. 

The solvent p r o p e r t i e s of l i q u i d hydrogen ch l o r i d e were f i r s t 

s t u d i e d a l i t t l e over a century ago by Gore,^ who rather hazardously 

prepared h i s hydrogen c h l o r i d e i n a t o t a l l y enclosed system from 

anmionium c h l o r i d e and concentrated sulphuric acid, the reagents used 

u n t i l a few years ago. His experiments were necessarily of a q u a l i t a t i v e 

n ature, being confined to v i s u a l l y observing any r e a c t i o n between the 

solvent and mostly simple inorganic m a t e r i a l s . Of the s i x t y s i x compounds 

studied only ten were found to be soluble and Gore concluded t h a t " l i q u i d 

hydrogen c h l o r i d e has but a feeble solvent power f o r s o l i d bodies i n 

general". This statement i s s t i l l t r u e today f o r inorganic s a l t s w i t h 

h i g h l a t t i c e energy. Leaving h i s work on l i q u i d hydrogen c h l o r i d e , he 

l a t e r i n v e s t i g a t e d the solvent p r o p e r t i e s of l i q u i d hydrogen f l u o r i d e 

which was found to be a rath e r b e t t e r solvent. I t i s i n t e r e s t i n g to note 

SfrTION 



2. 

t h a t of the two solvent systems i n v e s t i g a t e d the problem of cooling 

r e q u i r e d f o r l i q u i d hydrogen c h l o r i d e work was much more serious than the 

extreme r e a c t i v i t y o f l i q u i d hydrogen f l u o r i d e . 

A f t e r a break of almost f i f t y years the work i n l i q u i d hydrogen 

c h l o r i d e was resumed f o r about a decade at McGill U n i v e r s i t y by 
8 

Ar c h i b a l d , Mcintosh and Steele. Again cooling was a major problem, there 

being no supply of l i q u i d a i r , and the low temperatures required (-100°C) 

were obtained by evaporating ether p r e v i o u s l y cooled w i t h s o l i d carbon 

d i o x i d e . The r e s u l t s obtained at McGill are c o l l e c t e d together and 
g 

published i n a long paper, d i v i d e d i n t o four sections. Each of these 

i s complete i n i t s e l f and describes elegant experimental work c a r r i e d out 

under d i f f i c u l t c o n d i t i o n s . 

I n the f i r s t s e c t i o n physical and thermodynamic properties of the 

hydrogen halides are described. The v a r i a t i o n of vapour pressure and 

dens i t y as a f u n c t i o n of temperature, surface energy and v i s c o s i t y were 

studied. Surface energies were measured using the method of Ramsay and 

Shields, the apparatus being c l e v e r l y redesigned f o r use at low 

temperatures. V i s c o s i t i e s were measured, again using apparatus s p e c i a l l y 

designed f o r use at low temperatures. , The second section deals w i t h 

s o l u b i l i t y , c o n d u c t i v i t y and e b u l l i o s c o p i c measurements. Some of the 

r e s u l t s were anomalous, probably due to the presence of t r i p l e ions and 

io n p a i r s as w e l l as s i n g l e ions. The measurement of transp o r t numbers i n 

l i q u i d hydrogen bromide i s described i n the t h i r d section, t h i s being 

experimentally the most d i f f i c u l t p a r t of the work. Again temperature 

was the c r i t i c a l f a c t o r i n the choice of solvent. A s l u r r y of s o l i d 

carbon dioxide i n ether gives a temperature of -81°C, at which p o i n t 

hydrogen bromide i s a l i q u i d w i t h a vapour pressure of less than one 



atmosphere. Faraday's Laws of E l e c t r o l y s i s were found to obtain i n the 

solvent and H i t t o r f ' ^ s method was used f o r the determination of transport 

numbers. The r e s u l t s of the work are set out i n the l a s t section but 

l i t t l e c o r r e l a t i o n could be established between d i s s o l v i n g power, 

d i e l e c t r i c constant, c o n d u c t i v i t y and a b n o m a l i t i e s i n molecular weight 

determinations. 

There was then a s l i g h t change i n the emphasis of the work and the 

basic p r o p e r t i e s of oxygen i n organic compounds were i n v e s t i g a t e d . The 

compounds formed by the hydrogen halides w i t h methanol, acetaldehyde, 
9 

a c e t i c a c i d and e t h y l acetate were studied. Phase diagrams were derived 

f o r hydrogen c h l o r i d e w i t h methanol,'''^ dimethyl''"^ and d i e t h y l ether, 
12 12 12 13 hydrogen sulphide, benzene, propionic acid and methyl c h l o r i d e . 

Compounds were detected i n the f i r s t three cases only. The a d d i t i o n 
14 

compounds of acetone and hydrogen c h l o r i d e were also i n v e s t i g a t e d . 

I n the water-hydrogen c h l o r i d e system the compounds HCI.3H2O, m.p. -24.4, 

HCI.2H2O, m.p. -17.7^^ and HCl.H^O m.p. -15.4°C have been detected, 

more recent work showing t h a t HCI.H2O has the s t r u c t u r e H20"'̂ C1 w i t h every 

hydrogen j o i n e d by a hydrogen bond to the nearest c h l o r i d e ion.''"^ The 

phase diagram study o f hydrogen c h l o r i d e w i t h TT o r b i t a l donor molecules 
18 

has been c a r r i e d out. N i t r i l e s were the f i r s t to be studied, and then 
19 

the work was extended to d e f i n e s , acetylenes and a r y l compounds. 

D i r e c t work on the solvent p r o p e r t i e s of l i q u i d hydrogen c h l o r i d e 

was r e s t a r t e d i n the l a t e 1950's by Dr. T.C. Waddington w i t h the 

assistance of Dr. F. Klanberg. At t h i s stage many refinements of method 

were introduced. Vacuum l i n e techniques were used and there was a 

p l e n t i f u l supply of l i q u i d n i t r o g e n a v a i l a b l e f o r cooling purposes. Many 

acid-base type reactions were studied and the work was published i n s i x 
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p a p e r s . T h e first^'^^discusses the existence of hexachlorogermanates and 

the f a i l u r e of germanium t e t r a c h l o r i d e to act as a solvo-acid. The 
20b 

second paper i s a note on the preparation of new co-ordination compounds 
20 c 

of boron w i t h the halogens as ligands. The next paper deals w i t h 

compounds derived from n i t r o s y l c h l o r i d e which are formed i n l i q u i d 

hydrogen c h l o r i d e . The c o n d u c t i v i t i e s of a s e l e c t i o n of possible solvo-

acids and solvobases are reported. These were u t i l i s e d i n the 

p r e p a r a t i o n of the new compounds Me^NSO^Cl, PCl^BF^Cl, PH^BF^Cl, PH^BCl^, 

and PCl^O.BF^,^^^ whose i n f r a r e d spectra are reported.^^'^ 

The higher hydrogen h a l i d e s , hydrogen bromide and hydrogen iodide 
21 22 23 

were also studied during t h i s p e r i o d ' ' and comparisons were made 

between them and hydrogen f l u o r i d e and c h l o r i d e . The work described i s 

mainly an extension of the l i q u i d hydrogen c h l o r i d e system, tetrabromo-

borates and tetraiodoborates having been prepared. L i q u i d hydrogen 

i o d i d e i s extremely d i f f i c u l t to handle being r e a d i l y photolysed to 

hydrogen and i o d i n e , the l a t t e r substance being v i r t u a l l y impossible to 

remove. 
Further acid-base reactions i n l i q u i d hydrogen c h l o r i d e were 

24 

i n v e s t i g a t e d by Professor T.C., Waddington and Dr. M.E. Peach. 

Conductiometric t i t r a t i o n s were extensively used i n t h i s study, i n which 

i t was observed t h a t strong aquo-acids d i d not f u n c t i o n as acids i n the 

solv e n t . Only c h l o r i d e i on acceptors showed a c i d i c p r o p e r t i e s . Strong 

bases were also i n v e s t i g a t e d . They could f u n c t i o n as e i t h e r c h l o r i d e 

i o n donors or proton acceptors and i l l u s t r a t e d the r o l e of l i q u i d 

hydrogen c h l o r i d e as a q h l o r i d o t r o p i c or a protonic solvent. The a c i d i c 
25 26 behaviour of boron compounds, non-metallic f l u o r i d e s , strong aquo-

24 
acids and aquo-acid anhydrides were i n v e s t i g a t e d . The basic pro p e r t i e s 



27 of some simple d e r i v a t i v e s of groups IV, V and V I and of compounds 
28 29 co n t a i n i n g m u l t i p l e bonds, p a r t i c u l a r l y double bonded oxygen were 

s t u d i e d . Many of the group IV, V and VI compounds were observed to act 
27 

as bases by ac q u i r i n g a proton forming "onixam" species. This 

behaviour i s p a r a l l e l e d i n l i q u i d hydrogen f l u o r i d e by many organic 

compounds containing oxygen or n i t r o g e n . I n f r a - r e d spectroscopy 

( i n the range 4000 to 400 cm ''•) proved to be a usef u l technique i n t h i s 

work; not only i n r a p i d c h a r a c t e r i s a t i o n of compounds w i t h known i n f r a ­

red absorptions, but also enabling u s e f u l s t r u c t u r a l i nformation of 

unknown compounds t o be deduced. 

Several new compounds were prepared. Using diboron t e t r a c h l o r i d e as 
2-

a solvoacid, the t e t r a c h l o r o d i b o r a t e anion ^201^ was i s o l a t e d as i t s 
34 

tetramethylammonium and tetrachlorophosphonium s a l t s . Acetyl 

heptachlorodialuminate was i s o l a t e d , and end-points corresponding to the 

formation o f tetr a c h l o r o a l u m i n a t e and heptachlorodialuminate were 
35 27 observed i n a conductiometric t i t r a t i o n . N,N-diphenylhydrazinivrai, 

28 

azobenzinium and m-azotoluenium tetrachloroborates were prepared and 

i s o l a t e d . 
Phosphorus p e n t a f l u o r i d e was found to act as a source of hexafluoro-

phosphate ion i n l i q u i d hydrogen c h l o r i d e and some protonated bases were 
26 

s t a b i l i s e d at room temperature using t h i s anion. Phosphorus t r i -

f l u o r i d e d i c h l o r i d e was always produced i n these rea c t i o n s . 
36 

The study of group V I compounds was extended by Peach. 

Dimethylchlorosulphonium and methyldichlorosulphonium ions were prepared 

and characterised as t h e i r t e t rachloroborates and hexafluorophosphates, 

and the e t h y l analogues as t e t r a c h l o r o b o r a t e s . Dimethyl seleniimi and 



dimethyl t e l l u r i u m were found to be strong solvobases and could be 

o x i d i s e d t o t h e i r d i c h l o r i d e s . Sulphur, seleniimi and t e l l u r i u m t e t r a ­

chlorides showed n e i t h e r a c i d i c nor basic p r o p e r t i e s i n the solvent, w h i l e 

sulphur monochloride and d i c h l o r i d e , selenium monochloride and t e l l u r i u m 

d i c h l o r i d e were non-basic. New compounds prepared include Me^S^.BCl^ and 

Me2Te.BCl2._ 
g 

A r c h i b a l d , Mcintosh and Steele had i n v e s t i g a t e d the v a r i a t i o n of 

equivalent c o n d u c t i v i t y w i t h concentration i n the l i q u i d hydrogen halides 

but were uiable to a r r i v e at any f i r m conclusion other than the f a c t t h a t 
22 37 

some a s s o c i a t i o n was t a k i n g place. This phenomenon was r e i n v e s t i g a t e d ' 

and on r e p l o t t i n g t h e i r r e s u l t s i t was found t h a t the equivalent 

c o n d u c t i v i t y was proportioned to the square r o o t of the concentration f o r 

values greater than about 0.2 molar. The v a r i a t i o n of the c o n d u c t i v i t i e s 

of s a l t s w i t h concentration i n solvents of low d i e l e c t r i c constant has 
38 39 

been studied by Fuoss and Kraus, ' who found t h a t p l o t s of log 

against l o g c showed a minimum which moved to higher concentrations as the 

d i e l e c t r i c constant of the solvent increased. With aqueous solutions 

the p o i n t was at too high a concentration to be observed. To explain 

t h e i r observations Fuoss and Kraus postulated t h a t a simple s a l t AB can 

di s s o l v e to f o m i o n p a i r s A^B which d i s s o c i a t e i n t o s i n g l e ions, A^ 

and B~, at low concentrations and t r i p l e ions at high concentrations. 
37 

The measurements i n l i q u i d hydrogen c h l o r i d e were not s u f f i c i e n t l y 

accurate to deduce the nature of the species i n s o l u t i o n at low 

concentrations, but they d i d i n d i c a t e t r i p l e i o n formation i n more 

concentrated s o l u t i o n s . Fuoss and Kraus p r e d i c t t h a t f o r a solvent w i t h 

d i e l e c t r i c constant about 9 the minimum should occur at a concentration 

near 2.5 x 10~^. L i q u i d hydrogen c h l o r i d e has a d i e l e c t r i c constant of 



9.3 a t -95°C^*^ and i t was found that the minimum occurred a t a 

co n c e n t r a t i o n i n the re g i o n of 1 0 ~ ^ . The minimum i n l i q u i d hydrogen 
40 

s u l p h i d e , d i e l e c t r i c constant 10.2, a l s o occurs at a concentration of 

about 10"^.'^^ 

While t h i s work was being c a r r i e d out Professor T.C. Waddington and 

Dr. J.A. Salthouse reported the pre p a r a t i o n i n l i q u i d hydrogen c h l o r i d e 

of the compounds Bu'^^N^HBrCl and B u ^ ^ H C l I , containing the p r e v i o u s l y 
42 

unknown mixed hydrogen d i h a l i d e anions. The hydrogen d i h a l i d e anions 
- 43 - 44 - 45 - 46 

HF^ , HCl^ , HBr^ , and HI^ are a l l known as t h e i r s a l t s , the 

former f o r many y e a r s , though i t s s t r u c t u r e has only f a i r l y r e c e n t l y been 
47 • + _ + _ 

e l u c i d a t e d . The new compounds Me^N HCINO^ and Me^N DCINO^ were 

48 

prepared along with the deuterated s p e c i e s of a l l the known hydrogen 

d i h a l i d e anions and t h e i r i n f r a r e d s p e c t r a recorded. Some controversy 

has surrounded the i n t e r p r e t a t i o n of the i n f r a - r e d v i b r a t i o n a l s p e c t r a of 

the HCl^ ion, and i t has been suggested t h a t the ion e x i s t s i n two forms 
44 49 

depending on the nature of the a s s o c i a t e d c a t i o n j ' i n compounds, of 

the f i r s t type the HCl^ ion i s unsymmetric, (e.g. CsHCl^, Me^NHCl^) 

whereas i n compounds of the second type the ion i s symmetric [e.g. 

(C2H^)^NHCl2, i C ^ Y l ^ ) ^ C l ^ ' ] . A recent i n e l a s t i c neutron s c a t t e r i n g and 
Raman study of CsHCl2^'^ has confirmed the noncentrosymmetricity of the 

49 

HCl^ ion i n t h i s compound p o s t u l a t e d by Evans and Lo and a nuclear 

quadrupole resonance i n v e s t i g a t i o n of the ion i n a number of compounds has 

i n d i c a t e d that there are i n f a c t two d i f f e r e n t s t r u c t u r e s dependent upon 
. • 51 counte r i o n . 
The r e a c t i o n s of the tetra-alkylammonium h a l i d e s i n l i q u i d hydrogen 

c h l o r i d e w i t h the halogens, interhalogens and r e l a t e d compounds were 

52 
i n v e s t i g a t e d . Some of the r e a c t i o n s were acid-base type w h i l s t others 



were o x i d a t i o n s . Because o x i d a t i o n - r e d u c t i o n reactions had been l i t t l e 

s t u d i e d i n non-aqueous systems, the experiments i n l i q u i d hydrogen 

c h l o r i d e were confined i n the f i r s t instance to systems where the 

o x i d a t i o n products might be reasonably w e l l known. Only i n one case was 

there evidence f o r the formation of an AB^ i o n , the most common ion was 

of the AB2 (A and B are s i m i l a r or d i s s i m i l a r halogens). When, instead 

of a halogen, n i t r o s y l c h l o r i d e or d i n i t r o g e n t e t r o x i d e was used to 

o x i d i s e i o d i d e i o n i n the solvent, n i t r i c oxide and iodine were l i b e r a t e d . 

The reactions of the halogens and r e l a t e d compounds w i t h phosphorus 
53 

( I I I ) compounds i n l i q u i d hydrogen c h l o r i d e were then i n v e s t i g a t e d . 

Where o x i d a t i o n occurred the phosphorus was oxidised from the +3 to the 

+5 o x i d a t i o n s t a t e . The new ions bromotrichlorophosphonium and 

triphenylchlorophosphonium were s t a b i l i s e d as t h e i r t e t r a c h l o r o b o r a t e 

s a l t s . 

Of the higher group V t r i h a l i d e s i n v e s t i g a t e d only arsenic 

t r i f l u o r i d e gave any r e a c t i o n i n l i q u i d hydrogen c h l o r i d e , being solvolysed 
54 

to arsenic t r i c h l o r i d e . The remaining compounds were neither protonated 

nor o x i d i s e d by halogens. The new'adduct Me2AsCl.BCl2 was i s o l a t e d . 

Oxidation of the arsenic from the +3 to the +5 o x i d a t i o n s t a t e d i d occur 

when t r i p h e n y l a r s i n e was t r e a t e d w i t h the halogens and interhalogens i n 

the solvent, and the triphenylchloroarsonium c a t i o n was s t a b i l i s e d i n the 

t e t r a c h l o r o b o r a t e s a l t . I n these o x i d a t i o n studies the techniques of 

weight a n a l y s i s ^ ^ and conductiometric t i t r a t i o n were extensively used 

to f o l l o w r e a c t i o n s . 

Following these f r u i t f u l s tudies, the reactions of pentacarbonyliron 

i n l i q u i d hydrogen c h l o r i d e w i t h the halogens, n i t r o s y l c h l o r i d e , boron 

t r i c h l o r i d e and phosphorus p e n t a f l u o r i d e were r e p o r t e d . C o n d u c t i o m e t r i c 
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t i t r a t i o n s with the solvoacids BCl^ and PF^ Indicated that pentacarbonyl-

iron was protonated i n the solvent and the new cationic species Fe(CO)^H^ 

was isolated as the hexafluorophosphate s a l t . Pentacarbonyliron was 

oxidised i n the solvent by chlorine and bromine to Fe(CO)^Cl^ and 

Fe(CO)^Br^ respectively. Again stable tetrachloroborates were isolated 

and characterised. The pentacarbonyl also reacted with n i t r o s y l chloride 

i n l i q u i d hydrogen chloride, to give the compound Fe(CO)^NO^Cl . The 

structure of the cations produced was discussed i n terms of their i n f r a ­

red and u l t r a v i o l e t absorption spectra and magnetic properties. 

The reactions of tetracarbonylnickel and tricarbonylnitrosylcobalt 

i n the solvent did not p a r a l l e l those of p e n t a c a r b o n y l i r o n . T i t r a t i o n s 

of these compounds against phosphorus pentafluoride showed a break at ca. 

1.0:1.0, which indicated adduct formation rather than protonation. Solid 

products were not isolated from these reactions, nor from the reaction 

between tetracarbonylnickel and boron t r i c h l o r i d e . Two new compounds 

tetrachlorotricarbonyldinickel and dichlorodinitrosylnickel were 

prepared and isolated and their structures discussed i n terms of their 

infra-red spectra and magnetic properties. The reactions of tricarbonyl­

nitrosylcobalt i n the solvent with chlorine and n i t r o s y l chloride 

yielded only c o b a l t ( l l l ) chloride. 

Interesting studies of rr-cyclopentadienyl iron carbonyls i n l i q u i d 
58 

hydrogen chloride have recently been reported from these laboratories. 

TT-Cyclopentadienyldicarbonyliron dimer i s monobasic i n l i q u i d hydrogen 

chloride giving the [ (TT-C^H^)Fe(C0)2] ion which has been stabilised i n 

i t s tetrachloroborate and hexafluorophosphate salts. Mbssbauer, proton 

magnetic resonance and infra-red spectroscopic evidence indicate that this 
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cation consists of two (n-C^H^)Fe(C0)2 units linked by a symmetric 

Fe-H-Fe bridge. Reaction of a solution of the dimer with n i t r o s y l chloride 

or chlorine gave mixtures containing rr-cyclopentadienyldicarbonyliron 

chloride. This l a t t e r compound and rr-cyclopentadienyltricarbonyliron 

chloride act as bases i n the solvent forming [(Tr-Cj.H^)Fe(CO),] gCl"'"BCl, ~ ""5 5 2 2 
and (TT-C^H^)Fe(C0)2^BCl^ respectively on treatment with boron t r i c h l o r i d e . 

1.2 Theory of the Solvent. 
-8 

The conductivity of pure l i q u i d hydrogen chloride is 0.35 x 10 mho 

cm at -85° whilst that of pure water i s 5 x 10 ̂  mho cm"''' at 18°C.^'^ 

These values are of the same order of magnitude and to account for them 

se l f - i o n i s a t i o n i s assumed. In the case of water the simplest possible 

equilibrium involved would be 
H2O 4* H"*" + OH" 

I t i s , however, generally accepted that the proton is solvated and the 

equilibrium is more often writt e n : 

2H2O ĤO"*" + OH" 

In these postulated e q u i l i b r i a the anion i s shown unsolvated which is 

probably untrue, but the degree of solvation i s not known. Following the 

location of the species Ĥ Ô ^ i n solution,^''' the series of cations Ĥ Ô , 

H^0„^, H 0 a n d ^.^0,^ have been characterised by X-ray crystallography, 

indicating that the degree of solvation of the proton is indeed far 

higher than shown. 

For the hydrogen halides the basic process involved i s 

HX <i H"̂  + X" 
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and to account for association effects the equilibrium i s usually written 

3HX •> ĤX"*" + HX̂ " 

The exact degree of solvation i n solution is unknown. 

In the l i q u i d hydrogen fluoride system there i s some evidence for the 

existence of the hydrofluoronium ion Ĥ F̂ . The ion has been detected by 

conductivity measurements, Raman and infrared spectra as a hexafluoro-

antimonate i n the HF/SbF^ sy s t e m , a n d there is some suggestion of i t s 

existence i n the mixtures HF/BrF^^^'^^ and HF/IF^.^^ Hantzsch^^ claimed 
5 5 

to have prepared H2F"^C10^" which was explosive. Ĥ FBF̂  was both unstable 

and explosive, while H2FHS0^ could not be i s o l a t e d . T h e r e is ample 
— 2 6 68 69 

evidence for the existence of the hydrogen dif l u o r i d e ion HF2 ' ' ' 

and the i s o l a t i o n of c r y s t a l l ine Cs Ĥ F̂  is indicative of even higher 

solvation of the anion. 

The ion H^Cl^ may exist i n the compounds HCI.HCIO^ which is 

explos ive, HC1.H2S0^ which could not be isolated as a solid and 

HCl.HBr.^*^ This l a t t e r compound was detected i n the phase diagram HCl/HBr 

and has been claimed to have the structure H2Cl^Br .̂ ^ del Fresno 

compared the H2C1^ and H2Br^ ions with the isoelectronic and Rb^ ions 

and then examined the l a t t i c e energies of the a l k a l i metal chlorides and 

bromides. By this somewhat unconvincing process the structure H2Br^Cl 
+ 72 73 

was eliminated. Observations consistent with the presence of H2CI ' 
+ 74 

and H2Br have been made i n gas phase spectroscopic studies. 

The existence of the hydrogen dichloride ion i s firmly established. 

For many years i t was known that organonitrogen bases formed halide 

salts containing an extra formula unit or more of the hydrogen halide,^^'^^ 

but i t was only recently realised^^ that this probably pointed to the 
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existence of acid halide ions such as hydrogen dichloride, HCl^ . The 

ion was f i n a l l y isolated and characterised more completely as i t s 
44 

tetramethylammonium s a l t . The a l k a l i metals do not form stable hydrogen 
dichloride salts at room temperature owing to the high dissociation 

+ - 78 
pressure of the hydrogen chloride, 4.4 atm. for Cs HCl^ . West's 

79 
reported preparation of th i s s a l t was shown to be incorrect, the 

78 

compound isolated being CsCl.%HC1.%H20 and having the structure 

4Cs"^Cl~.3H^0"^Cl~.^^ Reports concerning the structure of the HCl^' ion 

have been given e a r l i e r i n this thesis. There is evidence for the low 

temperature existence of C1(HC1)2 , but this anion could not be stabilised 
81 -at room temperature, unlike the stable series F(HF) (2 ̂  x ̂  5) from 

the l i q u i d hydrogen fluoride system.^^'^^ 

The hydrogen dihalide ions have been characterised i n the l i q u i d 
u - J 22,45,46,82 , , , . ,. , 21,46,83 ^ , hydrogen bromide ' ' ' and hydrogen iodide systems, and the 

- 81 low temperature existence of the species X(HX)2 has been postulated. 

Thus for the l i q u i d hydrogen halides the equilibrium 

3HX ^ E^X^ + HX2" 

may be assumed to represent the minimum degree of solvation of the species 

and X~ i n solution. The self-ionisation of l i q u i d hydrogen chloride 

3HC1 ^ n^ci'^ + HCI2' 

leads to two def i n i t i o n s of acids and bases i n the solvent, depending 

on whether the primary step i n the equilibrium is considered as proton 

or chloride ion transfer. Acids can then be defined as proton donors or 

chloride ion acceptors and bases as proton acceptors or chloride ion 

donors. This i s of course a difference of emphasis rather than principle. 

Liquid hydrogen chloride can thus be considered as either a protonic or 
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as a chloridotropic solvent. This double i d e n t i t y can be seen i n i t s 

reactions, some of which are typical of protonic solvents and others 

characteristic of chloridotropic solvents. Useful protonic solvents for 
2 84 comparison are HF, HCN, H2S0^ and CĤ COOH. The reactions of organic 

85 

and inorganic compounds i n sulphuric acid have been the subject of two 

extensive reviews. Hydrogen chloride i s a simpler system for the study of 

organic compounds than H2S0^ i n which sulphonation occurs as a side effect. 

Chloridotropic solvents for comparison include AsCl^j'^ SbCl^,^^ I C l , ^ ' ^ ^ 
O Q 

and CNCl. 

The physical constants of the hydrogen halides and those of water are 

shown i n Table 1.2,1.Hydrogen fluoride and water are very similar i n that 

they have long l i q u i d ranges, high boiling points, and high d i e l e c t r i c 

constants. The anomalously high bo i l i n g points are indicative of 

extensive association i n the l i q u i d s . By reason of the high d i e l e c t r i c 

constants many substances are soluble, including many ionic inorganic 
2 30 94-97 

substances i.e. "simple salts". ' ' In these cases the solvation 

energy i s greater than the l a t t i c e energy. The three higher hydrogen 

halides would be expected to show similar solvent properties as they have 

short l i q u i d ranges, similar values of Troutonb constant and low d i e l e c t r i c 

constants. The lower values of Trouton's constant and absence of 

anomalously high b o i l i n g points indicate that the degree of association 

i n these liquids i s lower than that found i n water and hydrogen fluoride. 

As a consequence of the low d i e l e c t r i c constants ordinary simple salts 

are insoluble i n the higher hydrogen halides as the l a t t i c e energy w i l l 

be much greater than the solvation energy. Only ionic salts of low 

l a t t i c e energy w i l l be soluble, and as l a t t i c e energy i s proportional to 
(where r , r are cationic and anionic r a d i i respectively) a 

r_^ + r + -
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TABLE 1.2.1 

Physical Properties of Water and the Hydrogen Halides 

H2O HF HCl HBr HI 

Molecular weight 18.0 20.0 36.5 80.9 127.9 
M.p. (°C) 0.0 -83 -114.6 -88.5 -50.9 
B.p. (°C) 100.0 19.5 -84.1 -67.0 -35.0 
Liquid range 

(CO) 100.0 102.5 30.5 21.5 15.9 

C r i t i c a l temp. 
(°c) 230 51.5 89.8 150.9 

Density of ^ 
l i q u i d (g.cm 
near m.p.) 

1.0 
(0°) 

1.2 
(-80°) 

1.2 
(-114°) 

2.6 
(-84°) 

2.9 
(-47°) 

Molecular volvtme 
(cm3) 18.0 16.7 30.4 31.1 44.1 

Latent heati^^ 
(cal.mole ) 

Latent heati^^ 
(cal.mole ) 
Fusion 1440 1094 476 600 686 
Vaporisation 9720 7230 3860 4210 4724 

Trout on's 
Constant 26.0 24.7 20.4 20.4 19.8 

Di e l e c t r i c 84.2 175 9.3 7.0 3.4 
constant of • 
l i q u i d (0°) (-73°) (-95°) (-85°) (-50°) 

Viscosity 1.00 0.24 0.51 0.83 1.35 
(centipoises) (22°) (0°) (-95°) (-67°) (-35.4°) 

Specific 0.05 0.1 0.0035 0.00014 0.00085 
conductivity 
((imho.cm ̂ ) (1«°)(60) (-80°)(3,) (-85°)(3,) (-84°)(22) (-45°)(90) 

H-X stretching 
frequency 
(crn-l) 

3658* 
(91) 

3961 
(92) 

2886 
(92) 

2558 
(92) 

2230 
(92) 

Dipole moment 
(D) 1.87 1.92 1.08 0.78 0.38 

Vibration-
Rotation 
Constant U) 

4138.33 2996.94 
2998.48 

2649.65 2309.53 

(cm"-̂ ) (6a) 

* value for OH radical 
Values quoted i n th i s table are taken either from Mellor (40) or from the 
Handbook of Chemistry and Physics (90) unless a specific reference is 
shown. 
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cation of large radius i s required. This condition i s s a t i s f i e d by the 

tetraalkylammonium cations whose halides are found to be soluble i n the 

higher hydrogen halides. I t i s not expected that the tetraalkylammonium 

ions w i l l be solvated to any extent as they are large and symmetrical, 
98 

but the halide ions w i l l be solvated as is usual. A further direct 
consequence of the low d i e l e c t r i c constant is the complex variation of 

equivalent conductivity with concentration observed i n the higher l i q u i d 
22 37 

hydrogen halides. ' 
The mechanism of conduction i n l i q u i d hydrogen chloride is unknown, 

99 

but i t has been postulated that chloride ion transfer could occur. 

Salthouse suggested that i n basic solutions i n the solvent the process 
Cl H Cl" H CI 

CI H Cl H Cl~ 

could occur. This means that a l l univalent bases should have v i r t u a l l y 

the same molar conductivity at i n f i n i t e d i l u t i o n s . 
37 

Recent work has neither confirmed nor disproved this postulate, 

but t h i s i s i n a l l pr o b a b i l i t y due to the practical d i f f i c u l t i e s 

encountered i n attempting to accurately measure equivalent conductivities 

at very low concentrations. Such a mechanism would be analogous to the 

process of "proton jumping" encountered i n aqueous acidic solutions. 

1.3 Outline of Present Work 

The work described i n this thesis i s i n i t i a l l y a direct 

continuation of the oxidation studies begun by Dr. J.A. Salthouse and 

l a t e r an extension of the studies of t r a n s i t i o n metal complexes i n the 
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solvent. The early oxidation studies of phosphorus(III) compounds were 

carried out at low temperatures and reactions followed by conductiometric 
31 

t i t r a t i o n s . In t h i s study P nuclear magnetic resonance was used to 
follow oxidation and exchange reactions i n the solvent at room temperature, 
31 

P n.ra.r. spectra of l i q u i d hydrogen chloride solutions and of solid 

products enabled reactions i n the solvent to be more closely followed and 

more f u l l y understood. Where oxidation did take place, the phosphorus 

was oxidised from the +3 to the +5 oxidation state. Phosphorus t r i c h l o r i d e 

and phosphorus tribromide were oxidised by bromine and chlorine 
31 

respectively i n the solvent. The P chemical s h i f t s of species PBr CI, ^ (0 ^ X ^ 4), stabilised as tetrachloroborates, were measured in X 4-x ' 
l i q u i d hydrogen chloride. •'•'''B nuclear magnetic resonance was used to 

investigate the boron containing anions produced. 

Covalent 5-co-ordinate species were obtained on oxidation of 

phosphorus t r i f l u o r i d e , and the slow exchange of these compounds with the 

solvent was followed. Attempts to produce iodine containing oxidised 

species were unsuccessful, only phosphorus(III) interhalogen exchange 

products being observed. 

With the exception of phosphorus tribromide the phosphorus(III) 

halides did not exchange with the solvent. In this case PBr^, PBr2Cl and 

PBrCl2 were the species i n solution. An identical composition was 

produced by the t o t a l solvolysis of phosphorus t r i c h l o r i d e i n l i q u i d 

hydrogen bromide. 

A range of low valent .triphenylphosphine complexes of the t r a n s i t i o n 

metals were studied i n the solvent at room temperature. Complexes 

examined include those of ir o n , cobalt, nickel, copper, ruthenium, 

rhodium, palladium, iridium, platinum and gold. 
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The techniques of conductiometric t i t r a t i o n and weight analysis were 

of l i t t l e use owing to the low s o l u b i l i t i e s of many of the compounds 
31 11 studied. P n.m.r, and B n.m.r. where appropriate, were used to 

follow reactions i n the solvent at room temperature. Many reactions could 

not be followed by nuclear magnetic resonance due to low s o l u b i l i t i e s of 

the s t a r t i n g materials even at room temperature, formation of insoluble 

products, or unfavourable magnetic properties of certain t r a n s i t i o n metal 

nuclei. In some cases reactions went to completion even though the starting 

material appeared to be largely insoluble. 

The triphenylphosphine substituted iron carbonyls Fe(C0)^Ph2P and 

Fe(CO)2(Ph2P)2 were shown to be protonated i n l i q u i d hydrogen chloride 

by the Lewis acid boron t r i c h l o r i d e and the new compound 

Fe(CO)2(Ph2P)2H'^BCl^~ was isolated. Oxidative addition took place when 

trans-chlorocarbonybis(triphenylphosphine)iridium(I) was placed i n the 

solvent and the stable product Ir(Ph2P)2(CO)Cl.HCl was characterised. 

Evidence i s also presented for the formation of the unstable rhodium 

analogue Rh(Ph2P)2(CO)Cl.HCl from Rh(Ph2P)2(CO)Cl i n the solvent. 

Tetrakis(triphenylphosphine)platinum(0) and tris(triphenylphosphine)-

platinum(O)) were oxidised by the solvent to cis-dichlorobis(triphenyl-

phosphine)platinum(ll). The reactions of tetrakis(triphenylphosphine)-

palladium(O) and cis-dichlorobis(triphenylphosphine)palladium(ll) were 

more complex. 

Tetrakis(trifluorophosphine)nickel(O) dissolved i n l i q u i d hydrogen 

chloride without protonation or dissociation. A low temperature 

conductiometric t i t r a t i o n against boron t r i c h l o r i d e indicated adduct 

formation, but no new compound could be isolated. The corresponding 
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trichlorophine compound, ^ ( P C l ^ ) ^ , was insoluble i n the solvent at room 

temperature though there i s evidence for some reaction. 

The behaviour of • white phosphorus i n l i q u i d hydrogen chloride 

and i t s oxidation by chlorine to phosphorus t r i c h l o r i d e i n the solvent were 
31 

investigated using P nuclear magnetic resonance spectroscopy. A similar 

study of phosphine was carried out. 

The protonation of a series of oxygen containing phosphorus(V) 

compounds i n l i q u i d hydrogen chloride at room temperature was investigated 

using nuclear magnetic resonance spectroscopy. Some idea of the 

"a c i d i t y " of the solvent was derived from comparison of chemical s h i f t 

values with values for the protonated species i n other acidic room 

temperature solvents. No attempt was made to isolate products i n this 

section of the work. 

Reactions i n other non-aqueous solvents were performed i n cases 

where a useful comparison could be made with work i n l i q u i d hydrogen 

chloride, or when an interesting reaction could conveniently be followed 

by nuclear magnetic resonance methods. The oxidation study of boron 

t r i c h l o r i d e i n l i q u i d sulphur dioxide i s an example of the l a t t e r case. 

Products were characterised by elemental analysis, Raman and 

infr a - r e d , and "̂'''P and •''•''B nuclear magnetic resonance spectroscopy. 



CHAPTER 2 

EXPERIMENTAL TECHNIQUES 



Plates 2.1.1, 2.1.2 

The Vacuum System 
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2.1 The Vacuum System 

Throughout the course of the experimental work described i n this thesis 

v o l a t i l e materials were handled i n a conventional pyrex glass vacuum 

system, shown diagrammatically i n Figure 2.1.1 and i n Plates 2.1.1 and 

2.1.2. Such systems have been i n use for many years, and have been 

described i n some d e t a i l . A l l recent work i n the three higher 

hydrogen halide solvent systems has been carried out using similar vacuum 

systems, so only a b r i e f description mentioning new developments w i l l be 

given here. 

The vacuum was produced by a two stage mercury diffusion pump backed 

by a rotary o i l pump. These two pumps were protected by two traps 

cooled i n l i q u i d nitrogen, and i f necessary, the diffusion pump could be 

by-passed and pumping carried out using only the rotary piunp. This was 

occasionally done when for example the 20 l i t r e bulbs were i n i t i a l l y 

evacuated or when chlorine was being pumped out of the system, i n order 

to protect the di f f u s i o n pump. Using the diffusion pump pressures of the 

order of 10 ^ mm. of mercury could be maintained i n the system. A l l glass 

taps on the vacuum system were greased with Apiezon-L grease. Previous 

workers^^'^''' have used Kel-F grease which i s resistant to attack by many 

reactive chlorides and fluorides which seriously attack Apiezon-L. 

However, i n t h i s work the vacuum holding properties of Apiezon-L were 

found to be superior to those of Kel-F, and i t was preferable to regrease 

with Apiezon-L when chemical attack so necessitated. Wherever possible, 

the vapour pressure of halogens, boron t r i c h l o r i d e , etc. was kept to a 

minimimi to reduce attack on the grease. 

Pressures were measured using a spiral-gauge as a null-point 

instrument. This particular s p i r a l was constructed i n these laboratories 
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by Mr. R. Hart. A deflection of 90° was produced by a pressure of about 

50 cm. of mercury. 

The system contained a t r a i n of six traps used for fractionation of 

v o l a t i l e substances. The f i r s t three traps were of conventional 

dimensions and the other traps were made s i g n i f i c a n t l y larger and of 

thicker glass. This was to enable large quantities (about 1 mole) of 

hydrogen chloride to be safely frozen and melted i n the bulbs. Low 

temperatures required during fractionation were maintained using slush 

baths - melting organic solvents contained i n Dewar vessels. A l i s t of 

commonly used slush baths i s given i n Table 2.1.1. 

After p u r i f i c a t i o n v o l a t i l e substances were stored i n various ways 

dictated by either t h e i r saturation vapour pressures or thennal s t a b i l i t i e s , 

Six bulbs were provided for storage of gases on the l i n e . These bulbs 

were f i t t e d with TF6/13 Rotaflo valves i n preference to greased taps, as 

the t e f l o n sleeve forming the front and back seals is immune from 

chemical attack. A greased tap was always used to back r o t a f l o valves 

used for this purpose. Hydrogen chloride was stored i n four 20 l i t r e 

bulbs and chlorine i n two 10 l i t r e bulbs. Other highly v o l a t i l e 

compounds such as boron t r i f l u o r i d e and phosphorus pentafluoride were 

stored frozen down at l i q u i d nitrogen temperature. Less v o l a t i l e 

substances such as bromine and boron t r i c h l o r i d e were stored i n pyrex 

ampoules f i t t e d with TF6/13 r o t a f l o valves and B14 cones for ' connection to 

the vacuum l i n e . Substances l i a b l e to decompose i f stored at room 

temperature e.g. phosphorus pentafluoride which reacts with water absorbed 

i n the glass of storage bulbs at room temperature''"^^ were kept frozen down 

at -196°C. 
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The Vacuum System 
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Temperature C Coolant 

-23 Carbon t e t r a c h l o r i d e slush 

-45 Chlorobenzene slush 

-64 Chloroform slush 

-78 Et h a n o l / s o l i d carbon dioxide s l u r r y 

-84 Acetone/solid carbon dioxide s l u r r y 
or E t h y l acetate slush 

-95 Toluene slush 

-112.5 Carbon disulphide slush 

-126 Methylcyclohexane slush 

-131 n-Pentane slush 

-160 Isopentane slush 

-196 L i q u i d n i t r o g e n 
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TF6/13 r o t a f l o valves were also used i n place of greased taps on the 

s e c t i o n at the base of the s p i r a l gauge enabling q u a n t i t i e s of corrosive 
I , 

gases t o be accurately measured without r i s k of contamination or absorption 

i n the grease. 

Highly poisonous chemicals were not stored on the vacuimi l i n e , but 

were kept i n ampoules and stored i n a r e f r i g e r a t o r or i n a dewar containing 

l i q u i d n i t r o g e n . 

The s p i r a l gauge was c a l i b r a t e d by observing the d e f l e c t i o n 

produced by known pressures of a i r measured on the mercury manometers 

using a cathetometer. Various parts of the l i n e were then c a l i b r a t e d f o r 

volime by observing pressure changes produced on expanding a i r i n t o the 

system from a molecular weight bulb of known volume. Ide a l gas behaviour 

was assumed to operate. 

2.2 Reactions i n l i q u i d hydrogen c h l o r i d e 

Reactions i n l i q u i d hydrogen c h l o r i d e at -95°C were c a r r i e d out using • 

the r e a c t i o n tubes p r e v i o u s l y d e s c r i b e d . R e a c t i o n s i n the solvent at 

room temperature were c a r r i e d out i n s i l i c a ampoules. Figure 2.2.1 shows 

t y p i c a l r e a c t i o n tubes. 

Quartz tubing supplied by Thermal Syndicate L t d . was used f o r the 

c o n s t r u c t i o n of these ampoules. The main body of the ampoule shown i n 

Fig.2.2.1(a) was o f 13 mm. O.D. and the neck of 6 mm. O.D. tubing f i t t e d 

w i t h a B14 cone f o r connection v i a a cone-tap-socket adaptor to the 

vacuum l i n e . The neck was u s u a l l y about 10 cm. i n length and was 

c o n s t r i c t e d when v o l a t i l e m a t e r i a l s only were to be condensed i n t o the 

tube, or l e f t u n c o n s t r i c t e d when s o l i d s were to be placed i n s i d e . The 

len g t h of the main body of the tube was v a r i e d as re q u i r e d . 



Fig.2.2.1 

Ampoules 
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Cone-tap-socket adaptors consist of a B14 cone attached t o a 4 mm. H.V. 

tap which i s j o i n e d t o a B14 socket. Two t j ^ e s were used, l i n e a r and 

r i g h t angled, and are shown i n Figure 2.2.1. The o v e r a l l length of the 

l i n e a r adaptor was about 15 cm. The r i g h t angled type were used when long 

ampoules of types (a) and (b) were taken i n t o the dry box. The t o t a l 

l e n g t h of an ampoule was increased by only 2 cm. when f i t t e d w i t h t h i s 

type o f adaptor. 

I n a t y p i c a l experiment the s o l i d reactant would be placed i n s i d e 

the r e a c t i o n tube w h i l s t i n s i d e the dry box and a cone-tap-socket 

adaptor f i t t e d . The tube would then be evacuated on the vacuum system 

t a k i n g care not to pump f i n e p a r t i c l e s of s o l i d out of the tube w i t h the 

n i t r o g e n . Hydrogen c h l o r i d e gas and any other v o l a t i l e reactant would 

be condensed i n t o the tube at -196° and the neck sealed leaving as long 

a neck as possible t o f a c i l i t a t e opening l a t e r . 

Tubes of type (b) were constructed of s i m i l a r m aterials i n c o r p o r a t i n g 

s i n t e r e d s i l i c a discs at the mid-point. These tubes were designed to 

permit f i l t r a t i o n o f l i q u i d hydrogen c h l o r i d e s o l u t i o n s . Porosity 1 

s i n t e r s were found t o be s u f f i c i e n t to e f f e c t separation i n experiments. 

Discs of f i n e r p o r o s i t i e s tended to seal during construction of the tubes. 

As t h i s type o f tube has not been used before i n l i q u i d hydrogen 

c h l o r i d e work, a short d e s c r i p t i o n of i t s use w i l l be given. The s o l i d 

r e a c t a n t i s loaded i n t o the tube w h i l s t i n s i d e a dry box, so t h a t i t i s 

r e s t i n g on top of the s i n t e r . Cone-tap-socket adaptors are f i t t e d and 

the tube evacuated on the vacuum l i n e . The neck of the tube i s then 

sealed as c l o s e l y as possible to the main body of the tube so t h a t a 

rounded end i s produced. When cool the tube i s i n v e r t e d so t h a t the 

s o l i d f a l l s away from the s i n t e r and on t o the newly sealed end. 



24. 

Hydrogen c h l o r i d e and any other v o l a t i l e compounds are then condensed 

at -196° i n t o the tube, ensuring t h a t a l l the condensate i s below the 

s i n t e r , v i a the remaining i n l e t . The tube i s then sealed at the second 

neck. 

Sealed tubes containing hydrogen c h l o r i d e were placed i n -84° baths 

to allow the hydrogen c h l o r i d e to melt. This was always an anxious 

moment as the forces of expansion produced on the m e l t i n g of hydrogen 

c h l o r i d e are s u f f i c i e n t to crack even st o u t tubes. Having survived the 

f i r s t stage tubes were then placed i n chlorobenzene slush baths and 

allowed t o warm to room temperature overnight. 13 mm. O.D. quartz tubes 

were q u i t e able to stand the 40 atm. pressure due to the saturated 

vapour pressure of hydrogen c h l o r i d e at room temperature, but i n cases 

where hydrogen and/or carbon monoxide were evolved during r e a c t i o n 

explosions occasionally occurred. A l l tubes containing l i q u i d hydrogen 

c h l o r i d e were stored i n b r i c k emplacements i n s i d e fume cupboards. 

There were two methods a v a i l a b l e f o r opening sealed tubes. Type (a) 

were cooled to a temperature at which hydrogen c h l o r i d e had a low 

vapour pressure and then opened to the vacuum l i n e using an ampoule 

breaker. F i l t r a t i o n was e f f e c t e d by i n v e r t i n g tubes of type (b) and 

warming the upper p a r t of the tube w i t h the hand. When f i l t r a t i o n was 

complete the hydrogen c h l o r i d e f i l t r a t e was frozen s o l i d i n l i q u i d 

n i t r o g e n and the tube cracked open below the s i n t e r . This l a t t e r 

o p e r a t i o n was performed i n a dry n i t r o g e n f i l l e d glove bag. The section 

o f tube c o n t a i n i n g the s o l i d product was placed i n s i d e a l a r g e r tube, 

evacuated and t r a n s f e r r e d to the dry box f o r f u r t h e r handling. The 

s e c t i o n of tube containing the frozen f i l t r a t e was placed iniia -95° bath 

to allow the hydrogen c h l o r i d e t o melt and evaporate. 
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2.3 Conductiometric t i t r a t i o n s 

The c e l l s used and the technique of conductiometric t i t r a t i o n have 

been described p r e v i o u s l y . C o n d u c t a n c e s were measured on a Wayne--

Kerr Universal Bridge B224. Both capacitance and conductance could be 

balanced and read, and the balance p o i n t was found using a n u l l - p o i n t 

i n d i c a t o r . 

2.4 The Dry Box 

As many o f the i n v o l a t i l e compounds studied were s e n s i t i v e to oxygen 

and to moisture they were handled i n s i d e a dry n i t r o g e n f i l l e d glove box. 

During use and f o r several hours afterwards the box atmosphere was 

recycled through l i q u i d n i t r o g e n cooled t r a p s . At a l l other times the 

box was c o n t i n u a l l y purged w i t h dry n i t r o g e n . Phosphoric oxide was 

exposed i n s i d e the box to remove any traces of moisture which may be 

c a r r i e d i n . 

31 
2.5 P nuclear magnetic resonance spectra 

31 

P nuclear magnetic resonance spectra were obtained using a Perkin 

Elmer RIO high r e s o l u t i o n nuclear magnetic resonance spectrometer 

o p e r a t i n g at 24.29 MHz, f i t t e d w i t h a Digiac computer of average 

t r a n s i e n t s . The instrument's permanent magnets maintain a f i e l d of 

14,000 Gauss, 1.4 Tesla. Samples were contained i n 8.5 mm. O.D. non-

spinning tubes; e i t h e r glass closed w i t h neoprene rubber bungs or 

sealed s i l i c a ampoules. 

The maximum field-sweep width a v a i l a b l e on the RIO was 200 ppm. and 

t h i s was i n c e r t a i n cases found to he inadequate f o r recording s o l i d . . . 101 s t a t e spectra. 



26. 

The magnitude of f i e l d sweep covered by one chart length i s 

determined by the scale f a c t o r c o n t r o l which switches d i f f e r e n t values of 

res i s t a n c e i n series w i t h the magnet sweep c o i l s . By adjustment of 

potentiometers the r a t i o s of the resistances i n the complete sweep 

c i r c u i t are made equal to the r a t i o s on the scale f a c t o r c a l i b r a t i o n . To 

extend the f i e l d sweep w i d t h beyond 200 ppm a f u r t h e r c i r c u i t containing 

a smaller f i x e d r esistance and a v a r i a b l e resistance was i n s e r t e d . The 

v a r i a b l e resistance was a l t e r e d u n t i l a f i e l d sweep width of 367 ppm was 

obtained. 

Signal enhancement was achieved by the use of a computer of average 

t r a n s i e n t s - 'CAT'. Accumulation was t r i g g e r e d by the r e v o l v i n g recorder 

drum at the beginning of each sweep. The si g n a l from the output 

a m p l i f i e r was fed i n t o an ana l o g u e / d i g i t a l converter and was accumulated 

i n the computer-. A f t e r processing the accumulated spectrum was fed back 

to the RIO and could be p l o t t e d on the chart recorder. The program also 

incorporated a f a c i l i t y f o r making a paper tape of the spectrum which 

could be stored and used to produce f u r t h e r copies of the spectrum as 

re q u i r e d . 

Samples were prepared e i t h e r i n the dry. box or on the vacuum l i n e . 

S olids were ground to a f i n e powder and run i n 8.5 mm. O.D. glass 

tubes closed w i t h neoprene rubber bungs. The end of the tube was 

f i n a l l y wrapped i n Pa r a f i l m as an e x t r a seal. S o l u t i o n samples i n 

solvents of low v o l a t i l i t y were made up i n a l i k e manner. S i l i c a tubes 

were used f o r samples when l i q u i d hydrogen c h l o r i d e was the solvent. 

These tubes were sealed i n the vacum l i n e and warmed to room temperature 

i n the manner already described f o r r e a c t i o n tubes. The operating 

temperature of the RIO i s 34.2°C, at which temperature the vapour pressure^ 
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of hydrogen c h l o r i d e i s 56 atm. To ensure t h a t the tubes would stand 

t h i s pressure they were a l l tested imia water bath to 40°C, when a 

pressure of almost 70 atm. would be reached. During t h i s process the 

water bath was surrounded by b r i c k s and placed behind a b l a s t screen i n s i d e 

a fume cupboard. Higher pressures than 70 atm. could of course be 

reached i f hydrogen or carbon monoxide were evolved i n s u f f i c i e n t 

q u a n t i t i e s from reactions i n s i d e the n.m.r. tube. Throughout t h i s work 
102 chemical s h i f t s were measured r e l a t i v e to P,0, as external reference 4 6 

but have been expressed r e l a t i v e to 85% phosphoric acid to f a c i l i t a t e 

comparison w i t h l i t e r a t u r e data. 
31 

The use of P n.m.r. spectroscopy as an a n a l y t i c a l probe i n t h i s 

work embodies several advantages over other a n a l y t i c a l techniques such as 

i n f r a - r e d spectroscopy e.g. the i n f r a - r e d spectrimi of a triphenylphosphine-

metal complex i s a complex a f f a i r owing to the presence of the many 

absorptions due to the triphenylphosphine l i g a n d . Absorptions of r e a l 

i n t e r e s t , metal-phosphorus or metal-halogen stretches, are l i k e l y to be 

weak and/or outside the range of the instrument used. 
31 

F i r s t and foremost P n.m.r. spectroscopy provides info r m a t i o n 
concerning the phosphorus nucleus i t s e l f . No other, confusing, bands are 

31 

present. Generally changes i n P chemical s h i f t s on change of co­

o r d i n a t i o n are large and a r a p i d assignment can be made on t h i s basis. 
31 

Table 2.5.1 shows the change i n the P chemical s h i f t as the co-ordination 

number of the phosphorus atom changes from 3 to 6 i n the series PCl^ 

through to PCl^ . There i s a change i n the o x i d a t i o n s t a t e of the 

phosphorus from +3 i n PCl^ to +5 i n PCl^""" i n a d d i t i o n to the change i n 

c o - o r d i n a t i o n . However, the large changes i n chemical s h i f t values along 
the s eries PCl,^ to PCI," are e n t i r e l y due to changes i n co-ordination. 4 D 
There i s no ch^ge i n o x i d a t i o n . s t a t e . 
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TABLE 2.5.1 
31 V a r i a t i o n i n P Chemical S h i f t on Change of Co-ordination Nimiber 

PC13 PCl,"^ 4 PCl^ P C l / 6 

-219.5 -80 -f«0 +300 

Values are expressed i n ppm referenced to 85% ^^PO^ 103 

The phenomenon of spin-spin s p l i t t i n g i . e . the appearance of f i n e 
31 

s t r u c t u r e on the chemically s h i f t e d peaks i n a P n.m.r. spectrum due to 
31 

the P nucleus associated w i t h a given resonance i n t e r a c t i n g through 

the e l e c t r o n i c s t r u c t u r e w i t h other magnetically a c t i v e n u c l e i i n the 

same molecule, provides a d d i t i o n a l i n f o r m a t i o n through the m u l t i p l i c i t y 

of the s p l i t t i n g and the magnitude of the coupling constant J. 

I t i s worth n o t i n g t h a t spin-spin s p l i t t i n g i s not observed i n every 

po s s i b l e case. Any process which a f f e c t s the l i f e t i m e of a spin s t a t e 

may cause the s p l i t t i n g to vanish. The tetrachlorophosphoniimi i o n 

PCl^"*^ shows a s i n g l e peak f o r "̂''"P resonance even though the isotopes "^^Cl 
37 3 and CI each have a spin of —. The l i f e t i m e of the spin states of the 

c h l o r i n e n u c l e i are reduced to a very small value because of r a p i d 
s p i n - l a t t i c e r e l a x a t i o n a r i s i n g from the nuclear quadrupole moment of the 
35 37 

CI and CI n u c l e i . A r a p i d exchange process causes the broadening of 
components of spin m u l t i p l e t s and i n conditions of high rates of 

exchange a s i n g l e l i n e w i l l r e s u l t , e.g. a s i n g l e l i n e due to the NH^ 
14 

c a t i o n i n n e u t r a l s o l u t i o n i s observed i n N n.m.r., but a pentet i s 

+ 

observed i n acid s o l u t i o n 104 
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Simple f i r s t - o r d e r s p l i t t i n g was encountered during t h i s work. 
31 

This type of s p l i t i n g occurs when a P nucleus i s coupled by a chemical 
bond or a sequence of bonded atoms to n magnetic n u c l e i which are d i f f e r e n t 

31 

from the P nucleus being observed but equivalent to each other. I n the 

case where the n n u c l e i are phosphorus atoms s i t u a t e d i n d i f f e r i n g 

environments i n the molecule, complications can ar i s e i f the coupling 
31 

constant between the d i f f e r e n t P atoms i s large compared to the r e l a t i v e 

chemical s h i f t s between these atoms. This i s pseudo-first-order 

s p l i t t i n g . 
31 

The m u l t i p l i c i t y of a P peak due to f i r s t - o r d e r s p l i t t i n g i s 

predicjzed by simple r u l e s . The nvmiber of peaks i s given by (2n l + 1) 

where n i s the number of d i f f e r e n t but equivalent magnetic n u c l e i and I 
31 

i s the nuclear spin of the coupled n u c l e i . When I > the P sign a l i s 

s p l i t i n t o ( 2 n l + 1) peaks of equal i n t e n s i t i e s . For n u c l e i w i t h 1 = h 

e.g. hydrogen or f l u o r i n e , the r e l a t i v e i n t e n s i t i e s of the (n + 1) peaks 

are i n the r a t i o o f the binomial c o e f f i c i e n t s . Table 2.5.2 i l l u s t r a t e s 

the number of peaks observed and t h e i r r e l a t i v e i n t e n s i t i e s f o r a 

phosphorus atom d i r e c t l y bonded to hydrogen atoms.''"'̂ ^ 
TABLE 2.5.2 

M u l t i p l i c i t y and r e l a t i v e i n t e n s i t i e s of 
m u l t j p l e t s i n phosphorus-hydrogen compounds 

Number of Rel a t i v e 
l i n e s i n t e n s i t i e s 

PH 1 1:1 

PH2 3 1:2:1 

PH3 4 1:3:3:1 

5 1:4:6:4:1 
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P o l y i s o t o p i c elements d i r e c t l y bonded to phosphorus can produce q u i t e 
31 

complicated P n.m.r. spectra. There w i l l be one s i g n a l , a s i n g l e t , f r o m 

the phosphorus bonded to any non-magnetic n u c l e i , and a m u l t i p l e t f o r 

each magnetic isotope present. The chemical s h i f t s of the s i n g l e t and 

the m u l t i p l e t s w i l l of course be the same, and the r a t i o of i n t e n s i t i e s 

of each system w i l l be t h a t of the r a t i o of the i s o t o p i c abundances of 

the element. Relevant nuclear p r o p e r t i e s of elements encountered i n t h i s 

work are given i n Table 2.5.3. 
31 

While the o v e r a l l i n t e n s i t y of a P n.m.r. sign a l remains constant 

when spin-spin s p l i t t i n g occurs, the actual i n t e n s i t y of each of the 

component parts i s reduced and the s i g n a l may be more d i f f i c u l t to 

observe. C a t t i n g can o f t e n oversome t h i s d i f f i c u l t y , but i n instances 

where coupling i s w i t h a nucleus of low abundance and high spin number I , 

and the m a t e r i a l i s but poorly soluble, the s i g n a l may s t i l l escape 

d e t e c t i o n . The palladium-triphenylphosphine complexes examined i n t h i s 

work f a l l i n t o t h i s category. The complexes were not very soluble, the 

magnetic isotope '''̂ P̂d i s only 22.23% abundant and I = A 32 f o l d 

improvement i n s i g n a l to noise r a t i o d i d not reveal the expected s i x - l i n e 

p a t t e r n . 

A v a r i a b l e temperature probe was not a v a i l a b l e during the course of 

t h i s work; so n.m.r. measurements could only be taken at 34.2°C, the 

o p e r a t i n g temperature of the instrument. Thus, species which are 

t h e r m a l l y stable at low temperatures but not at room temperatures, and 

the s p l i t t i n g o f exchange-averaged signals i n t o two c o n t r i b u t i n g signals 
53 

on c o o l i n g could not be observed. Salthouse has reported the o x i d a t i o n 

of p h o s p h o r u s ( I I I ) c h l o r i d e w i t h bromine i n l i q u i d hydrogen c h l o r i d e at 

low temperatures to give the PCl^Br^ c a t i o n , detecting i t s formation by 
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TABLE 2.5.3 

(Values taken from ref.106) 

Isotope Natural abundance Spin I i n 
m u l t i p l e t s of h/2TT 

Ĥ 99.9844 1/2 

Ĥ 1.56 X lO"^ 1 

18.83 3 

81.17 3/2 

100 1/2 

100 1/2 

75.4 3/2 

24.6 3/2 

2.245 

100 7/2 

''m 1.25 

"Cu 69.09 3/2 

^^Cu 30.91 3/2 

50.57 3/2 

^^Br 49.43 3/2 

Ru 12.81 3 

16.98 5/2 

^°\h 100 1/2 

^°^Pd 22.23 5/2 

127^ 100 5/2 

191^ I r 38.5 3/2 

193^^ 61.5 3/2 

195p^ 33.7 1/2 

^^^Au 100 3/2 
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conductiometric t i t r a t i o n and i s o l a t i n g i t as the compound PCl^Br BCl^ 

A 1:1 mixture of PCl^ and Br^ i n l i q u i d hydrogen c h l o r i d e at room 
31 

temperature e x h i b i t e d only one P n.m.r. s i g n a l , t h a t of PCl^. 
E v i d e n t l y the HCl^ i o n i s large enough to s t a b i l i s e the PCl^Br^ ca t i o n 

at -95°, but f a i l s t o do so at room temperature. The a d d i t i o n o f the 

solvoacid boron t r i c h l o r i d e gave BCl^ anions which were large enough 

counterions to s t a b i l i s e PCl^Br^ and other mixed phosphorus(V) cations at 

room temperature. I t would have been i n t e r e s t i n g to determine the 

temperature a t which PCl^Br^ disproportionates i n the presence of HCI2 

ions using a v a r i a b l e temperature probe. 

2.6 '̂̂ B nuclear magnetic resonance spectra 

•'"•''B n.m.r. spectra were s i m i l a r l y obtained on the RIO spectrometer 

tuned to 19.27 MHz. These spectra were generally easier to obtain than 
31 
P spectra, even resonances from s o l i d s could o f t e n be detected i n a 

s i n g l e sweep. The range of ''''''B chemical s h i f t s i s much narrower than 
31 

the range of P s h i f t s , but again changes i n co-ordination number of 

the boron produce r e l a t i v e l y l a r g e changes i n ''"•''B chemical s h i f t values. 

See Table 2.6.1. 
TABLE 2.6.1 

11 V a r i a t i o n i n B chemical s h i f t on change i n co-ordination number 

(̂•""B chemical s h i f t s r e l a t i v e to B(0Me)3) 

BCl^ 

-29 (125) 

BCl," 4 
+11.6 (147) 

BF3 

+8.9 (107) +19.9 (147) 
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Throughout the work presented here t r i m e t h y l b o r a t e was used as extern a l 

reference, and r e s u l t s have been expressed r e l a t i v e to t h i s standard. 

Both t r i m e t h y l b o r a t e and b o r o n t r i f l u o r i d e d i e t h y l e t h e r a t e are quoted as 

standards i n the l i t e r a t u r e . The •'"•''B chemical s h i f t o f BF^.Et^O 

r e l a t i v e to BCOMe)^ has been reported as +18.1 p.p.m.'''̂ ^ and +18.3 p.p.m.'''̂ ^ 

I n t h i s work a value o f +18.75 p.p.m. was observed. F i r s t - o r d e r spin-spin 

s p l i t t i n g was occasi o n a l l y encountered where coupling constants were 

large enough to be observed on the RIO. As w i t h phosphorus a v a r i a b l e 

temperature probe would have been of value. Only one •'•'''B resonance was 

observed i n s o l u t i o n c o n t a i n i n g equimolar q u a n t i t i e s of BCl^ and BCl, 

i o n , an exchange-averaged s i g n a l between the values f o r these species. 

2.7 Other Physical Measurements 

I n f r a r e d Spectra 

I n f r a r e d spectra i n the range 4000 to 250 cm ̂  were obtained using 

a Perkin Elmer 457 Grating I n f r a r e d Spectrophotometer. 

Raman Spectra 

Raman spectra were recorded by Drs. P. Gates and F.K. Ryan at 

Royal Holloway College using a Gary 81 Raman Spectrophotometer. 

Molecular Weights 

Molecular weights i n benzene were determined using a Mechrolab 

Vapour Pressure Osmometer Model 301A. The instrument could be flushed 

w i t h n i t r o g e n . 

M e l t i n g Points 

M e l t i n g p o i n t s were determined i n a Gallenkamp melting p o i n t 

apparatus. 
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Elemental Analyses 

Carbon, hydrogen and n i t r o g e n were determined by microcombustion 

using a Perkin Elmer 240 Elemental Analyser. Throughout the course of 

t h i s work the r e l i a b i l i t y of t h i s instrument was v a r i a b l e . I n a l l cases 

unknown substances were accompanied by standard substances when submitted 

f o r analysis so t h a t a r e l i a b l e c a l i b r a t i o n could be made. Greater 

r e l i a n c e was placed upon metal, phosphorus and halogen analyses. 

Metals were determined by atomic absorptiometry using a Perkih 

Elmer 403 Atomic Absorption Spectrophotometer. 

Phosphorus was determined c o l o r i m e t r i c a l l y as the phosphomolybdivanado 

complex. Compounds were decomposed by heating w i t h sodium peroxide i n a 

n i c k e l Parr bomb. The residue was washed out, a c i d i f i e d w i t h concentrated 

n i t r i c a c i d and made up t o 100 ml. w i t h d i s t i l l e d water. A s u i t a b l e 

a l i q u o t was taken, t r e a t e d w i t h Ammonium Molybdate Ammonium Vanadate 

reagent and the colour measured at 420^ using a Unicam SP500 spectrophoto­

meter. 

• Chlorine was determined by po t e n t i o m e t r i c t i t r a t i o n . Compounds were 

decomposed i n a n i c k e l Parr bomb by heating w i t h sodium peroxide. The 

residue was washed out, a c i d i f e d w i t h concentrated n i t r i c acid and made 

up to 100 ml. w i t h d i s t i l l e d water. A s u i t a b l e a l i q u o t was then t i t r a t e d 

against N/100 s i l v e r n i t r a t e s o l u t i o n using Ag, AgCl electrodes i n an 

acetone medium. 

Bromine and Iodine were determined i o d o m e t r i c a l l y f o l l o w i n g a 

Schoniger Oxygen Flask combustion of the compound as described by 
108 

Ingram. 
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2.8 Preparation and P u r i f i c a t i o n of S t a r t i n g M a t e r i a l s 

Hydrogen Chloride 

Hydrogen c h l o r i d e E l e c t r o n i c Grade was purchased from B r i t i s h Oxygen 

Chemicals L t d . The gas was admitted to the vacuum l i n e d i r e c t from the 

c y l i n d e r i n t o the f r a c t i o n a t i o n t r a i n at a pressure of 1-2 cm. of mercury 

measured on a manometer which also acted as a safety valve. The hydrogen 

c h l o r i d e passed through two traps cooled to -84° and one at -95° before 

being condensed i n the l a r g e r traps at -196°. The l e v e l of l i q u i d 

n i t r o g e n surrounding these traps was slowly r a i s e d u n t i l the traps were 

about two t h i r d s f u l l of s o l i d hydrogen c h l o r i d e . At t h i s p o i n t no more 

hydrogen c h l o r i d e was admitted to the l i n e . Pimiping was maintained 

throughout t h i s process so t h a t any a i r which might have leaked i n t o the 

system would be pumped away. The s o l i d hydrogen c h l o r i d e was pumped 

f o r an hour to remove any traces of permanent gases and then melted i n a 

toluene bath. At t h i s temperature, -95°, l i q u i d hydrogen c h l o r i d e has a 
93 

vapour pressure of 400 mm. and i s 11 Centigrade degrees below i t s 

b o i l i n g p o i n t . Pure l i q u i d hydrogen c h l o r i d e i s a clear, colourless, 

"water-white" l i q u i d . Any water present i s seen as white p a r t i c l e s as 

H^O^Cl" i s i n s o l u b l e i n l i q u i d hydrogen c h l o r i d e . I f no f o r e i g n bodies 

were observed i n the l i q u i d the i n f r a r e d spectrum of the gas would be 

obtained using a 10 cm. path length gas c e l l f i t t e d w i t h KBr windows, 

and i f t h i s were s a t i s f a c t o r y the hydrogen c h l o r i d e would then be 

t r a n s f e r r e d to a 20 l i t r e bulb f o r storage as a gas. I f at t h i s stage 

the hydrogen c h l o r i d e was found to be impure, then i t would be slowly 

r e f r a c t i o n a t e d through the t r a i n from -95°, through n-pentane slush bath, 

-131°, and condensed at -196°. Hydrogen c h l o r i d e f o r conductiometric 

t i t r a t i o n was always p u r i f i e d by t h i s method and was stored i n . a 20 l i t r e 

b ulb reserved f o r "conductance HCl". The i n f r a r e d spectrum of gaseous 



Fig.2.8.1 

I n f r a r e d spectrum »f gaseous hydrogen ch l o r i d e 
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hydrogen c h l o r i d e i s shown i n Figure 2.8.1. 

Boron T r i c h l o r i d e 

Boron t r i c h l o r i d e was purchased from B r i t i s h Oxygen Chemicals Ltd. 

and p u r i f i e d by treatment w i t h mercury. The gas was t r a n s f e r r e d v i a the 

l i n e i n t o a r o t a f l o ampoule cont a i n i n g mercury cooled to -196°. At a l l 

times the vapour pressure of the BCl^ was kept as low as possible to 

minimise attack on the grease. The BCl^ was allowed to reach room 

temperature and was l e f t w i t h the mercury, to remove traces of c h l o r i n e , 

o v e r n i g h t . The r o t a f l o was cooled to -84° and evacuated to remove any 

hydrogen c h l o r i d e . The boron t r i c h l o r i d e was then t r a n s f e r r e d to a 

clean r o t a f l o ampoule f o r storage. The vapour pressure of BCl^ i s 2 atm. 

a t 33.2° and i t i s thus p e r f e c t l y safe to store i n a r o t a f l o ampoule, 

R o t a f l o values are guaranteed to stand 6 atm. pressure and i n t h i s 

department have been known to stand 10 atm. 

Chlorine 

Chlorine was purchased from I . C . I , Mond D i v i s i o n and was p u r i f i e d by 

low pressure f r a c t i o n a l d i s t i l l a t i o n i n the tr a p t r a i n . The c h l o r i n e was 

d i s t i l l e d from -45° through a -84° t r a p and was condensed at -131°. 

Pumping was maintained throughout the f r a c t i o n a t i o n to remove any 

hydrogen c h l o r i d e or non-condensable gases. The c h l o r i n e was stored on 

the l i n e i n 10 l i t r e bulbs. 

Bromine 

B.D.H, Analar bromine was d r i e d over phosphoric oxide f o r 24 hours 

and then d i s t i l l e d i n t o the vacuum l i n e . The f i r s t f r a c t i o n was pumped 

away as i t might have contained hydrogen bromide, and the middle f r a c t i o n 

was condensed i n a r o t a f l o ampoule maintained at -84°. The ampoule was 
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evacuated to remove traces of hydrogen bromide and non-condensable gases 

and the bromine was then stored i n the ampoule at room temperature. 

Phosphoruspentafluoride ' 

Phosphoruspentafluoride was prepared by the thermal decomposition of 

p-chlorobenzenediazonium hexafluorophosphate, "Phosfluorogen A", at 

180°. 

Phosfluorogen A (7 g., 25 ramole) and an equal bulk o f white sand were 

placed i n a large e x t e r n a l t r a p . The t r a p was evacuated and heated at 

100° f o r 1 hour to remove traces of water. The r e a c t i o n vessel was 

connected v i a a second e x t e r n a l t r a p to the f r a c t i o n a t i o n t r a i n . The 

reac t a n t was slowly heated and e v o l u t i o n of gas began at 155°. V i r t u a l l y 

a l l the p-chlorofluorobenzene produced was r e t a i n e d i n the o f f - l i n e trap 

and the remainder i n the f i r s t t r a i n t r a p , both at -84°. PF^ was 

condensed i n the second t r a i n t r a p at -196°. The n i t r o g e n l i b e r a t e d was 

monitored on a manometer and pumped away at i n t e r v a l s . Evolution of gas 

v i r t u a l l y ceased w i t h i n 15 minutes. The p u r i t y of the product was 

determined by i n f r a - r e d spectroscopy. Absorptions due to traces of SiF^ 

3 and OPF^ were observed i n a d d i t i o n to those of PF^. No f u r t h e r 
31 

p u r i f i c a t i o n was c a r r i e d out as SiF^ i s r e l a t i v e l y i n e r t and the P 

n.m.r. data of OPF^ are known, and n e i t h e r compound was expected to 

i n t e r f e r e i n the reactions i n which the PF^ was to be used. The PF^ was 

stored on the vacuum l i n e frozen down at -196° to prevent r e a c t i o n w i t h 

water absorbed i n the glass. 
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T r a n s i t i o n metal complexes 

Te t r a k i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( 0 ) 
109 

The method o f . prepara t i o n was t h a t described by Ugo et a l . 

K-PtCl, + 2K0H + 4Ph„P + C_H,OH -» Pt(Ph„P), + 4KC1 + CH„CHO + 2H^0 2 4 3 2 5 3 4 3 2 

Ph^P (15,4 g., 0.0588 mmole) was dissolved i n 200 ml. absolute ethanol at 

65°. When the s o l u t i o n was c l e a r , a s o l u t i o n of 1.4 g. KOH i n a mixture of 

32 ml. of ethanol and 8 ml. of water was added. Then K2PtCl^ (5.24 g., 

0.0126 mmole) dissolved i n 50 ml. of water was slowly added to the 

a l k a l i n e Ph^P s o l u t i o n w h i l e s t i r r i n g at 65°. The a d d i t i o n should be 

completed i n about 20 minutes. A pale yellow compound began to separate 

w i t h i n a few minutes of the f i r s t a d d i t i o n . A f t e r cooling, the compound 

was separated by f i l t r a t i o n , washed w i t h 150 ml. of warm ethanol, then 

w i t h 60 ml. of cold water, and again w i t h 50 ml. of cold ethanol. The 

r e s u l t i n g pale i v o r y yellow powder was d r i e d i n vacuo overnight (2 hours 

recommended i n l i t . ) . Y i e l d 12.4 g., 79%. The compound was always 

st o r e d and handled under pure n i t r o g e n . 

Analyses: Found C,70.28; H,4.54; P,10.26; Pt,15.69; (Ph^P)^Pt requires 

C,69.5; H,4.86; P,9.96; Pt,15.59. 

Tris(triphenylphosphine)platinum(O) 
109 

Again the method of Ugo et a l was used, but more p r a c t i c a l d e t a i l 

w i l l be given here than i s given i n the o r i g i n a l work. 

{'Ph.^)6.5 g. suspended i n 270 ml. absolute ethanol i n a 1 l i t r e 

f l a s k was r e f l u x e d w i t h vigorous s t i r r i n g f o r 2 hours. The colour of the 

suspension changed from pale i v o r y yellow to a deep cadmium sulphide 

yellow. The hot suspension, s t i l l at r e f l u x temperature, was r a p i d l y 
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f i l t e r e d through a 12 cm. Buchner fu n n e l , washed w i t h 30 ml. of cold 

ethanol and d r i e d i n vacuo overnight. The r e s u l t i n g deep yellow powder 

was q u i t e d i f f e r e n t i n appearance from the s t a r t i n g m a t e r i a l . I t i s 

important to f i l t e r o f f the product w h i l e the suspension i s hot otherwise 

a s s o c i a t i o n of Ph^P and (Ph2P)2Pt occurs and the product i s contaminated 

w i t h (Ph2P)^Pt. Y i e l d 3.0 g., 66%. The compound was stored and handled 

under pure n i t r o g e n . 

Analyses: Found C,65.77; H,5.97; P,9.76; Pt,20.36. (Ph2P)2Pt requires 

C,66.0; H,4.59; P,9.48; Pt,19.88. 

The i n f r a r e d spectra of (Ph2P)^Pt (n = 3,4) are almost i d e n t i c a l , 

corresponding absorptions being w i t h i n 2-3 cm ''' i n the spectra of the two 

compounds. •'•'̂^ Vp^. p i n (Ph2P)2Pt occurs at 422 cm ^ and Vp^. p i n 

('B'h^?)^?t at 424 cm Z i o l o et al''"'''^ have reported the photoluminescence 

of phosphine complexes of d'''̂  metals; (Ph2P)2Pt appearing b r i g h t red and 

(Ph2P)^Pt appearing b r i g h t orange under an ordinary "black l i g h t " 

source. The only s a t i s f a c t o r y d i s c r i m i n a n t however i s platinum analysis. 

Triphenylphosphinetetracarbonyliron(O) and bi s ( t r i p h e n y l p h o s p h i n e ) -

t r i c a r b o n y l i r o n ( O ) 

These compounds were prepared by a m o d i f i c a t i o n of the method of 

Davison et a l . 

A s o l u t i o n of Ph^P (9 g., 34.4 mmole) i n dry d i s t i l l e d t etrahydro-

f u r a n (30 ml.) was added to a hot s o l u t i o n of Fe^CCO)^^ 8-» 5.95 mmole) 

i n t e t r a h y d r o f u r a n (30 m l . ) , and the mixture heated under r e f l u x . A f t e r 

7 minutes the hot s o l u t i o n , which had become yellow brown was q u i c k l y 

f i l t e r e d through a s i n t e r e d glass p l a t e . Any yellow s o l i d which 

c r y s t a l l i s e d out due to cooling during f i l t r a t i o n was ri n s e d through the 
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s i n t e r w i t h t e t r a h y d r o f u r a n (2 x 10 m l . ) . The clear yellow f i l t r a t e was 

concentrated on a steam bath i n a r a p i d stream of n i t r o g e n u n t i l c r y s t a l s 

appeared. Cooling gave the t r i c a r b o n y l . The yellow f i l t r a t e was 

concentrated to 10-20 ml. and on cooling a pale yellow s o l i d which was a 

mix t u r e of the t r i - and tetracarbonyls was obtained. The mixture was 

soxhiet extracted overnight w i t h 40-60 pet. ether. The tet r a c a r b o n y l was 

obtained as ,yellow plates from the e x t r a c t on cooling. The i n s o l u b l e 

residue was more of the t r i c a r b o n y l . Both compounds were characterised 
113 

by comparing t h e i r i n f r a - r e d spectra w i t h published spectra and by 

elemental a n a l y s i s . 

Analysis: f i r s t crop o f c r y s t a l s ; 

Found C,70.32; H,4.21; P,9.39; Fe,8.49. (?h^?)^(CO)^Fe requires 

C,70.85; H,4.6; P,9.34; Fe,8.43. 

Yellow p l a t e s ; Found C,61.8; H,3.14; P,7.26; Fe,13.18. (Ph^P)(CO)^Fe 

re q u i r e s C,61.5; H,3.5; P,7.21; Fe,13.15; 

T e t r a k i s ( p h o s p h o r u s ( l l l ) f l u o r i d e ) n i c k e l ( O ) 

This compound, was prepared by a method reported by 

Nixon. 

Nickelocene (1.42 g., 7.53 mmole) was placed i n s i d e a 350 ml. capacity 

pyrex ampoule w h i l s t i n s i d e the dry box. The ampoule was attached to the 

vacuum l i n e , cooled to -196° and evacuated. S u f f i c i e n t PF^ to give a 

pressure of 6 atm. at 60° was condensed i n t o the ampoule. The ampoule 

was sealed and warmed slowly to room temperature. A f t e r a short time i t 

was placed i n s i d e a cold oven which was slowly heated to 60°. A f t e r 11 

days the ampoule was removed, cooled to -196° and opened to the vacuum 

l i n e using an ampoule breaker. The temperature was allowed to r i s e to 
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room temperature and the v o l a t i l e contents of the ampoule were condensed 

i n t o the f i r s t t r a p of the f r a c t i o n a t i o n t r a i n . The passage of 

vapour could be detected by the orange discharge produced when a Tessler 

c o i l was hel d near the l i n e . The v o l a t i l e s were slowly f r a c t i o n a t e d to 

separate the i'PF^)^! from unused PF^. The f i r s t trap was held at -140° 

(40-60 pet.ether slush b a t h ) , the second at -84° and the f i n a l trap at 

-196°. PF^ passed the -84° trap but the (PF^)^Ni was re t a i n e d . The 

-140 bath was replaced when the m a j o r i t y of the PF^ had d i s t i l l e d over 

by -45° and -22° baths t o enable quantitaJcive t r a n s f e r of the (?F^)^Ni 

i n t o the middle t r a p . An i n f r a r e d spectrum of the clear colourless 

l i q u i d obtained at room temperature showed absorptions at 900, 863, 526 

and 510 cm and no other absorptions. These values were i n excell e n t 

agreement w i t h l i t e r a t u r e values f o r (PF2)^Ni.'^'''^ Y i e l d 1.60 g., 51,5%. 

The compound was stored iiT^sealed ampoules at -30°. A "long tube" 

br e a t h i n g apparatus was always worn when t r a n s f e r r i n g t h i s h i g h l y t o x i c 

m a t e r i a l . 

T e t r a k i s ( p h o s p h o r u s ( I I I ) c h l o r i d e ) n i c k e l ( 0 ) 

(PCl2)^Ni was obtained using Smith's preparation.^'''''^ 

I n a w e l l v e n t i l a t e d fume cupboard, n i c k e l carbonyl (5.15 ml., 40 

mmole) was t r a n s f e r r e d under n i t r o g e n from the cylin d e r i n t o a 250 ml. 3-

neck f l a s k f i t t e d w i t h a gas i n l e t , dropping funnel and r e f l u x condenser. 

Phosphorus(III) c h l o r i d e (30 ml., 340 mmole) nearly 100% excess, was 

c a r e f u l l y added to the vi g o r o u s l y s t i r r e d Ni(CO)^ over a period o f - 1 hour. 

The i n i t i a l vigorous e v o l u t i o n of carbon monoxide has t o t a l l y ceased by 

t h i s time. The mixture was s t i r r e d f o r 24 hours, r e f l u x e d f o r 2 hours and then] 

l e f t t o cool. Well formed pale greenish yellow c r y s t a l s were f i l t e r e d o f f 

and d r i e d under a strong current of n i t r o g e n , then i n vacuo f o r 2 hours. 
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The i n f r a - r e d spectrum of t h i s m a t e r i a l i n the region 4000-250 cm"''' 

contained only 3 absorptions at 523, 491 and 327 cm ^. 

Analyses. Found: Ni,9.80; P,20.5; CI,69.4; (PCl2)^Ni requires: Ni,9.84; 

P,20.3; CI,69.8. 

D i c h l o r o b i s ( t r i p h e n y l p h o s p h i n e ) n i c k e l ( I I ) 

(Ph2P)2NiCl2 was prepared by the method of Venanzi.'''^^ 

N i c k e l ( I I ) c h l o r i d e hexahydrate (4.76 g., 20 mmole) i n water (4 ml.) 

was d i l u t e d w i t h g l a c i a l a c e t i c acid (100 ml.) and triphenylphosphine 

(10.5 g., 40 mmole) i n g l a c i a l a c e t i c acid (50 ml.) added. The o l i v e -

green m i c r o c r y s t a l l i n e ppt. when kept i n contact w i t h i t s mother l i q u o r 

f o r 24 hours, gave dark blue c r y s t a l s which were f i l t e r e d o f f , washed 

w i t h g l a c i a l a c e t i c a c i d and d r i e d i n a vacuum desiccator (H^SO^; KOH). 

Further washing w i t h dry ether and drying i n vacuo were necessary to 

remove the l a s t traces of a c e t i c acid. Y i e l d 10.5 g., 80%. Found: 

C,65.58; H,3.12; (Ph2P)2NiCl2 requires C,66.1; H,4.6. 

trans-Chlorocarbonylbis(triphenylphosphine)rhodium(l) 
118 

The procedure described by Evans et a l was followed. 

R h o d i i r a i ( l l l ) c h l o r i d e t r i h y d r a t e (2 g., 7.6 mmole) i n absolute 

ethanol (70 ml.) was slowly added to 300 ml. b o i l i n g absolute ethanol 

c o n t a i n i n g a t w o - f o l d excess of triphenylphosphine (7.2 g., 27.5 mmole). 

The red s o l u t i o n became t u r b i d but cleared i n 5 minutes (2 minutes l i t . ) . 

Then s u f f i c i e n t 37% formaldehyde s o l u t i o n (10-20 ml.) was added to cause 

the red s o l u t i o n to become pale yellow i n about 1 minute, and yellow 

m i c r o c r y s t a l s to p r e c i p i t a t e . A f t e r slow cooling the c r y s t a l s were 

separated on a 12 cm. Buchner fu n n e l , washed w i t h ethanol and ether and 

v^dried i n vacuo. R e c r y s t a l l i s a t i o n from benzene was not necessary. 
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Y i e l d 4.4 g., 84%. 

Found: C,63.58; H,3.81; CI,5.19; Rh,15.1; (Ph2P)2Rh(C0)Cl requires: 

C,64.0; H,4.33; CI,5.12; Rh,15.3. 

Other s t a r t i n g m a t e r i a l s 

Other s t a r t i n g m a t e r i a l s were e i t h e r purchased i n t h e i r highest 

a v a i l a b l e p u r i t y grade, or were donated, and were used without f u r t h e r 

p u r i f i c a t i o n . 



CHAPTER 3 

OXIDATION AND EXCHANGE REACTIONS OF SIMPLE PHOSPHORUS COMPOUNDS 



Fi8-3.1.1 

Reactions of p h o s p h o r u s ( i l l ) f l u o r i d e 
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3.1 P h o s p h o r u s ( i l l ) f l u o r i d e 

Results and Discussion 

Phosphorus(III) f l u o r i d e was reacted w i t h the o x i d i s i n g agents 

c h l o r i n e and bromine i n l i q u i d hydrogen c h l o r i d e . The r e a c t i o n w i t h 

c h l o r i n e was repeated i n the presence of the Lewis acids boron t r i c h l o r i d e 

and boron t r i f l u o r i d e . I n a l l cases the phosphorus was oxidised from the 

+3 t o the +5 o x i d a t i o n s t a t e u s u a l l y producing pentaco-ordinated covalent 

f l u o r i n e containing phosphorus(V) compounds. Tetraco-ordinate f l u o r i n e 

c o n t a i n i n g phosphorus(V) cations were not produced, the only t e t r a c o -

o r d i n a t e species observed being the tetrachlorophosphonium i o n . A l l 
31 

r e a c t i o n s were followed by P nuclear magnetic resonance spectroscopy 
at 34.2°C. The r e s u l t s of the experiments are shown i n Fig.3.1.1. 

31 

The P n.m.r. spectrimi of phosphorus(III) f l u o r i d e i n l i q u i d 

hydrogen c h l o r i d e i n d i c a t e d t h a t the phosphorus(III) f l u o r i d e had 

dis s o l v e d without p r o t o n a t i o n or exchange t a k i n g place. The observed 

chemical s h i f t -104.5 p.p.m. i s i n reasonable agreement w i t h the l i t e r a t u r e 
119 120 

values of -97 p.p.m. ' f o r the compound, presumably i n the gas phase 
and a t -70°.'''^^ The magnitude of the P-F coupling constant, 1433 Hz, i s 

119 
also i n good agreement w i t h the reported values of 1405 Hz, and 1400 

19 121 Hz from F n.m.r. 

I n the r e a c t i o n between phosphorus(III) f l u o r i d e and c h l o r i n e i n a 

1:1 molar r a t i o , the colour of the c h l o r i n e was completely discharged 
31 

and the resonance due t o phosphorus(III) f l u o r i d e i n the P n.m.r. 

spectrum was absent. A new s i g n a l , s p l i t i n t o a 1:3:3:1 qua r t e t , 

a t t r i b u t a b l e to di c h l o r o t r i f l u o r o p h o s p h o r u s ( V ) appeared at +31.5 p.p.m. 

The chemical s h i f t and P-F coupling constant of magnitude 1070 Hz were 
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i d e n t i c a l with a sample of 'PF^Cl^ prepared i n the i n e r t s olvent freon 11 

31 
( C C l ^ F ) . L a t s c h a has reported a P n.m.r. chemical s h i f t of +27.8 p.p.m. 

1 232 w i t h J „ 1050 + 2 Hz for the neat l i q u i d and Schmutzler obtained 

the same va l u e f o r the phosphorus-fluorine coupling constant from a 

s o l u t i o n of PF3CI2 i n pet. ether at 25°.'''^^ A f t e r 1 hour at 34.2° a 
31 

w h i t e s o l i d p r e c i p i t a t e d and no f u r t h e r P resonance could be detected 

i n the s o l u t i o n . I t may be assumed t h a t the r a p i d d i s p r o p o r t i o n a t i o n of 

P F ^ C l ^ to the i o n i c PCl^^PF^ had occurred. Thus the r e a c t i o n i n l i q u i d 

hydrogen c h l o r i d e can be summarised as 
PF3 + CI2 -• PF3GI2 

and 2PF,C1„ PC1,"^PF/ 
3 2 4 6 

81 

S a l t h o u s e followed the r e a c t i o n s c o l o r i m e t r i c a l l y at low temperature, 

observing the appearance of the colour of c h l o r i n e only a f t e r the molar 

r a t i o C1^:PF„ has exceeded 1:1. The change PF„C1„ to PC1,"^PF,~ i n 

l i q u i d hydrogen c h l o r i d e occurred to only a v e r y l i m i t e d extent at low 

temperature, and other workers have shown that t h i s change slowly takes 
123 

p l a c e i n the gas phase over the course of a few days. However, the 

corresponding r e a c t i o n i n l i q u i d hydrogen c h l o r i d e at room temperature 

has now been shown to be both r a p i d and complete. 
To prevent complete o x i d a t i o n of a l l the phosphorus present, the 

experiment was repeated u s i n g a molar r a t i o P F ^ r C l ^ of 2:1. At f i r s t 

31 
the P n.m.r. spectrum showed the presence of PF^ and YY^Cl^ i n roughly 

equal amounts, but a f t e r 3 days the spectrum was much more complex. 

31 

The P n.m.r. data, shown i n Table 3.1,1, were c o n s i s t e n t w i t h the 

presence of P C l ^ , PF^Cl and PF^ i n a d d i t i o n to PF^. S i g n a l s due to 

P F ^ C l ^ were completely absent. The formation of the higher phosphorus(V) 
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f l u o r o compounds can be explained i n terms of the following exchange 

mechanism 

P F ^ C l ^ + PF^ -+ PF^Cl + PF^Cl 

P F ^ C l ^ + PF^Cl -» PF^Cl + PFCI2 

PF2CI2 + PFCI2 -* PF^Cl + P C l ^ 

PF^Cl + PF^Cl -+ PF^ + PFCI2 

PF.Cl + PFCl- PF^ + P C I , 4 2 5 3 

31 
The P chemical s h i f t s of the p o s t u l a t e d intermediates PF^Cl and 

PFCI2 are not l i s t e d i n the l i t e r a t u r e , but t h e i r P-F coupling constants 
19 121 have been determined by F n.m.r. spectroscopy. Moreover, i t would 

31 

be reasonable to expect the P s h i f t s of these two spec i e s to l i e 

between the val u e s f o r P C l ^ , -218 p.p.m., and PF^, -104.5 p.p.m. No 

s i g n a l s , other than the components of the PF^ quartet, were detected i n 

t h i s r e g ion; so i t may be assumed t h a t any PF2CI or PFCI2 produced has 

r e a c t e d f u r t h e r to give P C l ^ . At no time was any white s o l i d observed 

i n the ampoule. Thus, the r a p i d d i s p r o p o r t i o n a t i o n of PF2CI2 to 

PCl^^PF^" i s prevented by the presence of PF^, other pentaco-ordinated 

fluorophosphorus s p e c i e s being produced. 

I n the r e a c t i o n between p h o s p h o r u s ( i l l ) f l u o r i d e and bromine i n a 

2:1 molar r a t i o , the colour of the bromine was completely discharged, and 

31 

the P n.m.r. spectrum showed not the expected product PF2Br2, but the 

presence of PF3CI2 i n a d d i t i o n to PF^. The higher f i e l d s i g n a l , a 1:3:3:1 

qu a r t e t c e n t r e d a t +30.5 p.p.m. having J^_^ 1055 + 4 Hz, was qu i t e 

d i s t i n c t from t h a t of PF2Br2, a 1:3:3:1 quartet centred at +50.7 p.p.m. 
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w i t h Jp p 1142 Hz. M u t t e r t i e s et a l report ^ to be 1140 Hz for 
124 

PF2Br2. Thus, the o x i d a t i o n of PF^ to PF3Br2, which i s then s o l v o l y s e d 

to PF2CI2, has taken p l a c e . T h i s confirms the e a r l i e r low temperature 
81 

study c a r r i e d out by Salthouse. 

Before i n v e s t i g a t i n g the o x i d a t i o n of p h o s p h o r u s ( I I I ) f l u o r i d e by 

c h l o r i n e i n the presence of boron t r i c h l o r i d e an indefendent experiment 

was c a r r i e d out to i n v e s t i g a t e the r e a c t i o n between PF^ and BCl^ i n a 1:1 

molar r a t i o i n l i q u i d hydrogen c h l o r i d e . The '̂''P n.m.r. spectrum 

i n d i c a t e d the presence of both PCI3 and PF^ i n a molar r a t i o of 1:1. The 

•''•''B n.m.r. spectrum. Fig.3.1.2, recorded immediately afterwards contained 

four s i g n a l s at -28.5, -14.5, -1.5 and +8.5 p.p.m. which may be 
• I O C 

immediately assigned to BCl^, BCI2F, BCIF2 and BF^ r e s p e c t i v e l y . ' 
The s p i n - s p i n coupling constant ^J-^-j^ -^g of 74 Hz for BCI2F i s i n 

^" ^ 19 128 e x c e l l e n t agreement w i t h the l i t e r a t u r e v alue determined from F work. 

The same authors r e p o r t ''"J^^^ -̂ ^ v a lues of 34 and 15 + = Hz for BCIF2 and 
B- F 

BF3 r e s p e c t i v e l y , but these s p l i t t i n g s were not observed i n t h i s work. 

A molar r a t i o f o r BCl2:BCl2F:BClF2:BF2 of 15:6:5:4 was i n d i c a t e d by s i g n a l 

i n t e n s i t i e s . 72 hours l a t e r the n.m.r. s p e c t r a were again recorded with 

s i m i l a r r e s u l t s , excepting t h a t the PCl2:PF2 r a t i o was 2:1 and the BCl^: 

BCl2F:BClF2:BF2 r a t i o was 15:6:4:6. I t i s apparent that the r a t i o of 

c h l o r i n e : f l u o r i n e bonded to phosphorus and boron i s no longer 1:1, 

approximately twice as much c h l o r i n e as f l u o r i n e now being bonded to these 

elements. I t i s shown i n t h i s work that PCI3, PF3, B C l ^ and BF^ a l l e x i s t 
129 

as such i n l i q u i d hydrogen c h l o r i d e s o l u t i o n . Baumgarten has reported 

the formation of PCl^.BF^ from P C l ^ and BF^ below -12°, s t a t i n g that the 

adduct decomposes i n t o i t s components above -6°. The formation of a 
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n.m.r. spectnan 

P F ^ r B C l ^ i n 1:1 molar r a t i o i n l i q u i d hydrogen c h l o r i d e 
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s i m i l a r adduct i n t h i s r e a c t i o n , followed by exchange and d i s s o c i a t i o n , 

would produce the mixed c h l o r o f l u o r o s p e c i e s observed. S o v o l y s i s of 

PF2CI and PFCl^, and to some extent of BFCI2 and BF^Cl, would y i e l d the 

observed products. 

The o x i d a t i o n of p h o s p h o r u s ( i l l ) f l u o r i d e by c h l o r i n e was repeated 

i n the presence of the Lewis a c i d s boron t r i c h l o r i d e l a n d boron 

t r i f l u o r i d e , i n the hope of s t a b i l i s i n g f l u o r i n e containing t e t r a c o -

o r d i n a t e phosphorus(V) c a t i o n s as t h e i r tetrahalogenoborates. Addition 

of excess B C l ^ to a mixture of P F ^ i C l ^ i n a 2:1 molar r a t i o i n l i q u i d 

hydrogen c h l o r i d e did cause a t e t r a c o - o r d i n a t e phosphorus(V) c a t i o n to 
31 

be produced. The P n.m.r. spectrum of the s o l u t i o n i n d i c a t e d the s o l e 

presence of the tetrachlorophosphonium ion, P C l ^ ^ . The •'"•''B n.m.r. 
spectrum of the s o l u t i o n contained one resonance a t -H8.2 p.p.m., which 

H X2312S 
i s v e r y c l o s e to the B chemical of BF^ quoted as +8.1 p.p.m. ' 

and +8.6 p.p.m. ( t h i s work); however, i n view of the presence of PCl ^ ^ , 

a boron con t a i n i n g anion i s r e q u i r e d . Chemical s h i f t s f o r B C l ^ , 

BF C l ^ " , BF2CI2', and B F ^ C l " of +11.6, +11.8 and +13.8 and + 16.6 p.p.m. 
147 

r e s p e c t i v e l y have been reported and i t i s suggested that the observed 

•''•''B s i g n a l i s an exchange-aver aged s i g n a l caused by exchange between 

f l u o r i n e c o n t a i n i n g boron anions and the excess BCl^. The r e a c t i o n may 

thus be i n t e r p r e t e d as an o x i d a t i o n of PF^ by CI2 to PF^Cl^, followed by 

exchange w i t h B C l ^ u n t i l P C l ^ , which e x i s t s as P C l ^ ^ CI s o l v a t e d i n 

l i q u i d hydrogen c h l o r i d e , and BF^ are produced. The BF^ and/or B C l ^ 

would accept the s o l v a t e d h a l i d e i on forming a 4-co-ordinate boron anion, 

A proposed mechanism f o r the r e a c t i o n taking p l a c e i n s o l u t i o n i s 

i n i t i a l o x i d a t i o n of h a l f the PF^ 
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followed by exchange 

PF^ + CI2 PF3CI2 

PF2CI2 + BCl^ -» PF2CI3 + ^^^2^ 

PF2CI2 + BCI2F ^ P F C l ^ + BCIF2 

P F C l ^ + BCIF2 -» P C l ^ + BF^ 

PCI,"*" + C l " s o l v a t e d 4 

The remaining PF^ prestmiably r e a c t s w i t h B C l ^ i n a s i m i l a r manner to that 

d e s c r i b e d p r e v i o u s l y g i v i n g P C l ^ and 3-co-ordinate c h l o r o f l u o r o b o r o n d l l ) 

s p e c i e s . I t i s p o s s i b l e t h a t the observed ''"''"B chemical s h i f t i s an 

exchange-averaged va l u e d e r i v e d from both 3- and 4-co-ordinate 

c h l o r o f l u o r o b o r o n d l l ) s p e c i e s s i n c e the chemical s h i f t s of the s e r i e s 

BF C l (0 ^ X ^ 3) and BF C l , " (0 ̂  y ^ 4) a l l l i e c l o s e enough 
X J — X y 4-—y 

together to give one exchange averaged s i g n a l (Table 3,1.2) 

I t i s not p o s s i b l e to w r i t e an o v e r a l l balanced equation e x p l a i n i n g the 

complete o x i d a t i o n of the phosphorus from the +3 to the +5 oxi d a t i o n 

s t a t e i n t h i s r e a c t i o n . 
31 

The P n.m.r. spectrum of the r e a c t i o n mixture PF^:Cl2 i n molar 

r a t i o 2:1 i n the presence of an excess of BF^ showed s i g n a l s due to 

P C l ^ , PF^ and PF^. The •'•'''B n.m.r. spectrum of the same s o l u t i o n showed 

a s i n g l e t a t +8.4 p.p.m. i n d i c a t i n g BF^. A comparison of i n t e n s i t i e s 

suggests t h a t the r a t i o of PF^:PF2 i s approximately 3:1, P C l ^ being 
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11 

TABLE 3.1.2 

B n.m.r. data for some c h l o r o f l u o r o b o r o n ( l l l ) s p e c i e s 

(•'•̂B chemical s h i f t s i n p.p.m. refer e n c e d to (MeO)2B) 

Species Chemical 
S h i f t Ref. 

B C l ^ -27.1 126 

BCI2F -12.7 126 

BCIF2 -1.5 126 

BF3 +8.1 126 

B C l , " 4 +11.6 147 

BCI3F" +11.8 147 

BCI2F2" +13.8 147 

BCIF3- +16.6 147 

BF4" +19.9 147 

pr e s e n t i n higher c o n c e n t r a t i o n . A r e a c t i o n scheme accounting for the 

observed PF^:PF3 r a t i o can be p o s t u l a t e d as: 

PF3 + CI2 PF3CI2 

3PF3CI2 + 2PF3 -» 3PF^ + 2PCI3 

Again, i t i s d i f f i c u l t to w r i t e a balanced equation and the r o l e of the 

BF3 i n t h i s r e a c t i o n i s not c l e a r . 

The f a i l u r e to observe exchange products between p h o s p h o r u s ( I I I ) 

f l u o r i d e and p h o s p h o r u s ( I I I ) c h l o r i d e i n l i q u i d hydrogen c h l o r i d e at room 
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TABLE 3.1.3 
31 P n.m.r. data for some fluorophosphorus(V) compounds 

31 1 ( P chemical s h i f t s i n p.p.m. r e l a t i v e to 85% H^PO^. ^ i n Hz) 

Compound Solvent c 31„ 6 P 

PF3 HCl 

CCI3F 
+81 

+80 4 1 
+68 (133) 

953 + 1 

958 + 10 

930 (121,133) 

PF,C1 4 HCl 
neat l i q u i d 

isopentane (127) 

+50.7 1000 

996 (-15°) 
1000 

PF3CI2 HCl 

CCI3F 
neat l i q u i d (121) 
pet. ether (122) 

+31.9 
+31.9 

1070 
1069 

1048 (-15°) 
1050 (25°) 
1023,1085 (-130°) 

PF,Br 4 neat l i q u i d +72.6 (133) 1075 (-70°) 

PF3Br2 CCI3F 
CCl^F^ (124) 

+87 1142 
1140 
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19 temperature i s r e a l l y not s u r p r i s i n g . A re c e n t F n.m.r. study of 
halogen exchange on t r i v a l e n t phosphorus'''^^ i n d i c a t e s that exchange i n the 
gas phase between PF^ and PC l ^ i s slow. Detectable amounts of PF2CI were 
found a f t e r 24 hours a t 200°, and 24 hours a t 300° were necessary before 
both PF2CI and PFCI2 could be i d e n t i f i e d from a 1:1 mixture of PCI3 and 
PF3. Such extremes of temperature could not be achieved i n the quartz 
ampoules used i n the present study, and i n the short term exchange 
products w i l l not be observed. S i m i l a r k i n e t i c problems attend the 
ob s e r v a t i o n of the exchange between PF^ and PBr^ i n l i q u i d hydrogen 
c h l o r i d e , w i t h the added complication that PBr^ i t s e l f exchanges with the 
so l v e n t ( p . 7 5 ) . 

Experimental 

Behaviour of p h o s p h o r u s ( I I I ) f l u o r i d e i n l i q u i d hydrogen c h l o r i d e 

PF3 (0.5 mmole) was condensed i n t o an 8 mm. o.d. quartz ampoule at 

-196° followed by HCl (30 mmole) and the ampoule was then s e a l e d . T h i s 

q u a n t i t y of HCl was s u f f i c i e n t to give about 1 ml. of l i q u i d HCl a t 34.2°, 

the o p e r a t i n g temperature of the RIO. The ampoule was warmed to room 
31 

temperature and t e s t e d as alr e a d y described (p. 27). The P n.m.r. 

spectrum obtained from a s i n g l e scan showed 2 peaks of equal i n t e n s i t i e s 

and a s h o r t CAT run, 22 scans a f f o r d i n g a s i g n a l / n o i s e improvement of 

4-5, showed a 1:3:3:1 q u a r t e t . The chemical s h i f t was -104.3 + 0.2 p.p.m. 

and coupling constant 1433 Hz. Gutowsky e t al''"'''^ report 6 ̂ '''P at 

-97 p.p.m. but do not s t a t e the temperature a t which the determination 

was made, and Meriwether e t al'''^^ r e p ort the same value at -70°. The 
1 119 

magnitude of the coupling constant J p ̂  has been reported as 1405 Hz 
121 

and 1400 Hz. 
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Thus, i t may be assumed that PF3 i s s o l u b l e i n l i q u i d hydrogen 

c h l o r i d e a t room temperature without r e a c t i o n . 

R e a c t i o n between c h l o r i n e and p h o s p h o r u s ( i l l ) f l u o r i d e 

PF3 (2 mmole) was condensed i n t o an 8 mm o.d. quartz ampoule at -196° 

followed by HCl (30 mmole) and C l ^ (2.05 mmole). The ampoule was s e a l e d 

and t e s t e d i n the u s u a l way. The s o l u t i o n was c l e a r , but very s l i g h t l y 

green due to the s l i g h t excess of CI2. S i g n a l s due to PF3 were absent i n 
31 

the P n.m.r. spectrum of t h i s s o l u t i o n but a 1:3:3:1 quartet was e a s i l y 
31 

observed ( a CAT run of 41 scans) at higher f i e l d . The P chemical s h i f t 

of t h i s q u a r t e t was +31.5 p.p.m. and coupling constant '''J-, _ 1070 Hz. 
r - r 

T h i s was l a t e r shown to be c h a r a c t e r i s t i c of dichlorotrifluorophosphorus(V) 
31 

PF3CI2. A f t e r approximately 1 hour i n the probe, during which the P 

n.m.r. spectrum was recorded, i t became impossible to balance the bridge 

of the RIO. T h i s was due to the p r e c i p i t a t i o n of a white s o l i d , 

presimiably PCl^^PF^ . When p r e c i p i t a t i o n was complete i t was again 
31 

p o s s i b l e to balance the bridge and record the P n.m.r. spectrum of the 

s o l u t i o n . No s i g n a l could be detected and i t was assumed that the r a p i d 

conversion 
2PF„C1„ PC1,"^PF," 

had gone to completion. 

The r e a c t i o n was repeated u s i n g a molar r a t i o PF3:Cl2 of 2:1. 

PF3 (2 mmole) was condensed i n t o an 8 mm o.d. quartz, ampoule at 

-196° followed by HCl (27 mmole) and C l ^ (1 mmole). The tube was s e a l e d 

and t e s t e d i n the u s u a l way. A c l e a r c o l o u r l e s s s o l u t i o n was obtained. 
31 

A f t e r 12 hours a t room temperature the P n.m.r. spectrum of the s o l u t i o n 

was recorded. Two 1:3:3:1 qu a r t e t s of equal i n t e n s i t i e s were observed a f t e r 
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a CAT run of 22 scans. The quartet centred a t -106 p.p.m., ^J^ „ 1434 Hz 
P-F 

was a s s i g n e d to PF., and that at +27.1 p.p.m., ''"J., „ 1069 Hz, to 

PF3CI2. (Table 3.1.1). 
31 

A f t e r a f u r t h e r 72 hours the P n.m.r. spectrum of the s o l u t i o n was 

again recorded. The spectrimi was complex, c o n s i s t i n g of a s i n g l e t at 

-218.5 p.p.m., a 1:3:3:1 quartet a t -104 p.p.m., a 1:4:6:4:1 quintet at 

+50.7 p.p.m. and a 1:5:10:10:5:1 s e x t e t at +78.6 p.p.m. The '''J., _ 
r-F 

c o upling constants of these m u l t i p l e t s were; 1434 Hz for the quartet, 

1003 Hz f o r the q u i n t e t and 946 Hz f o r the s e x t e t . 

On the b a s i s of chemical s h i f t , P-F coupling constants and 

m u l t i p l i c i t y of s p l i t t i n g the resonances can be assigned to PCI3, PF^, 
31 

PF^Cl and PF^. S i g n a l s due to PF3CI2 were absent. P n.m.r. data for 

t h i s r e a c t i o n are given i n Table 3.1.1. 

31 

P r e p a r a t i o n and P n.m.r. s p e c t r a of dich l o r o t r i f l u o r o p h o s p h o r u s ( V ) 

and dibromotrifluorophosphorus(V) 

Th e compounds PF3CI2 and PF3Br2 were prepared i n an i n e r t s olvent i n 

31 

order t h a t t h e i r P n.m.r. spectrum could be recorded. 

PF3 (2 mmole) was condensed i n t o an 8 mm o.d. quartz ampoule at 

-196 , followed by freon 11 (1 ml.) and CI2 (2 mmole). The ampoule was 

s e a l e d and warmed to room temperature. A c l e a r c o l o u r l e s s s o l u t i o n was 

31 
obtained. The P n.m.r. spectrum of t h i s s o l u t i o n c o n s i s t e d of a 1:3:3:1 
q u a r t e t , chemical s h i f t +31.9 p.p.m. and P-F coupling constant 1069 Hz. 

1 19 L i t e r a t u r e v a l u e s of J„ „ i n PF„C1„ from F n.m.r. are; 1048 Hz for r- r J Z 
the neat l i q u i d a t - 1 5 ° , a n d 1050 Hz f o r a pet. ether s o l u t i o n a t 25°.'''^^ 

31 
A P n.m.r. chemical s h i f t of +27.8 + 0.5 p.p.m. for neat PF3CI2 has 

232 a l s o been reported. 
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PF3 (1.5 mmole) was condensed i n t o an 8 mm. o.d. quartz ampoule at 

-196°, followed by freon 11 (1 ml.) and Br^ (1.5 mmole). The tube was 

s e a l e d and warmed to room temperature. A c l e a r pale orange s o l u t i o n was 

obtained. The colour was p o s s i b l y due to a s l i g h t excess of bromine. 
31 

The P n.m.r. spectrima of t h i s s o l u t i o n c o n s i s t e d of a 1:3:3:1 quartet, 

chemical s h i f t +87 p.p.m. w i t h P-F coupling constant of 1142 Hz. A _ 
P—F 

19 
v a l u e of 1140 Hz from F n.m.r. has been reported for PF3Br2 i n 

Re a c t i o n between bromine and p h o s p h o r u s ( i l l ) f l u o r i d e 

PF3 (2 mmole) was condensed i n t o an 8 wrf., o.d. quartz ampoule at 

-196°, followed by HCl (27 mmole) and Br2 (0.180 g., 1.125 mmole). The 

ampoule was s e a l e d , warmed to room temperature and t e s t e d i n the usual 

way. The colour of bromine was completely discharged and the s o l u t i o n was 
31 

both c l e a r and c o l o u r l e s s . The P n.m.r. spectrum of t h i s s o l u t i o n 

c o n s i s t e d of two 1:3:3:1 q u a r t e t s , the c e n t r a l peaks of which could be 

seen on a s i n g l e scan. A short CAT run of 36 scans was s u f f i c i e n t to 

r e v e a l the complete m u l t i p l e t s . The quartet having s h i f t -104.5 p.p.m. 

and J p p 1434 Hz was due to PF3, the other, 6p + 30.5 p.p.m. and J^_^ 

1065 + 4 Hz, was assigned to PF3CI2. Thus PF3 i s o x i d i s e d by Br2 i n 

l i q u i d hydrogen c h l o r i d e to PF3Br2, which i s then sovolysed to PF3CI2. 

P F 3 + B r 2 - P F 3 B r 2 ^ ^ i ^ ^ i i ^ PF3CI2 

81 
T h i s confirms the low temperature observations of Salthouse. 

The r e a c t i o n between p h o s p h o r u s ( I I I ) f l u o r i d e and boron t r i c h l o r i d e 

PF3 (2.5 mmole) followed by HCl (30 mmole) and BCI3 (2.5 mmole) was 

condensed a t -196° i n t o an 8 mm. o.d. s i l i c a ampoule which was then 

s e a l e d and ftsterf i n the usual manner. A c l e a r c o l o u r l e s s s o l u t i o n was 
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31 11 
obtained a t room temperature. The P and B n.m.r. s p e c t r a of the 

s o l u t i o n were recorded w i t h i n 24 hours of the ampoule being s e a l e d , and 

again 72 hours l a t e r . 
31 

The P n.m.r. spectrum contained two s i g n a l s ; a s i n g l e t at -220.5 

p.p.m. and a 1:3:3:1 quartet a t -102.5 p.p.m. with coupling constant 

•'•J-^ of 1437 Hz. These s i g n a l s may be immediately assigned to PCI. 

and PF3 r e s p e c t i v e l y . The i n t e n s i t i e s of the s i g n a l s i n d i c a t e d a molar 

r a t i o of PCl3:PF3 of approximately 1:1.. 72 hours l a t e r the same spectrum 

was observed only the i n t e n s i t y r a t i o PCl3:PF3 had a l t e r e d to 2:1. 

The B n.m.r. spectrum recorded i n i t i a l l y contained four s i g n a l s ; 

a sharp s i n g l e t at -28.5 p.p.m., a 1:1 doublet a t -14.5 p.p.m. with 

BCI3, BFCI2, BF2CI and BF3 r e s p e c t i v e l y . ' J^^^ cpupling 

c o n s t a n t s for the s e r i e s BFCl^, BF^Cl and BF^ have been reported as 74, 

'''J.... , Q 74 Hz, a broader s i n g l e t a t -1.5 + 0.5 p.p.m., and a sharper 
^^B- F 

s i n g l e t a t +8.5 p.p.m. These s i g n a l s may be immediately assigned to 
125,126 1. 

L ^ , 2»̂ ^ ^"'^ ha v e b( 

19 128 

34 and 15 Hz r e s p e c t i v e l y , determined from F work. The s i g n a l 

i n t e n s i t i e s i n d i c a t e d a molar r a t i o BCl3:BFCl2:BF2Cl:BF3 of 15:6:5:4. 

A f t e r a f u r t h e r 72 hours the spectrum was again recorded and the same 

s i g n a l s were observed. The molar r a t i o BCl^:BFCI2:BF2CI:BF^ was 

appr o x i m a t e l y 15:6:4:6. 
R e a c t i o n of p h o s p h o r u s ( I I I ) f l u o r i d e with c h l o r i n e and boron 

t r i c h l o r i d e 

PF3 (0.5 mmole) was condensed i n t o an 8 mm. o.d. quartz ampoule at 

-196° followed by HCl (22 mmole), CI2 (0.25 mmole) and excess BCl^. The 

ampoule was s e a l e d and t e s t e d i n the us u a l manner. The s o l u t i o n was 
31 

c l e a r and c o l o u r l e s s at room temperature. The P n.m.r. spectrum showed 
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the complete absence of any f l u o r i n e containing phosphorus compound i n 

e i t h e r the +3 or +5 o x i d a t i o n s t a t e s , c o n s i s t i n g of a r e a d i l y observable 

s i n g l e t a t -84.5 p.p.m. T h i s resonance i s c h a r a c t e r i s t i c of the 

tetrachlorophosphonium ion P C l ^ . The chemical s h i f t of P C l ^ i n s o l u t i o n 

131 
i s dependent upon counterion and val u e s of -87 p.p.m. i n nitrobenzene 

132 

and a c e t o n i t r i l e and -80,3 p.p.m. i n l i q u i d hydrogen c h l o r i d e ( t h i s 

work) have been recorded. The ''"•''B n.m.r. spectrum c o n s i s t e d of a s i n g l e t 

a t +8.2 p.p.m. 

Rea c t i o n of p h o s p h o r u s ( I I I ) f l u o r i d e w i t h c h l o r i n e and boron 

t r i f l u o r i d e 

PF3 (2 mmole) was condensed i n t o an 8 mm. o.d. quartz ampoule at 

-196° followed by HCl (28 mmole), C l ^ (1 mmole) and an excess of BF3. The 

ampoule was s e a l e d and brought up to room temperature i n the usual manner. 

White/glassy c r y s t a l s under a c l e a r c o l o u r l e s s s o l u t i o n were present a t 

room temperature, but d i s s o l v e d a t 34.2°. The ̂ '''P n.m.r. spectrum of 

the c l e a r c o l o u r l e s s s o l u t i o n gave s i g n a l s at -218.5, -102 and +80 p.p.m. 

The s i n g l e t a t -218.5 p.p.m., the 1:3:3:1 quartet a t -102 p.p.m. having 

^Jp p 1410 Hz and the 1:5:10:10:5:1 w i t h ^J^_^ 956 Hz can be assigned to 

PCI3, PF3 and PF^ r e s p e c t i v e l y . The resonance due to PCI3 could be 

observed on a s i n g l e scan and there was r e l a t i v e l y more PF^ than PF3 

p r e s e n t . The ''''''B n.m.r. spectrum contained one resonance, a s i n g l e t at 
125 

+8.4 p.p.m. which was assigned to BF3. 

Attempted exchange r e a c t i o n s of p h o s p h o r u s ( I I I ) f l u o r i d e 

( a ) With p h o s p h o r u s ( I I I ) c h l o r i d e 

PF3 (2 mmole) was condensed into an 8 mm. o.d. quartz ampoule at 

-196°, followed by HCl (22 mmole) and P C l ^ (0.2 ml., 2.2 mmole). The 
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ampoule was brought up to room temperature and tested i n the usual manner. 
31 

The P n.m.r. spectrum contained a s i n g l e t at -219.2 p.p.m. and a 1:3:3:1 
1 119 qua r t e t at -103.7 p.p.m. J„ _, 1434 Hz, due t o PCI. and PF_ 

r e s p e c t i v e l y . Thus PF^ and PCl^ do not exchange i n l i q u i d hydrogen 

c h l o r i d e at room temperature on the time scale employed i n t h i s experiment. 

(b) With p h o s p h o r u s ( I I I ) bromide 

PBr^ (0.2 ml., 2.1 mmole) was syringed i n t o an 8 mm. o.d. quartz 

ampoule. HCl (22 mmole) was then condensed i n t o the ampoule at -196°, 

fol l o w e d by PF^ (2 mmole). The ampoule was brought up to room 
31 

temperature and tested i n the usual manner. The P n.m.r. spectrum 
consisted of a s i n g l e t at -227.5 p.p.m. and a 1:3:3:1 quartet at -103.5 

1 119 p.p.m. Jp p 1409 Hz, due to PBr^ and PF^ r e s p e c t i v e l y . Thus PF^ 

and PBr^ do not exchange i n l i q u i d hydrogen c h l o r i d e s o l u t i o n at room 

temperature on the time scale employed i n t h i s experiment. 

3.2 Phosphorus(III) c h l o r i d e 

Results and Discussion 

Phosphorus(III) c h l o r i d e was reacted w i t h the established o x i d i s i n g 

agents bromine and io d i n e i n l i q u i d hydrogen c h l o r i d e . Oxidation of the 

phosphorus from the +3 to the +5 o x i d a t i o n s t a t e by bromine producing 

t e t r a c o - o r d i n a t e phosphorus(V) cations of type PCI Br^ was only achieved 

i n the presence of the solvoacids boron t r i c h l o r i d e and boron t r i b r o m i d e . 

Phosphorus(III) c h l o r i d e was not oxidised by iodine even i n the presence 

of boron t r i c h l o r i d e . The exchange r e a c t i o n between phosphorus(III) 

c h l o r i d e and the solvent i n l i q u i d hydrogen bromide was observed to y i e l d 



Fig.3.2.1 

Reactions of phosphorus(III) c h l o r i d e 
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31 the species PCI Br„ .(0 ^ n ̂  2 ) . A l l reactions were followed by P n J-n 
n.m.r. spectroscopy, and where appropriate ''"•''B n.m.r. spectroscopy. The 

r e s u l t s of the experiments are shown i n Fig.3.2.1. 
31 

The P n.m.r. spectrum of phosphorus(III) c h l o r i d e i n l i q u i d hydrogen 

c h l o r i d e i n d i c a t e d t h a t the phosphorus(III) c h l o r i d e had dissolved 

w i t h o u t p r o t o n a t i o n or exchange t a k i n g place. The observed chemical s h i f t 

of -219 p.p.m. i s i n e x c e l l e n t agreement w i t h l i t e r a t u r e values of 
134h X 3 3 -219.4 p.p.m., -220 +1 p.p.m. and -219.5 p.p.m. ( t h i s work) f o r the 

neat l i q u i d . Phosphorus(III) c h l o r i d e , however, i s solvolysed i n l i q u i d 
31 

hydrogen bromide. The P n.m.r. spectrum of i t s s o l u t i o n i n l i q u i d 

hydrogen bromide contained 3 signals at -227.5, -227.2 and -224.1 p.p.m. 

No resonance at -219 p.p.m. was observed i n d i c a t i n g the absence of 

pho s p h o r u s ( I I I ) c h l o r i d e . The signals at -227.5, -227.2 and -224.1 p.p.m. 

ar e assigned to PBr^, PBr^Cl and PBrCl^ r e s p e c t i v e l y . • ' " • ^ ^ The 

s o l v o l y s i s may be represented by the equation 

n PCl^ + ni' HBr x PBrCl^ + y PBr^Cl + z PBr^ + m HCl 

31 

There i s general agreement i n the l i t e r a t u r e concerning the P chemical 

s h i f t of ph o s p h o r u s ( I I l ) bromide, several workers having reported values 

i n the region -228 + 1 p.p.m. '''̂^ The assignment of a ̂'''P 
136 

chemical s h i f t value to PBr2Cl i s not so w e l l established. Fluck et a l 
have reported values f o r the series PBr Cl„ (0 ̂  n ̂  3 ) , s t a t i n g t h a t 

n j - n 
the signals f o r PBr^ and PBr^Cl could not be completely resolved. Two 

31 
signals were present but were very close together. The P chemical 
s h i f t values f o r PBr2Cl and PBrCl2 however, were intermediate between 

137 
those f o r PBr^ and PCl^. Jones et a l have reported s h i f t s of -227 and 
-228 p.p.m. f o r PBr^ and PBr2Cl r e s p e c t i v e l y . I n an attempt to resolve 
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Fig.3.2.2 

"P n.m.r. s o l u t i o n spectrum 
Phosphorus(III) bromide and p h o s p h o r u s ( l l l ) c h l o r i d e i n a 1:1 molar r a t i o 

PBrO 2 

J . ± 
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31, 
Fig.3.2.3 

"P n.m.r. s o l u t i o n spectrum 
Phosphorus(III) c h l o r i d e i n l i q u i d hydrogen bromide 
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31 

t h i s inconsistency, the P n.m.r. spectrum of a mixture of PBr^ and PCl^ 

i n a 1:1 molar r a t i o was recorded. Three peaks were e a s i l y seen, and 

under con d i t i o n s of high scale expansion the downfield peak was observed 

to c o n s i s t of 2 s i g n a l s ; the major s i g n a l at -227.4 p.p.m. and a smaller 

s i g n a l appearing as a shoulder at -226.7 p.p.m. The complete spectrum 

thus contained 4 signals at -227.4, -226.7, -223.5 and -218.3 p.p.m. 

which i n agreement w i t h Fluck et a l were assigned to PBr^, PBr2Cl, 

PBrCl^ and PCl^ r e s p e c t i v e l y . The reported gradual increase i n the 

broadness of the s i g n a l on going along the series from PBr^ to PCl^ owing 

to the nuclear quadrupole moment of c h l o r i n e being greater than t h a t of 

bromine was also observed (see Fig.3.2.2.). The actual exchange reactions 

of p h o s p h o r u s ( I I I ) halides producing mixed halides are of course w e l l 
^ , , . ̂  \ 136,139-45 es t a b l i s h e d . 

The o x i d a t i o n of phosp h o r u s ( I I I ) c h l o r i d e by bromine i n l i q u i d hydrogen 

c h l o r i d e a t -95° was observed by Salthouse^''' who followed the r e a c t i o n 

c o n d u c t i o m e t r i c a l l y and i s o l a t e d the low temperature o x i d a t i o n product 

PCl^Br"*" as the s a l t PCl^Br'^BCl^" at room temperature.^"^ The colour of 

bromine i n a mixture of PCl^ and Br2 i n a 1:1 molar r a t i o i n l i q u i d 
31 

hydrogen c h l o r i d e was not discharged at room temperature, and the P 

n.m.r. spectrum of the s o l u t i o n contained a s i n g l e resonance at -218,6 

p.p.m. i n d i c a t i n g the presence of PCl^- I t i s i n t e r e s t i n g to record, 

however, t h a t on coo l i n g the ampoule to -84° the coloun of the bromine was 

discharged and a clear colourless s o l u t i o n was formed. The s o l u t i o n 

remained colourless up t o about -35°. This observation i s i n complete 

agreement w i t h the e a r l i e r work.^''' A probable explanation i s t h a t at -95° 

and up to -35° the PCl^Br^ c a t i o n i s s t a b i l i s e d by solvated h a l i d e i o n . 
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whereas at higher temperatures and c e r t a i n l y a t 34.2° the anions present 

are not large enough to s t a b i l i s e t h i s c a t i o n . The PCl^Br^ would then 

decompose, the phosphorus r e v e r t i n g to the +3 o x i d a t i o n s t a t e i n PCl^. 

U n f o r t u n a t e l y , because a v a r i a b l e temperature probe was not a v a i l a b l e i t 
31 

was not possible to f o l l o w t h i s process using P n.m.r. spectroscopy. 
The r e a c t i o n was repeated t a k i n g PCl^iBr^ i n a 1:2 molar r a t i o and 

adding the Lewis ac i d BCl^. The colour due to bromine was not discharged 

at room temperature, but as bromine was present i n excess of the 

s t o i c h i o m e t r i c r a t i o f o r 1:1 r e a c t i o n i n i t i a l l y t h i s was not s u r p r i s i n g . 
31 

Some-orange-yellow s o l i d had formed. The P n.m.r. spectrum of the 

s o l u t i o n contained 5 signals and i s shown i n Fig.3.2.4. The average 

chemical s h i f t s from several determinations are -87.3, -50.1, -9.7, 

+34 6 and +81.0 p.p.m., and the signals may be immediately assigned to 

the ions PCl^^, PCl^Br"*", PCl2Br2"'", PClBr^"^ and PBr^"^ r e s p e c t i v e l y . 

Comparison w i t h the s o l i d s t a t e data i n d i c a t e s t h a t the values f o r PCl^^, 

PCl^Br^ and PBr^^ are w i t h i n the p r e v i o u s l y known r a n g e s . T h o s e f o r 

PCl2Br2^ and PBr^Cl"^ d i f f e r s l i g h t l y , the reported ranges being -8,1 to-
131 

-3.5 p.p.m. and +29 to +30 p.p.m. r e s p e c t i v e l y . These differences are 

ha r d l y s u r p r i s i n g as so few mixtures con t a i n i n g these ions have been 

examined, and the s h i f t of such ions i s dependent upon counterion.'''^''"''''^^ 

Also, a small change i n chemical s h i f t i s to be expected owing to the 

d i f f e r e n c e i n diamagnetic s u s c e p t i b i l i t y between a s o l i d s t a t e and 

s o l u t i o n sample. The ''"'''B n.m.r. spectrum consisted o f a resonance at +3.0 

p.p.m. which i s shown l a t e r i n t h i s work to be c h a r a c t e r i s t i c of a 

system con t a i n i n g fast-exchange BCl^ and BCl^ . (p^^oo) However, a 

c o n t r i b u t i o n from the species BCl^Br , ̂ '''B chemical s h i f t , +15.4 p.p.m.,^^^ 

also r a p i d l y exchanging cannot be e n t i r e l y r u l e d out. 



Fig.3.2.4 

31 

P n.m.r. s o l u t i o n spectrum 

PClj + Br„ + BClj i n l i q u i d hydrogen c h l o r i d e 

Fig.3.2.5 
31 

P n.m.r. s o l i d s t a t e spectrum 

PClj + Br^ 4̂  BBr^ i n l i q u i d hydrogen c h l o r i d e 
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The r e a c t i o n may be understood i n terms of o x i d a t i o n of the phosphorus 

from the +3 o x i d a t i o n s t a t e i n PCl^ to the +5, o x i d a t i o n s t a t e i n PCl^Br"*", 

fo l l o w e d by exchange to produce the other members of the ser i e s . The 

cations are of course s t a b i l i s e d at room temperature by the BCl^ ions 

present. 

PCl^ + Br2 + BCl^ PCl^Br^ + BCl^Br" 

HCl Solvolysis 

BCl, + HBr 4 

Exchange reactions of type 

PCl^Br^ + Br2 -» PCl2Br2"'" + BrCl 

would produce the higher brominated species, and a second type 

PCl.̂ Br"'" + BrCl -» PCI,''" + Br_ 3 4 2 

PCl^Br"^ + HCl PCl^"'' + HBr 

could be postulated to ex p l a i n formation of the PCl^^ i o n . PCl^Br^ was 

the major c a t i o n component of the mixture (see Fig.3.2.4.) 

The r e a c t i o n was repeated using the same r a t i o of PCl2:Br2 but using 
31 

BBr^ as the solvoacid. No P n.m.r. s o l u t i o n signals were obtained from 

the system, which contained a large amount of yellow s o l i d - m a t e r i a l under 

a deep red s o l u t i o n . Three s o l i d s t a t e signals were observed, however, 

at -5, +30 and +64 p.p.m., which may be immediately assigned to the 

phosphorus (V) cations PCl2Br2^, PClBr^"^ and PBr̂ ''" r e s p e c t i v e l y . PClBr^"^ 

formed the major c a t i o n component of the mixture. These s o l i d s t a t e 
131 

values were i n e x c e l l e n t agreement w i t h published data. 



Fig.3.2.6 

n.m.r. s o l u t i o n / s o l i d s t a t e spectrum 

PClj + Br^ + BBr^ i n l i q u i d hydrogen c h l o r i d e 

Fig.3.2.7 

'*"'*"B n.m.r. s o l u t i o n / s o l i d s t a t e spectrum 

PCl^ + Br^ + BBr^ i n l i q u i d hydrogen bromide 
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The '''•''B n.m.r. spectrum contained two si g n a l s , a sharp s o l u t i o n peak at 

-28.0 p.p.m. and a broad s o l i d s t a t e peak at +11.0 p.p.m. which may be 

assigned to BCl^ and BCl^ r e s p e c t i v e l y . ' ' " ' ^ ' ^ The appearance of both 

BCl^ and BCl^ i s r e a d i l y explained. Later i n t h i s work the •''•''B n.m.r. 

spectrum of a s o l u t i o n of boron t r i b r o m i d e i n l i q u i d hydrogen c h l o r i d e was 

recorded, and was observed to consist of a s i n g l e resonance at -29.0 p.p.m. 

which i s the •'"•''B s h i f t f o r BCl^.'''^^ ^̂ ^̂ 3 thus completely solvolysed 

i n l i q u i d hydrogen c h l o r i d e , and i s indeed a "solvoacid" as i t i s 

solvolysed to the established solvoacid BCl^. The system ?Cl^/2Bv^/Mv^ 

i n l i q u i d hydrogen c h l o r i d e i s thus equivalent to the previous system 

PCl2/2Br2/BCl2 i n the solvent w i t h the a d d i t i o n of 3 mole equivalents 

of HBr. The absence of the species PCl^"*^ and PCl^Br"*" i s consistent w i t h 

t h i s explanation. 

BBr^ + 3HC1 -* BCl^ + 3HBr 

PCl^ + Br^ + BCl^ PCl^Br"*" BCl^Br" 

HCl 

PCl2Br2 + BrCl BCl^" + HBr 

BrCl + HBr HCl + Br^ 

+ + The po s t u l a t e d mechanism leads to the formation of PCl2Br2^, PClBr^ 

and PBr^^ and, by removal of BrCl, avoids formation of PCl^^. '̂''P and 

•'••''B n.m.r. spectra are shown i n Figs. 3.2.5 and 3.2.6 r e s p e c t i v e l y . 

To avoid s o l v o l y s i s of the BBr^ the r e a c t i o n was repeated using 

l i q u i d hydrogen bromide as solvent. The mole r a t i o PCl^: Br^:Mr^ was 
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31 

1:2:1. No P n.m.r. s o l u t i o n signals were observed, but a broad s o l i d 

s t a t e peak at +66.5 p.p.m., a t t r i b u t a b l e to PBr̂ "*", was recorded. The ̂ B̂ 

n.m.r. spectrum o f t h i s system, shown i n Fig.3.2.7., contained 2 sign a l s , 

one sharp peak at -29.0 p.p.m. which may be immediately assigned to BCl^ 

and a broad s o l i d s t a t e resonance at +19.0 p.p.m. This s i g n a l i s almost 
147 

c e r t a i n l y due to a bromochloroborate anion. Hartman et a l have 
11 19 

r e c e n t l y reported B and F n.m.r. data f o r the mixed haloborate anions 

i n methylenehalide solvents, quoting ''"''"B s h i f t s of +15.4 and +22.1 p.p.m. 

f o r the species BCl^Br" and BCl2Br2~ r e s p e c t i v e l y . Thus, the broad 

resonance at +19.0 p.p.m. may be assigned to e i t h e r or both o f these 

anions. 

The choice of l i q u i d hydrogen bromide as solvent, to avoid s o l v o l y s i s 

of the BBr^, makes t h i s r e a c t i o n mixture a very complex one indeed. I t 

has already been shown i n t h i s work t h a t PCl^ i s solvolysed i n the• 

s o l v e n t to PBr^j PBr2Cl and PBrCl2, thus the r e a c t i o n may be thought of 

as the o x i d a t i o n of these 3 phosphorus(III) species by Br2 i n the presence 

of BBr^j and some HCl from s o l v o l y s i s of the PCl^ i n l i q u i d hydrogen 

bromide. BBr^ i s solvolysed to BCl^ i n l i q u i d hydrogen c h l o r i d e , and 

mixed b r o m o c h l o r o b o r o n ( l l l ) compounds may w e l l be formed from BBr^ and 

HCl i n l i q u i d hydrogen bromide s o l u t i o n . The formation of PBr̂ "*" ions i n 

the r e a c t i o n mixture PCl^ + 2Br2 + BBr^ i n l i q u i d hydrogen bromide i s 

ha r d l y s u r p r i s i n g , and the formation of mixed bromochloroborate anions 

may be understood. The presence of both BCl^ and bromochloroborate 

anions i n the r e a c t i o n products, together w i t h the absence of any 

p h o s p h o r u s ( i l l ) species, r e q u i r e the presence of solvated h a l i d e ions or 

p o l y h a l i d e anions to balance the phosphorus(V) cations. 
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150 

The r e a c t i o n between phosphorus(III) c h l o r i d e and bromine i s the 

subject of somewhat confusing r e p o r t i n g i n the l i t e r a t u r e . According to 

f a i r l y e a r l y work bromine reacts w i t h phosphorus(III) c h l o r i d e t o give 
148 149 

PCl^Br^. ' The r e a c t i o n proved, however, to be rather problematical 

When ph o s p h o r u s ( I I I ) c h l o r i d e and bromine r e a c t , compounds are r e a d i l y 

formed which contain more than 5 halogen atoms per atom of phosphorus; 
e.g. PCl.Br^,^^^ PCl„Br (n = 4 to 10)^^° and PCl.BrBr(Br^) (n = 1 to 8).-'-^^ II J n 3 2 n 

153 

Other workers have prepared the compounds PCl^Br^ (n = 4, 8 and 10) and 

have formulated the compounds as polybromides of s t r u c t u r e [PCl^Br"^ 

[ B r ( B r 2 ) ^ ] . Compounds w i t h nonstoichiometric compositions have also 

been reported. Among these i s PCl^Br^ 1 5 7 ̂ '̂ ^̂ '̂  continuously loses 
Br. i n vacuum and i s converted to PCI, -Br,, , . When the l a t t e r i s 
sublimed i n vacuo at 50°, PCl^ 67̂ '̂ 0 33 "̂^ produced.'''^^ This i s a 

substance whose u n i t c e l l , i t i s suggested, should contain 8PC1^*, 

4PC1^ and 4Br ions.''"^^ The compound PCl^Br i s also mentioned i n the 

literature.•'•^^'•'•^^ Reaction of PCl^ and Br^ i n AsCl^ s o l u t i o n y i e l d s a 

s o l i d compound cont a i n i n g 5 atoms of halogen per atom of phosphorus, and 

has been formulated i n s o l u t i o n as PCI, """PCl-Br .''"̂^ Raman and "̂''"P n.m.r 
4 5 

spectroscopic and ESCA studies on the s o l i d , however, do not confirm t h i s 

f o r m u l a t i o n . The s o l i d P2ClgBr c e r t a i n l y contains PCl̂ "*" ions, and also 

PCl„Br^ and PCI," ions, and the presence of two types of Br i n the 3 D 
s t r u c t u r e i s i n d i c a t e d by the ESCA work. I n theory,the formula P2ClgBr 

could be achieved by any combination of the systems (3PC1^^ + 2Br + 

PCI ") + (PCl„Br+PCl,") 0 m J o n 
The r e a c t i o n between phosphorus(III) c h l o r i d e and bromine was c a r r i e d 

out i n t h i s study i n the absence of a solvent. A dark red s o l i d was 
31 

produced i n a d d i t i o n to a dark red l i q u i d . The P n.m.r. spectrum of the 
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l i q u i d contained signals at -222.9 p.p.m. and -218.1 p.p.m. which may be 

assigned to PBrCl2^^^ and PCl^''^^^ r e s p e c t i v e l y . A ruby red c r y s t a l l i n e 

s o l i d sublimed up the ampoule during the peri o d i n which i t was in s i d e 

the n.m.r. spectrometer and a preparative scale experiment was c a r r i e d 

out i n order to o b t a i n a la r g e r sample of t h i s m a t e r i a l . The red s o l i d 

i s shown i n Plate 3.2.1. 

The i n f r a r e d spectrum o f the s o l i d contained absorption a t 1309, 

640 and 582 cm ^ which are c h a r a c t e r i s t i c of the PCl^^ i o n . ^ ^ ^ Two 

other absorptions a t 496 and 451 cm ''' are probably P-Br s t r e t c h i n g modes. 

The Raman spectrum contained fene^liencies at 661, 450 and 230 cm"''' which 

are c h a r a c t e r i s t i c of PCl^^,'''^^ an absorption at 372 cm ''" probably 

assignable to PCl^Br^ and a very strong band at 263 cm ^ which i s almost 

c e r t a i n l y due t o a polybromide anion.'''^^ The "̂'''P n.m.r. spectrum of the 

s o l i d contained resonances at -72.5 and -25 p.p.m. which may be assigned 

to PCl^^ and PCl^Br''^ r e s p e c t i v e l y . These s h i f t values are outside the 
131 

published ranges f o r the cations, but i t i s known th a t considerable 
146 

v a r i a t i o n s can occur depending on counterion. A comparison of peak 

areas i n the ̂'''P n.m.r. spectrum i n d i c a t e s t h a t the cations PCl^"^ and 

PCl^Br^ are present i n roughly 4:1 molar r a t i o . A formu l a t i o n of 

4PCl^^.PCl2Br^.5Br^ would be i n agreement w i t h t h i s , and i n f a i r accord 

w i t h a n a l y t i c a l data (see p. 7 3 ) . However, the Raman spectrum of the 

m a t e r i a l i s i d e n t i c a l w i t h t h a t of the PCl„Br, of Gates et al,'''^^ and i t 
J D 

i s s t i l l not clear whether t h i s substance i s a s t o i c h i o m e t r i c compound 
31 

or a nonstoichiometric mixture. P n.m.r. and Raman spectra of the 

s o l i d are shown i n Figs. 3.2.8 and 3.2.9. 

The o x i d a t i o n of phosphorus(III) c h l o r i d e by bromine under a v a r i e t y 

of conditions to produce phosphorus(V) cations was not p a r a l l e l e d by 
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i o d i n e . A 1:1 molar r a t i o of P C l 2 : l 2 i n l i q u i d hydrogen c h l o r i d e gave a 
31 

peak i n the P n.m.r. spectrum a t -219.5 p.p.m. which may be immediately 
119 

as s i g n e d to PCl^. I n t h i s r e s p e c t , no apparent r e a c t i o n , the 

behaviour of the two o x i d i s i n g agents i s s i m i l a r . Iodine f a i l e d to 

o x i d i s e the phosphorus even i n the presence of the s o l v o a c i d BCl^, again 
31 

the s o l e resonance i n the P n.m.r. spectrum was that due to PCl^. 

F i n a l l y P C l ^ and 1^ were mixed i n a 1:1 molar r a t i o i n the absence of a 

so l v e n t , and although the iodi n e appeared to be p a r t i a l l y d i s s o l v e d , the 
31 

s o l e s i g n a l i n the P n.m.r. spectrum was tha t due to PCl ^ . The f a i l u r e 
of i o d i n e to o x i d i s e p h o s p h o r u s ( I I I ) c h l o r i d e i s not too s u r p r i s i n g as 
i t i s a comparatively weak o x i d i s i n g agent. 

31 The P n.m.r, spectrum of a mixture of P C l ^ and P C l ^ i n a 1:1 molar 

r a t i o i n l i q u i d hydrogen c h l o r i d e was recorded to determine whether any 

exchange was takin g p l a c e between the s p e c i e s P C l ^ and P C l ^ ^ i n the 

s o l v e n t . Two s i g n a l s a t -220 and -79.5 p.p.m. were observed and may be 

immediately assigned to P C l ^ and P C l ^ ^ r e s p e c t i v e l y . The values of 

these s h i f t s are w i t h i n 1 p.p.m. of those observed for each of the 

s p e c i e s alone i n the s o l v e n t , and are i n e x c e l l e n t agreement w i t h 
119 131 

l i t e r a t u r e Xfalues. ' Both s i g n a l s were sharp and i t may be assumed 

t h a t the two s p e c i e s do not exchange i n l i q u i d hydrogen c h l o r i d e a t room 

temperature. 

Experimental 
r, 

. Behaviour of p h o s p h o r u s ( I I I ) c h l o r i d e i n l i q u i d hydrogen c h l o r i d e 

P C l ^ (0.5 ml., 5.5 mmo l e ) was condensed i n t o an 8 mm. o.d. quartz 

ampoule a t -196°, followed by HCl (30 mmole). The ampoule was s e a l e d and 

t e s t e d i n the us u a l manner. A c l e a r , c o l o u r l e s s s o l u t i o n was obtained at 
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31 room temperature. The P n.m.r. spectrum of t h i s s o l u t i o n c o n s i s t e d of 
a s i n g l e resonance a t -219 p.p.m. The reported values for the neat l i q u i d 
are -219.4 p.p.m., -220 + 1 p.p.m. and a value of -219.5 p.p.mi; 
was recorded i n t h i s work. I t may thus be assumed that P C l ^ i s s o l u b l e 
i n l i q u i d hydrogen c h l o r i d e without r e a c t i o n . 

Behaviour of p h o s p h o r u s ( I I I ) c h l o r i d e i n l i q u i d hydrogen bromide 

P C l ^ (0.5 ml., 5.5 mmole) was condensed i n t o an 8 mm. o.d, quartz 

ampoule a t -196° followed by HBr (30 mmole). The ampoule was s e a l e d and 
31 

t e s t e d i n the u s u a l manner. The P n.m.r. spectrum of the c l e a r , 

c o l o u r l e s s s o l u t i o n c o n s i s t e d of 3 resonances a t -227.5, -227.2 and 

-224.1 p.p.m. These may be assigned to pg^^^^19,134,135,136 ^BT^CI^^^ 

136 

and PBrCl2 r e s p e c t i v e l y . A s i g n a l due to P C l ^ was absent. P C l ^ i s 

thus t o t a l l y s o l v o l y s e d i n l i q u i d hydrogen bromide. 
P C l ^ ^^'^•"^^> PCl^Br, PClBr^, PBr^ 

R e a c t i o n between p h o s p h o r u s ( I I I ) c h l o r i d e and bromine 

P C l ^ (0.1 ml., 1.1 mmole) was condensed i n t o an 8 mm. o.d. quartz 

ampoule a t -196° followed by HCl (30 mmole) and Br^ (0.215 g., 1.34 mmole). 

The ampoule was s e a l e d and t e s t e d i n the us u a l manner. At room 

temperature the ampoule contained two Br^-coloured l a y e r s , the lower 
31 

being more i n t e n s e l y coloured than the upper. The P n.m.r. spectrum of 

t h i s s o l u t i o n showed the s o l e presence of P C l ^ at -218.6 + 0.4 p.p.m. 

On c o o l i n g to -84° the colour due to the bromine was discharged. The 

s o l u t i o n remained c l e a r and c o l o u r l e s s up to about -35°. 

Re a c t i o n between p h o s p h o r u s ( I I I ) c h l o r i d e , bromine and boron 

t r i c h l o r i d e 

P C l ^ (0.1 ml., 1.1 mmole) was condensed i n t o an 8 mm. o.d. quartz 

ampoule, followed by HCl (30 mmole), Br^ (0.320 g., 2 mmole) and an excess 
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of B C l ^ . The ampoule was s e a l e d and t e s t e d i n the usual manner. At room 

temperature the ampoule contained orange-yellow needles under a dark 
31 

bromine coloured s o l u t i o n . The P n.m.r. spectrum of the s o l u t i o n i s 

shown i n Fig.3.2.4. Four strong s i g n a l s are c l e a r l y v i s i b l e , and the . 

weak s i g n a l at higher f i e l d s was shown to be reproducible i n a nimiber of 

independent scans. Chemical s h i f t s of the f i v e peaks are -87.3, -50.1, 

-9.7, +34.6 and 81.0 p.p.m. A l l s h i f t s are s u b j e c t to an e r r o r of + 2 

p.p.m. The peaks may be immediately assigned to the phosphorus(V) 

c a t i o n s PCl^"*", PCl^Br"^, PCl2Br2^, P C l B r ^ ^ and PBr^"*". Values are i n good 

agreement with s o l i d s t a t e data.'''^''' The •'•'''B n.m.r. spectrum gave a s i n g l e 

peak a t +3.0 p.p.m. T h i s i s shown, l a t e r i n t h i s work, to be an exchange 

averaged s i g n a l between BCl^ and B C l ^ . 

The r e a c t i o n between p h o s p h o r u s ( I I I ) c h l o r i d e , bromine and boron 

tr i b r o m i d e 

P C l ^ (0.2 ml., 2.2 mmole) was condensed i n t o an 8 mm. o.d. quartz 

ampoule a t -196°, followed by HCl (30 mmole), Br2 (0.720 g., 4.5 mmole) 

and BBr^ (0.666 g., 2.6 mmole). The ampoule was s e a l e d and t e s t e d i n the 

u s u a l manner and was observed to contain much yellow s o l i d and a bromine 
31 

coloured s o l u t i o n a t room temperature. The P n.m.r. spectrum contained 

t h r e e s o l i d s t a t e peaks a t -5, +30 and +64 p.p.m. These peaks may be 

as s i g n e d to the phosphorus (V) c a t i o n s PCl2Br2^, PClBr^"*" and PBr^"*" 

r e s p e c t i v e l y . These v a l u e s a r e i n e x c e l l e n t agreement with published 

131 + 

s o l i d s t a t e data. I PClBr^ was the major component of the mixture. 

The •'••''B n.m.r. spectrum contained 2 s i g n a l s ; a sharp s o l u t i o n peak at 

-28.0 p.p.m. and a broad s o l i d peak at +11.0 p.p.m. These s i g n a l s are 

c h a r a c t e r i s t i c o f BCl^'''^^ and BCl^".'''^^ The presence of B C l ^ i s due to 

s o l v o l y s i s of the excess BBr^ as i s shown l a t e r i n t h i s work (p.l9S). 
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The r e a c t i o n was repeated u s i n g the same r e a c t a n t s , but i n l i q u i d 

hydrogen bromide. P C l ^ (0.2 ml., 2.2 mmole) was condensed in t o an 8 mm. 

o.d. quartz ampoule at -196°, followed by HCl (30 mmole), Br2 (0.94 g., 

5.8 mmole) and BBr^ (0.490 g., 1.96 mmole). The ampoule was s e a l e d and 

t e s t e d i n the normal manner and contained yellow s o l i d and a bromine-
31 

coloured s o l u t i o n a t room temperature. The P n.m.r. spectrum contained 

one s o l i d s t a t e resonance a t +66.5 p.p.m., which may be assigned to 

PBr^"*". The •''•''B n.m.r. spectrum again contained 2 s i g n a l s ; a sharp 

resonance a t -29.0 p.p.m. and a broad resonance at +19.0 p.p.m. The 

resonance a t -29.0 p.p.m. may be assigned to BCl^. The s o l i d s t a t e 
147 

resonance i s c e r t a i n l y due to a mixed bromochloroborate. Hartman 

r e p o r t s s o l u t i o n v a l u e s of +15.4 and +22.1 p.p.m. for BCl^Br and 

BCl^Br^ r e s p e c t i v e l y . Thus, the broad resonance may be a t t r i b u t e d to 

e i t h e r or both of these anions. 

The r e a c t i o n between p h o s p h o r u s ( I I I ) c h l o r i d e and bromine i n the 

absence of a s o l v e n t 

P C l ^ (1 ml., 11 mmole) was condensed i n t o an 8 mm. o.d. pyrex 

ampoule a t -196°, followed by an excess of bromine.- The ampoule was 

s e a l e d and allowed to warm to room temperature. A small quantity of dark 

red s o l u t i o n l a y i n the base of the ampoule and a dark red c r y s t a l l i n e 
m a t r i x f i l l e d about of i t s volume. The ̂'''P n.m.r. spectrum of the 
s o l u t i o n contained a weak s i g n a l at -222.9 p.p.m. and a strong s i g n a l at 

136 

-218.1 p.p.m. These peaks may be assigned to PBrCl^ and PCl ^ . Wh i l s t 

i n s i d e the RIO, a ruby red c r y s t a l l i n e s o l i d sublimed out of the dark 

r e d s o l i d i n the middle of the ampoule. A l a r g e s c a l e p r e p a r a t i o n was 

performed to o b t a i n a l a r g e r sample of t h i s m a t e r i a l . The ruby red 
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c r y s t a l l i n e s o l i d i s shown i n P l a t e 3.2.1. 

P C l ^ (2 ml., 22 imnole) was syringed i n t o an 16 mm. o.d. pyrex ampoule 

18 cm. i n length. Br2 (1.20 ml., 22 mole) was condensed in t o the 

ampoule at -196°. The ampoule was s e a l e d and allowed to reach room 

temperature. A mixture of red and yellow s o l i d s occupied the lower p a r t 

of the ampoule, very l i t t l e l i q u i d remaining. The lower p a r t of.the 

ampoule was placed i n an o i l bath at 30-34° for 14 days to allow slow 

s u b l i m a t i o n of the ruby red c r y s t a l l i n e s o l i d to take p l a c e . A very small 

q u a n t i t y of yellow c r y s t a l s a l s o sublimed up the tube, but"they were not 

i n v e s t i g a t e d . The ampoule was taken i n t o the dry box, where i t was 

cracked open and the ruby red c r y s t a l l i n e s o l i d removed for i n v e s t i g a t i o n . 

The i n f r a r e d spectrum of the s o l i d showed absorptions at 1309w, 640s, 

582s, 496s and 451s cm"''". The absorptions at 1309w, 640s and 582s cm"''" 

are due to PCl^"*". ̂ ^̂ '̂ ^ The other 2 absorptions are probably P-Br 

s t r e t c h i n g modes. The Raman spectrum of the s o l i d showed absorptions at 

661vw, 644vw, 524vw, 450w, 371w, 332vw, 263vs, 230m, 202vw, 183vw, 160vw, 

103m, 70w, 57vw, 43vw and 24w cm ^. The absorptions at 661, 450 and 

230 cm"''" are c h a r a c t e r i s t i c of PCl^^,''"^^ and the absorption at 371 cm 

i s probably due to PCl^Br^.''"^^ The very strong band at 263 cm ''" i s 

almost c e r t a i n l y due to a polybromide anion.''"^^ The '̂'"P s o l i d s t a t e 

spectrum contains s i g n a l s a t -72.5 p.p.m. and -25 p.p.m. These s h i f t s 

L,^ and PC1„I 4 3 are high f o r PCI."*" and PCl^Br"*" respectively,''"^^ but do confirm the 

in f r a r e d and Raman f i n d i n g s . A comparison of i n t e n s i t i e s i n d i c a t e s that 

P C l ^ ^ and P C l ^ B r ^ a re present i n approximately a 4:1 r a t i o . The compound 

l o s e s bromine r a p i d l y on exposure to a i r , but i s s t a b l e at room 

temperature i f s t o r e d i n an ampoule. Analyses of mixtures are not always 

meaningful, but the a v a i l a b l e data i s presented. 
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Found: P,4.85%; Br,72.12%; Cl,19.957o. 4PCl^^.PCl2Br^.5Br^' r e q u i r e s : 

P,5.37.; Br,71.5%; 01,23.2%; PCl^Br^ r e q u i r e s : P,5.02; Br,77.7; CI,17.2. 

The r e a c t i o n between p h o s p h o r u s ( I I I ) c h l o r i d e and iodi n e 

1^ (0.305 g., 1.2 mmole) was placed i n s i d e an 8 mm. o.d. quartz 

ampoule. HCl (30 mmole) was condensed i n t o the ampoule, on top of the 

I ^ a t -196°, followed by P C l ^ (0.1 ml., 1.1 mmole). The ampoule was 

s e a l e d and t e s t e d i n the us u a l manner. At room temperature a deep purple 

31 
s o l u t i o n was obtained. The P n.m.r. spectrimi c o n s i s t e d of a s i n g l e peak 

a t -218 p.p.m., i n d i c a t i n g the s o l e presence of PCl ^ . 

The r e a c t i o n was repeated with the a d d i t i o n of boron t r i c h l o r i d e . 

I ^ (0.280 g., 1.1 mmole) was placed i n s i d e an 8 mm. o.d. quartz ampoule. 

HCl (25 mmole) was condensed i n t o the ampoule at -196°, followed by PC l ^ 

(0.1 ml., 1.1 mmole) and an excess of BCl^. The ampoule was s e a l e d and 

t e s t e d i n the normal manner, and at room temperature contained a c l e a r 
31 

v i o l e t s o l u t i o n over a l i t t l e u n d i s s o l v e d i o d i n e . The P n.m.r. spectrum 

of the s o l u t i o n contained a s i n g l e resonance a t -219 p.p.m., i n d i c a t i n g 
the s o l e presence of PCl^- The ̂ ^B n.m.r. spectrum a l s o c o n s i s t e d of a 

s i n g l e peak, a t t r i b u t a b l e to BCl^, a t -29.0 p.p.m. 

A f t e r the f a i l u r e to„observe any o x i d i s e d or exchange s p e c i e s i n the 

previous two experiments, the f i r s t experiment was repeated i n the absence 

of a s o l v e n t . 

I ^ (2.75 g., 11 mmole) was placed i n s i d e an 8 mm. o.d. pyrex ampoule. 

P C l ^ (1 ml., 11 mmole) was added by syringe and the ampoule s e a l e d . A 

l e a r deep purple s o l u t i o n over much undissolved iodine was obtained. 

31 

The P n.m.r. spectrum of the s o l u t i o n contained one peak a t -219.5 p.p.m, 

which may be assigned immediately to P C l ^ . 
I t appears that i o d i n e w i l l not o x i d i s e p h o s p h o r u s ( I I I ) c h l o r i d e . 

c 
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The r e a c t i o n between p h o s p h o r u s ( i l l ) c h l o r i d e and p h o s p h o r u s ( I I I ) 

bromide 

The exchange r e a c t i o n s of p h o s p h o r u s ( I I I ) h a l i d e s are w e l l 

e s t a b l i s h e d . •'"̂^ However, there i s some confusion i n the l i t e r a t u r e 
31 

regarding the P chemical s h i f t s of the s e r i e s PBr Cl„ (0 ̂  n ^ 3 ) . 
n j - n 

137 
Jones even quotes a v a l u e for PBr2Cl downfield from PBr^. Accordingly, 

31 

the P n.m.r. spectrum of a mixture of P C l ^ and PBr^ i n a 1:1 molar r a t i o 

was recorded. 

P C l ^ (1 ml., 11 mmole) was syringed i n t o an 8 mm. o.d. pyrex ampoule 

followed by PBr^ (1 ml., 10.5 mmole). The ampoule was s e a l e d on. the 

31 

vacuum l i n e . The P n.m.r. spectrum showed 3 c l e a r peaks on a s i n g l e 

scan a t -227.4, -223.5 and -218.3 p.p.m. Assoc i a t e d with the peak at 

-227.4 p.p.m. was a shoulder a t -226.7 p.p.m. The resonances at -227.4, 

-226.7, -223.5 and -218.3 p.p.m. may be s a f e l y assigned to PBr^, PBr2Cl, 

PBrCl2 and P C l ^ r e s p e c t i v e l y . The peaks broadened along the s e r i e s 

PBr^ to P C l ^ i n agreement with the observations of Fluck e t al.'''"^^ 

31 

The P n.m.r. spectrum of a mixture of p h o s p h o r u s ( I I I ) and 

phosphorus(V) c h l o r i d e s i n l i q u i d hydrogen c h l o r i d e 

P C l ^ (0.979 g., 4.7 mmole) was loaded i n t o an 8 mm. o.d. quartz 

ampoule. HCl (25 mmole) was condensed in t o the ampoule at -196°, 

followed by P C l ^ (0.41 ml., 4.7 mmole). The ampoule was sea l e d and t e s t e d 

i n the u s u a l manner. Not a l l the P C l ^ was i n s o l u t i o n a t room temperature, 

but the g r e a t e r p a r t had d i s s o l v e d . The ampoule was i n v e r t e d and the 

31 

P n.m.r. spectrvim of the s o l u t i o n was recorded. Two s i g n a l s at -220 

and -79.5 p.p.m. were observed on a s i n g l e scan. These resonances may be 

immediately assigned to P C l ^ and PCl^"*" respectively.''"''"^'''"•^^ 
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I t can thus be assimied that no exchange occurs at room temperature 

between P C l ^ and P C l ^ ^ i n l i q u i d hydrogen c h l o r i d e . 

3.3 P h o s p h o r u s ( I I I ) bromide 

R e s u l t s and D i s c u s s i o n 

P h o s p h o r u s ( i l l ) bromide i s shown to be s o l v o l y s e d by l i q u i d hydrogen 

c h l o r i d e and was r e a c t e d with the e s t a b l i s h e d o x i d i s i n g agents c h l o r i n e 

and i o d i n e i n the s o l v e n t . Oxidation of the phosphorus from the +3 to the 

+5 o x i d a t i o n s t a t e was e f f e c t e d by c h l o r i n e , alone and i n the presence of 

boron t r i c h l o r i d e . 
31 

A l l r e a c t i o n s were followed by P n.m.r., and where appropriate 

•'••''B n.m.r. spectroscopy. The r e s u l t s of experiments are shown i n 
Fig.3.3.1. 

31 

The P n.m.r. spectrvmi of p h o s p h o r u s ( i l l ) bromide i n l i q u i d 

hydrogen c h l o r i d e i n d i c a t e d that some s o l v o l y s i s had occurred ( F i g . 3 . 3 . 2 ) . 

A l a r g e peak at -227.5 p.p.m. wi t h a shoulder a t -227.1 p.p.m. and a 

sm a l l e r peak a t -224.3 p.p.m. were observed, which may be assigned to 

PBr^, PBr^Cl and PBrCl2 respectively.''"''"^'•'"^^ No s i g n a l due to P C l ^ 
m-PBr^ + niECl s o l v o l y s i s ^ ^ p^^^ ̂  y-PBr^Cl + z PBrCl^ + nHBr 

31 

could be detected. The P n.m.r. spectrum of PBr^ i n l i q u i d hydrogen 

c h l o r i d e i s thus c l o s e l y comparable with that of P C l ^ i n l i q u i d hydrogen 

bromide. The observed chemical s h i f t of -227.3 p.p.m. for PBr^ i n 

l i q u i d hydrogen bromide i n d i c a t e s t h a t the compound i s s o l u b l e i n the 

so l v e n t w i t h o u t " r e a c t i o n . 



Fig.3.3.1 

Reactions of p h o s p h o r u s ( I I I ) bromide 
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Fig.3.3.2 

31 

P n.m.r. s o l u t i o n spectrum 

P h o s p h o r u s ( I I I ) bromide i n l i q u i d hydrogen c h l o r i d e 
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The r e a c t i o n between p h o s p h o r u s ( i l l ) bromide and an excess of 

c h l o r i n e i n l i q u i d hydrogen c h l o r i d e a t -95° has been reported to y i e l d 

PC1,^PC1, , v i a PBr.,Cl^ as a po s t u l a t e d intermediate.^"^ A mixture of 4 6 ' 3 
p h o s p h o r u s ( I I I ) bromide and an excess of c h l o r i n e i n l i q u i d hydrogen 

31 
c h l o r i d e a t room temperature gave a deep red s o l u t i o n whose P n.m.r. 

spectrum c o n s i s t e d of a broad s i g n a l at -97 p.p.m. Thi s s i g n a l i s 

e va l u e i s j u s t outside the publish 

+ . , ..... .... 131 „„, 31 

as s i g n e d to P C l ^ ^ even though the val u e i s j u s t outside the published 

range of chemical s h i f t s of P C l ^ ^ i n s o l i d s t a t e spectra'^"''^ and the "'"P 

s h i f t of P C l ^ ^ i n l i q u i d hydrogen c h l o r i d e has been shown to be 

-80 + 0 . 5 p.p.m. The s h i f t i s f a r too high to be assigned to a phosphorus 

( I I I ) s p e c i e s and i s f a r too low to be assigned to a tet r a c o - o r d i n a t e d 

phosphorus(V) c a t i o n c o n t a i n i n g bromine. The low s h i f t value and the 

broadness of the peak may be due to an exchange process. I n an 

independent experiment i t was shown th a t P C l ^ and P C l ^ ^ do not exchange 

i n the s o l v e n t a t room temperature, t h e i r c h a r a c t e r i s t i c s h i f t v a l u e s of 

-220 and -79.5 p.p.m. r e s p e c t i v e l y being observed. The deep red colour of 

the s o l u t i o n suggests the presence of e i t h e r bromine or a p o l y h a l i d e anion, 

and i t may be p o s s i b l e to e x p l a i n the broadness of the peak i n terms of 

exchange w i t h such an anion. The o x i d a t i o n of c h l o r i d e ion with bromine 

i n l i q u i d hydrogen c h l o r i d e a t -95° g i v i n g ClBr2 ions has been 

52 

r e p o r t e d . The r e a c t i o n may be understood i n terms of i n i t i a l o x i d a t i o n 

of the p h o s p h o r u s ( I I I ) s p e c i e s present by c h l o r i n e followed by exchange 

to produce the observed P C l ^ ^ c a t i o n . 
PBr^ P B r ^ C l ^ 

(+ PBr2Cl, + 3CI2 -» PBr2Cl2^ + 3Cl" s o l v . 
PBrCl2) P B r C l ^ ^ 
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PBr^Cl"^+ C l ^ PBr^Cl^"^ + BrCl 

PBr^Cl^^ + BrCl -» PBrCl^"*" + Br^ 

PBrCl^^ + C l ^ (or BrCl) PCl^^ + BrCl (or Br^) 

The r e a c t i o n was repeated using PBr2:Cl2 i n a molar r a t i o o f 2:1 i n 

an attempt to avoid the complete o x i d a t i o n and exchange of the PBr^ to 

PCl^^. At room temperature the ampoule contained a clear orange s o l u t i o n 
31 

over a yellow c r y s t a l l i n e s o l i d . The P n.m.r. spectrum of the s o l u t i o n 

contained peaks a t -226.3, -223.8 and -219.0 p.p.m., which may be 

immediately assigned to PBr^Cl, PBrCl^ and PCl^ r e s p e c t i v e l y . 

A p r e p a r a t i v e scale experiment was then c a r r i e d out to obtain a larg e r 

sample of the yellow c r y s t a l l i n e s o l i d . The ̂'''P n.m.r. s o l i d s t a t e 

spectrvim of t h i s m a t e r i a l r a t h e r s u r p r i s i n g l y y i e l d e d no si g n a l i n the 

range associated w i t h phosphorus(V) cations of type PCI Br,^ (0 ̂  x ̂  4 ) ; 
131 

-96 to +104 p.p.m. Instead a weak sign a l at -225.5 p.p.m., which may 

be assigned to e i t h e r PBr^Cl or PBrCl^, was recorded. This m a t e r i a l 

was presumably present as a trace i m p u r i t y . The i n f r a r e d spectrum of 

the yellow s o l i d contained absorptions at 471 cm which may be assigned 

to P B r ^ ^ , a n d also at 488 and 390 cm ^ which may be assigned to 
162 

PBr2Cl. The Raman spectrum contained absorptions at 483, 477, 471, 

230, 148, 142 and 72 cm~^ which are c h a r a c t e r i s t i c of PBr̂ "*" i n PBr^ 

i n a d d i t i o n to bands a t 268 and 172 cm The yellow s o l i d was f i n a l l y 

c h a r a c t e r i s e d as PBr^ by elemental ana l y s i s . A s l i g h t l y low value 

i n the phosphorus determination may be due to the presence of a l i t t l e 

+ - 179 
PBr^ Br^ . I t i s d i f f i c u l t to explain the f a i l u r e to observe a 

+ 31 

s i g n a l due to PBr^ i n the P n.m.r. s o l i d s t a t e spectrum, as normally 

t h i s resonance may be observed i n a si n g l e sweep, 
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I n t h i s r e a c t i o n the o x i d a t i o n of h a l f the phosphorus from the +3 to 

the +5 o x i d a t i o n s t a t e , followed by exchanjge w i t h the remaining phosphorus 

( I I I ) species producing PBr^^Br , which i s l a r g e l y i n s o l u b l e i n l i q u i d 

hydrogen c h l o r i d e , and the observed phosphorus(III) products may be 

po s t u l a t e d as a r e a c t i o n mechanism. 

PBr^ + C l ^ -» PBr^Cl"'" + Cl" solv. 

PBr^Cl"^ + PBr^ PBr^"^ + PBr2Cl 

PBr2Cl and PBrCl^, present as s o l v o l y s i s products o f the PBr^, may be 

presumed to act i n a s i m i l a r fashion. 

Having obtained PCl^^ and PBr^^ as products of the o x i d a t i o n of 

p h o s p h o r u s ( i l l ) bromide w i t h c h l o r i n e i n l i q u i d hydrogen c h l o r i d e , the 

r e a c t i o n was repeated w i t h the a d d i t i o n of boron t r i c h l o r i d e i n an 

attempt t o ob t a i n bromochlorophosphonium ions. PBr^, Cl^ and BCl^ were 

present i n a molar r a t i o of 2:1:2. At room temperature the ampoule contained 

a c l e a r , very pale green, s o l u t i o n over a white s o l i d . No reproducible 
31 11 

si g n a l s could be obtained when the P and B n.m.r. spectra of the 

s o l u t i o n were recorded and a preparative scale experiment was then 

c a r r i e d out i n order to ob t a i n a sample of the white s o l i d f o r 
31 

i n v e s t i g a t i o n . The P n.m.r. s o l i d s t a t e spectrum i n d i c a t e d the presence 

of 3 cati o n s ; signals at -7.5, +32.5 and +69.5 p.p.m. being assigned to 

PBr2Cl2^j PBi^Cl^ and PBr̂ "*" r e s p e c t i v e l y . PBr̂ "*" was by f a r the major 

c a t i o n component of the mixture, and PBr2Cl2^ was present i n only a small 

q u a n t i t y . The white colour of the s o l i d i s thus somewhat s u r p r i s i n g as 

PBr̂ "*" compounds are u s u a l l y yellow e.g. PBr^"'"Br", PBr^"^BBr^ . The ̂ B̂ 

n.m.r. s o l i d s t a t e spectrum contained one broad s i g n a l at +14.0 p.p.m. 

which l i e s between the reported s o l u t i o n s h i f t s of +11.6 and +15.4 p.p.m. 
147 

f o r BCl^ and BCl^Br r e s p e c t i v e l y . The i n f r a r e d spectrum contained 



Fig.3.3.3 

"̂*"P n.m.r. s o l i d s t a t e spectrum 

PBr^ .+ C l ^ + BClj i n l i q u i d hydrogen c h l o r i d e 
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strong absorptions at 694 and 673 cm which are c h a r a c t e r i s t i c of 
20f,163 BCl, 4 

Phosphorus(V) cations of the type PBr Cl"!̂  (0 ̂  x ̂  4) possess good 

s c a t t e r i n g p r o p e r t i e s and are thus i d e a l l y s u i t e d f o r study by Raman 

spectroscopy, whereas t e t r a h a l o b o r a t e anions possess r e l a t i v e l y ppor 

s c a t t e r i n g properties.'''^^ The Raman spectrum of the white s o l i d 

contained l i n e s at 492, 335, 290, 252, 176, 149 and 50 cm"''', of which 

those at 492, 252 and 149 cm ^ are c h a r a c t e r i s t i c of PBr^^ i n the presence 

o f a polyatomic anion.''"^'^ The l i n e s at 290 and 335 cm are c h a r a c t e r i s t i c 

of PBr^Cl"*" and PBr2Cl2^ respectively.'''^^ I n the presence of these 

c a t i o n s , l i n e s due to BCl^ i o n were not observed, probably as a r e s u l t 

o f the la r g e r e l a t i v e d i f f e r e n c e i n t h e i r s c a t t e r i n g p r o p e r t i e s . The 

Raman spectrum of the t e t r a c h l o r o b o r a t e anion has been recorded under 

J - . - 164 more favourable c o n d i t i o n s . 

Again, o x i d a t i o n of h a l f the phosphorus(III) species to phosphorus(V) 

cations may be postula t e d , followed by exchange w i t h the remaining 

p h o s p h o r u s ( I I I ) compounds present to produce the observed f i n a l 

composition. I t i s i n t e r e s t i n g to note t h a t the mixed bromochlorophosphonium 

ions , PBr2Cl2^ and PBr^Cl^, were i s o l a t e d i n t h i s r e a c t i o n , s t a b i l i s e d as 

t h e i r t e t r a c h l o r o b o r a t e s a l t s , i n a d d i t i o n t o PBr^^. I n the previous 

r e a c t i o n , the same system but w i t h the absence of boron t r i c h l o r i d e , 

only PBr^ was i s o l a t e d , i n d i c a t i n g t h a t the mixed bromochlorophosphonium . 

ions are less stable than PBr^^, r e q u i r i n g a polyatomic counterion f o r 

s t a b i l i s a t i o n i n s o l u t i o n at room temperature. 

The possible o x i d a t i o n of phosphorus(III) bromide w i t h iodine was 
31 

i n v e s t i g a t e d . The P n.m.r. spectrum of a mixture of PBr^ and I2 i n a 

2:1 molar r a t i o contained only one s i g n a l , a t -228 p.p.m. which i s 
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119 c h a r a c t e r i s t i c o f PBr^. This r e a c t i o n was not i n v e s t i g a t e d f u r t h e r ; 
as s i m i l a r attempts to o x i d i s e PCl^ w i t h t h i s o x i d i s i n g agent under a 
v a r i e t y of conditions were unsuccessful. 

Experimental 

The behaviour of phosphorus(III) bromide i n l i q u i d hydrogen c h l o r i d e 

PBr^ (1 m l . J 10.5 mmole) was condensed i n t o an 8 mm. o.d. quartz 

ampoule at -196 followed by HCl (30 mmole). The ampoule was sealed and 

te s t e d i n the usual manner. The ̂ '''P n.m.r. spectrum of the clear 

c o l o u r l e s s s o l u t i o n contained a large peak at -227.5 p.p.m., w i t h a 

shoulder at-227.1 p.p.m. and a smaller peak at -224.3 p.p.m. These 

peaks may be assigned to PBr^j PBr2Cl and PBrCl2 r e s p e c t i v e l y . Thus, 

PBr^ i s p a r t i a l l y solvolysed i n l i q u i d hydrogen c h l o r i d e . 
31 

The P n.m.r. spectrum of PBr^ i n l i q u i d hydrogen bromide was then 

recorded. 

PBr^ (1 m l . J 10.5 mmole) was condensed i n t o an 8 mm. o.d. quartz 

ampoule at -196°, followed by HBr (30 mmole). The ampoule was sealed 

and t e s t e d i n the normal manner. A s i n g l e resonance at -227.3 p.p.m. 
31 

was observed i n the P n.m.r. spectrum of the c l e a r , colourless 

s o l u t i o n . This peak may be immediately assigned to PBr^, which, not 

s u r p r i s i n g l y , i s soluble i n l i q u i d hydrogen bromide without r e a c t i o n . 

The r e a c t i o n between phosphorus(III) bromide and ch l o r i n e 

PBr^ (0.1 ml., 1.05 mmole) was condensed i n t o an 8 mm. o.d. quartz 

ampoule at -196°, followed by HCl (20 mmole) and a large excess of c h l o r i n e . 
The ampoule was sealed and t e s t e d i n the usual manner. I t was noted at 
-84° t h a t the ampoule contained a green l i q u i d over a white s o l i d , PBr^. 

However, at room temperature a clear deep red s o l u t i o n was present. 
31 

The P n.m.r. spectrima consisted of a broad s i g n a l at -97 + 0.5 p.p.m., 
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which has been assigned to PCl^^. This value i s j u s t outside the previously 
+ 131 reported range f o r PCl^ i n s o l i d s t a t e spectra, -96 p.p.m. to -73 p.p.m., 

but i s obviously too high a value f o r a phosphorus(III) species and too 

low f o r a mixed PCI Br^ c a t i o n . 
n 4-n 

The r e a c t i o n was repeated using PBr^:Cl2 i n a 2:1 molar r a t i o , i n an 

attempt to prevent complete o x i d a t i o n and exchange of the PBr^ to PCl^^. 

PBr^ (0.1 ml., 1.05 mmole) was condensed i n t o an 8 mm. o.d. quartz 

ampoule at -196 , followed by HCl (25 mmole) and CI2 (0.5 mmole). The 

ampoule was sealed and tested i n the usual manner. At room temperature 

the ampoule contained a clear orange s o l u t i o n over a yellow c r y s t a l l i n e 

s o l i d . The tube was i n v e r t e d , l eaving the c r y s t a l s at the top, and the 
31 

P n.m.r. spectrum of the s o l u t i o n was recorded. Peaks were observed at 

-226,3, -223.8, and -219.0 p.p.m. which may be assigned at once to 

PBr2Cl, PBrCl2 and PCl^ r e s p e c t i v e l y . 
31 

I n order to run a P n.m.r. s o l i d s t a t e spectrum on the yellow 

c r y s t a l l i n e s o l i d , a preparative scale experiment was c a r r i e d out. 

PBr^ (1.5 ml., 15.75 mmole) was syringed i n t o a 13 mm. o.d. s i l i c a 

ampoule. HCl (120 mmole) was condensed i n t o the ampoule at -196° 

foll o w e d by CI2 (7.5 mmole). The ampoule was sealed and warmed to room 

temperature as p r e v i o u s l y described. A large q u a n t i t y of yellow c r y s t a l s 

were formed during 12 hours at room temperature. The ampoule was taken 

i n t o a dry n i t r o g e n f i l l e d glove bag and i n v e r t e d , leaving the c r y s t a l s 

at the top. The l i q u i d hydrogen c h l o r i d e was frozen s o l i d by dipping 

the lower end of the ampoule i n t o l i q u i d n i t r o g e n . The ampoule was 

scored at i t s mid-point and cracked open. The end containing the yellow 

c r y s t a l s was placed i n s i d e a 24 mm. o.d. r e a c t i o n tube f i t t e d w i t h a B24 
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socket and attached to the vacuum l i n e v i a a cone-tap-cone adaptor f o r 

evacuation. This tube was then taken i n t o the dry box p r i o r to removal of 

the yellow c r y s t a l s . 
31 

A P n.m.r. s o l i d s t a t e spectrum was recorded. S u r p r i s i n g l y , no 
s i g n a l could be detected i n the region associated w i t h t e t r a c o - o r d i n a t e 

131 

phosphorus(V) cation s , -96 p.p.m. to +104 p.p.m., but a very weak 

s i g n a l was present at -225.5 + p.p.m. This s i g n a l may be assigned to 

e i t h e r PBr2Cl or PBrCl^, presumably present as a trace i m p u r i t y . The 

i n f r a r e d spectrum of the m a t e r i a l contained strong absorptions (cm ̂ ) a t , 

488, 471 and 390. The band at 471 cm"''' may be assigned to PBr̂ "*" .̂̂ ^ 
— 1 162 

and those a t 488 and 390 cm" t o PBr^Cl. The Raman spectrum of t h i s 

m a t e r i a l showed ^r^c^aertdt^ at (cm"''"), 483m, 477w, 471m, 268m, 230vs, 

172w, 148s, 142s and 73s. The t r i p l e t at 483, 477 and 471 cm"''' and the 

doublet a t 148 and 142 cm ''' together w i t h bands at 230 and 72 cm ''' are 
160 

q u i t e c h a r a c t e r i s t i c of PBr^. 

Found: P,5.86%; Br,93.2%. PBr^ requires P,7.19%; Br,92.8%. 

The yellow c r y s t a l s are thus q u i t e d e f i n i t e l y PBr^, and the f a i l u r e to 
observe PBr^^ i n the ̂'''P n.m.r. spectrum i s puzzling. 

The r e a c t i o n between phosphorus(III) bromide, c h l o r i n e and boron 

t r i c h l o r i d e 

PBr^ (0.1 ml., 1.05 mmole) was condensed i n t o an 8 mm. o.d. quartz 

ampoule at -196°, followed by HCl (25 mmole), C l ^ (0.5 mmole) and BCl^ 

(1.05 mmole). The ampoule was sealed and tested i n the usual manner and 

at room temperature contained a large q u a n t i t y of white c r y s t a l l i n e s o l i d 
31 

under a clear s o l u t i o n . The ampoule was i n v e r t e d and the P n.m.r. 

spectrum of the s o l u t i o n recorded. No reproducible s i g n a l could be 

detected and i t was assumed t h a t a l l the phosphorus must be contained i n 
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the w h i t e s o l i d . S i m i l a r l y , no s i g n a l could be detected when the ''"'''B 

n.m.r. spectrimi of the s o l u t i o n was recorded. 

The experiment was repeated on a larg e r scale to permit i s o l a t i o n and 

examination of the white c r y s t a l l i n e s o l i d . 

PBr^ (1.5 ml., 15.75 mmole) was syringed i n t o a 13 mm. o.d, quartz 

ampoule. HCl (110 mmole) was condensed i n t o the ampoule at -196°, 

fol l o w e d by CI2 (7,5 mmole) ,and BCl^ (1.7 ml., 19.6 mmole). The ampoule 

was sealed and allowed to reach room temperature i n the manner previously 

described. A deep red s o l u t i o n over a dense white p r e c i p i t a t e was 

obtained at t h i s temperature. Over a period of 48 hours the red colour 

was discharged and the s o l i d became very pale cream i n colour. The 

ampoule was opened using the procedure described e a r l i e r (p.81) and the 

s o l i d was pumped overnight on the vacuxmi l i n e to remove any traces of 

excess BCl^ and other v o l a t i l e i m p u r i t y . 
31 

The P n.m.r. spectrum of the s o l i d contained signals at -7.5, 
+32.5 and +69.5 p.p.m. which may be assigned to PCl2Br2^, PClBr^^ and 

+ + PBr^ r e s p e c t i v e l y . PCl2Br2 was present as a very minor component, 

PBr^^ being by f a r the major component. The ''"'''B n,m,r, spectrum contained 

a peak at +14,0 p,p.m. which may be assigned t o a mixture of BCl^ and 
147 

BCl^Br ions. 
The i n f r a r e d spectrum of the m a t e r i a l contained absorptions (cm ^) 

at 720vs, 694vs, 673vs, 620w, 595s, 500vs and 395w. The absorptions at 
—1 — 20f 163 694 and 673 cm may be assigned to the BCl^ i o n , ' and tha t a t 

500 cm •'' i s pos s i b l y i n d i c a t i v e of Vg i n BCl^Br 

The Raman spectrum of the s o l i d contained fretj^uenci*^ (cm ̂ ) at 492s, 

335vw, 290m, 252vs, 176w, 149vs and 50vw. The l i n e s at 492, 252 and 

149 cm""*" are i n d i c a t i v e of PBr^^ i n the presence of a polyatomic anion 

- 1 . 
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and those at 290 and 335 cm"''" are c h a r a c t e r i s t i c of PBr^Cl"^ and PBr^Cl^"*".''"^^ 

PBr^^ was c l e a r l y the major component of the mixture. Rather s u r p r i s i n g l y 

l i n e s due t o BCl, were not observed. 4 
The s o l i d i s thus formulated as l a r g e l y PBr^^BCl^ , w i t h some 

PClBr,,"^BCl," and a trace of PCl-Br„"^BCl ". 3 4 2 2 4 

The r e a c t i o n between phosphorus(III) bromide and iodine i n the 

absence of a solvent 

PBr^ ( 1 ml., 10.5 mmole) was syringed i n t o an 8 mm. o.d. pyrex 

ampoule co n t a i n i n g I 2 (1.27 g., 5 mmole). The ampoule was sealed and was 

observed to contain a deep purple s o l u t i o n at room temperature. The 

n.m.r. spectrum of t h i s s o l u t i o n contained one si g n a l at -228 p.p.m. 

which may be immediately assigned to PBr^. 

3.4 Phosphorus(III) i o d i d e 

Results and Discussion 

Phosphorus(III) i o d i d e i s the l e a s t soluble of the phosphorus(III) 

h a l i d e s i n l i q u i d hydrogen c h l o r i d e . Reaction w i t h the o x i d i s i n g agent 

bromine i n the solvent and i n trichlorofluoromethane r e s u l t e d i n the 

formation of pho s p h o r u s ( I I I ) exchange products. Treatment w i t h l i q u i d 

bromine d i d cause o x i d a t i o n , the tetrabromophosphoniim c a t i o n being 

produced. 
31 

A l l r e a c t i o n s were followed using P n.m.r. spectroscopy, and 

where appropriate '̂''''B n.m.r. spectroscopy. The r e s u l t s of the experiments 
are shown i n Fig.3.4.1. 

Phosphorus(III) i o d i d e i s only poorly soluble i n l i q u i d hydrogen 

c h l o r i d e a t room temperature, a CAT run of 100 scans being necessary to 



Fig.3.4.1 

Reactions of p h o s p h o r u s ( l l l ) iodide 



\ 
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31 31 detect the P n.m.r. s i g n a l from a saturated s o l u t i o n . The P chemical 

s h i f t , the expected s i n g l e t , occurred at -168,3 + 0.2 p.p.m. 

TABLE 3.4.1 
31, Phosphorus(III) i o d i d e : the v a r i a t i o n of P chemical s h i f t value 

w i t h solvent 

Chemical s h i f t s i n p.p.m. r e l a t i v e to 85% Ĥ PÔ  

Chemical s h i f t Solvent S o l u b i l i t y Reference 

-178 - - 119 

-179 CS2 High 145 

-176 + 1 CS2 High t h i s work 

-176 CH2CI2, C2H^Cl2 Moderate 165 

-171 + 1 CCI3F Low t h i s work 

-168.3 + 0.2 l i q u i d HCl Low t h i s work 

The v a r i a t i o n i n the value of the chemical s h i f t of P I ^ w i t h solvent i s 

shown i n Table 3.4.1. I t i s i n t e r e s t i n g , though probably c o i n c i d e n t a l , 

t h a t there i s an apparent v a r i a t i o n i n s h i f t value w i t h s o l u b i l i t y i n the 

solve n t . A d i f f e r e n c e of 2-3 p.p.m. i s o f t e n observed between s h i f t 

values i n d i f f e r e n t solvents owing to diffe r e n c e s i n diamagnetic 

s u s c e p t i b i l i t y , but the large v a r i a t i o n , 10 p,p,m, o v e r a l l , i s not e a s i l y 

explained. The n o t i o n t h a t P I ^ i s h i g h l y soluble i n CS2 because i t forms 

a complex, or t h a t at l e a s t there i s some strong association, may be 

discounted on the basis t h a t chemical s h i f t s of phosphorus(III) species 
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are i n general moved u p f i e l d on co-ordination.'''*^^ The u p f i e l d s h i f t i n 

l i q u i d hydrogen c h l o r i d e may pos s i b l y be due to r a p i d exchange i n v o l v i n g 

P I ^ and a protonated species,- Any r a p i d exchange i n v o l v i n g P I ^ and 

PI CI (0 ̂  x ̂  2) would r e s u l t i n a downfield s h i f t of the PI„ s i g n a l . 
X j ~ X J 

A s i m i l a r explanation may not be o f f e r e d as explanation of the u p f i e l d 

s h i f t i n freon 11. Only exchange w i t h the f l u o r i n e atom of the solvent 

could produce an u p f i e l d s h i f t and such a process may be r e j e c t e d owing 

to the s t r e n g t h of the C-F bond. 

Before attempting o x i d a t i o n or exchange reactions of P I ^ the ̂ ''"P 

n.m.r. s o l u t i o n spectra of neat 1:1 mixtures of P I ^ and PBr^, PCl^ were 

recorded on the instriament a v a i l a b l e i n these l a b o r a t o r i e s . The r e s u l t s 
31 

together w i t h l i t e r a t u r e values are shown i n Table 3.4.2, and P n.m.r. 

spectra i n Figs. 3.4.3, and 3.4.4. 
The values f o r PBr I„ (0 ̂ x S 3) are i n good agreement w i t h 

X j ~ X 

l i t e r a t u r e values and r e q u i r e no f u r t h e r comment. S i m i l a r l y the values 

obtained f o r PCl^, PCII2 and P I ^ from a 1:1 mixture of PCl^ and P I ^ w i t h 

or w i t h o u t a solvent are unexceptional. However, the assignment of the 

peak at -224.9 p.p.m. to PCI2I does r e q u i r e explanation. 
31 

The values of P chemical s h i f t s of the mixed species PX2Z and 

PXZ2 i n the series PX^ to PZ^ has been discussed by Van Wazer et al.'''^^ 

I t i s claimed t h a t a chemical s h i f t value i s made up of both a a and a 

n - c o n t r i b u t i o n . Further the s h i f t d i f f e r e n c e between t h a t observed f o r 

a mixed species, say PX2Z, and tha t c a l c u l a t e d by i n t e r p o l a t i o n between 

s h i f t values f o r PX^ and PZ^ also has both a and rr c o n t r i b u t i o n s and i s 

negative. The same authors deduced an emp i r i c a l r e l a t i o n s h i p suggesting 

t h a t the negative s h i f t d i f f e r e n c e s f o r the mixed species should be 

approximately equal. (Fig.3.4.2.) 
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31 
TABLE 3,4.2, 

P n.m,r. chemical s h i f t values f o r some phosphorus(III) 
halides and mixed halides 

( s h i f t s i n p.p.m. r e l . to 857. H^PO^) 

PBr3 PBr2l PBrl^ ^^3 

-228 (119) 
-227 (145) 
-226.8 

-224 (166) 
-223 (145) 
-221 

-208 (166) 
-208 (145) 
-205 

-178(119) 
-184 (145) 
-179 (*) 

PCI3 PCI2I PCII2 

-218 (119) 
-216.7 
-217 
-219.7 

-211 (166) 
-224.9 
-225.2 
-228.6 

-208 (166) 
-211.4 
-211.5 
-213.6 

-178 (119) 
-175.2 (*) 
-176.5 (**) 
-174.6 (***) 

(*) neat 1:1 
{**) 1:1 i n CS2 s o l u t i o n 
(***) an excess of PCl^ added to P I ^ i n C2H^Cl2 s o l u t i o n . 
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31 P n.m.r. chemical 
s h i f t values 

PX. 

PX2Z 

PZ, 

A, -A2 

Deviations from a d d i t i v i t y , Aj^ and A^. i n n.m.r. chemical s h i f t s of 

the intermediate compounds i n a s u b s t i t u t i o n series 

FIG,3,4,2. 

Van Wazer et a l ca l c u l a t e d the a c o n t r i b u t i o n to A values f o r say 

X replaced by Z, showing t h a t t h i s c o n t r i b u t i o n was equal f o r the two 

mixed species when the bond angle remained the same across the 

s u b s t i t u t i o n s e r i e s . However, the cal c u l a t e d value was generally less 

than the observed value of the d e v i a t i o n i n d i c a t i n g a TT c o n t r i b u t i o n . 

Thus 

A^ =̂  A2 = CJ + TT 

where A^ and A2 are observed de v i a t i o n s , a i s the calculated a - c o n t r i b u t i o n 

and TT i s the r r - c o n t r i b u t i o n , obtained by su b t r a c t i n g the value of a from 

t h a t o f A i n any p a r t i c u l a r case, 
229 

D i l l o n e t a l have assumed t h a t n-contributionsare a d d i t i v e , i . e . 

t h a t the n - c o n t r i b u t i o n f o r Cl replaced by I i s given by the sum of 
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c o n t r i b u t i o n s f o r CI replaced by Br and Br replaced by I . Thus, to deduce 

the' chemical s h i f t value f o r PCl^I, take the i n t e r p o l a t e d value from the 

known s h i f t s of PCl^ and P I ^ then subtract (a) the a term f o r CI replaced 

by I , (b) the TT term f o r CI replaced by Br and (c) t h a t f o r Br replaced by 

I . 

There are two major assumptions involved i n t h i s treatment; f i r s t l y 

i n t h e i r c a l c u l a t i o n of a- c o n t r i b u t i o n s Van Wazer et a l have assumed that 

bond angles remained constant when X substituents i n PX^ are replaced by Z. 

D i l l o n et a l i n the absence of other a v a i l a b l e data have taken the 

assumption of Van Wazer et a l and have assumed the a d d i t i v i t y o f rr 

c o n t r i b u t i o n s . An e m p i r i c a l j u s t i f i c a t i o n f o r t h i s l a t t e r assumption i s 

t h a t n - e f f e c t s are known to increase i n the order CI < Br < I , ' ' ' ^ ^ Hence 

the replacement of CI by I should have a bigger e f f e c t than e i t h e r the 

replacement of CI by Br or of Br by I . Further j u s t i f i c a t i o n may be 

o f f e r e d by the f a c t t h a t c a l c u l a t e d chemical s h i f t s are i n close agreement 

w i t h experimentally determined values. 

Table 3.4.3 shows chemical s h i f t s f o r PCl^I and PCII^ (a) calculated 

using s h i f t - v a l u e s f o r PCl^ and P I ^ alone (determined i n the solvent i n 

which the s h i f t s of the mixed species were measured) (b) using observed 

chemical s h i f t values f o r PCl^ and P I ^ i n a 4 peak system. The f i n a l 

column gives the observed s h i f t s f o r the mixed species. 

Although observed s h i f t s i n dichloroethane s o l u t i o n are rath e r 

higher than c a l c u l a t e d values, t h i s spectrum was obtained by adding an 
31 

excess of PCI,, to a s o l u t i o n of PI i n the solvent and recording the P 

n.m.r. spectrxmfi without delay. The most intense peak i n the 4 peak system, 

c l e a r l y due to PCl^, occurred a t -219.7 p.p.m. which i s almost 2 p.p.m. 
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TABLE 3.4.3 
31 

Calculated and observed P chemical s h i f t values 
f o r the species PCl^I and PCII^ 

(Chemical s h i f t s i n p.p.m. r e l a t i v e to 85% ̂ ^3^^^) 

Solvent Mixed 
Species 

Calculated s h i f t 
values using 
method (a) 

Calculated s h i f t 
values using 
method (b) 

Observed s h i f t 
values 

Neat* PCI2I -224.5 -222.4 -224.9 

PCII2 -211.5 -209.5 -211.4 

Carbon PCl.I -223.4 -223 -225.2 
d i s u l p h i d e 

PCII2 -210.9 -210.5 -211.5 

PC1„I -223.8 -224.2 -228.6 
Dichloroethane 

PCII2 -209.2 -210.1 -213.6 

* The s h i f t > taken f o r P I ^ was tha t determined i n carbon disulphide 
s o l u t i o n . 

downfield from the normally observed s h i f t f o r t h i s species. I t can be 

seen i n Table 3.4.3 t h a t c a l c u l a t e d and observed s h i f t s are us u a l l y w e l l 
) 

31 

w i t h i n 2 p.p.m. o f one another. The most downfield peak i n the P 

n.m.r. spectrum of a 1:1 molar mixture of PCl^ and P I ^ i s thus assigned 

to PCI2I (See Fig.3.4.3). 
I n an attempt t o produce bromoiodophosphorus(V) species phosphorus 

31 

( I I I ) i o d i d e was tr e a t e d w i t h bromine. The P n.m.r. spectrum of a 

s o l u t i o n of P I ^ and Br2 i n 2:1 molar r a t i o i n l i q u i d hydrogen choride 



Fig.3.4.3 
31 

P n.m.r. s o l u t i o n spectrum 

PI and PCI i n a 1:1 molar r a t i o 

Fig.3.4.4 
31 

P n.m.r. s o l u t i o n spectrum 

P I ^ and PBr^ i n a 1:1 molar r a t i o 
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(Fig.3.4.5) contained f i v e s i g n a l s , the most intense occurring at -185.5 

p.p.m. The remaining peaks were observed at -228, -225, -218 and -209.5 

p.p.m. and may be assigned t o PBr^j''""''^ PBrCl^'''^^ or PCl^I ( t h i s work), 

PCl̂ ''"'''̂  and to PI^Cl or PI^Br''"^^ r e s p e c t i v e l y . The remaining s i g n a l at 

-185.5 p.p.m. i s c l e a r l y due to a phosphorus(III) species. I t i s hardly 

c o n s i s t e n t t o assign the resonance to P I ^ since the chemical s h i f t of 

t h i s substance i n the solvent has been determined as -168.5 p.p.m. ( t h i s 

work), yet i t i s d i f f i c u l t to pos t u l a t e a prev i o u s l y unknown species to 
31 

which the s i g n a l may be ascribed. The P chemical s h i f t of the unknown 
229 , 

PBrClI has been c a l c u l a t e d to be -232.5 +3.5 p.p,m. and t h i s 

compound may thus be r u l e d out. Cowley and Cohn have reported the "̂'''P 

n.m.r. spectrum of the l i q u i d product obtained from a 1:1 molar mixture 

of P ^ I ^ and Br^ i n CS^ to contain 4 signals at -227, -223, -208 and -184 
145 

p.p.m. The authors assign these peaks to PBr^, PBr2l, PBrl2 and 

P I ^ r e s p e c t i v e l y . They redetermined the chemical s h i f t of P I ^ i n CS^ 

s o l u t i o n and found a v a l u e o f -179 p.p.m. i n agreement w i t h the l i t e r a t u r e 
119 

value o f -178 p.p.m. A s i m i l a r spectrum to tha t obtained from ^^^li 
145 

and Br^ was obtained from a 1:1 molar mixture of PBr^ and P I ^ . When 
31 

the P n.m.r. spectrtmi of a s i m i l a r mixture was recorded i n t h i s work, 

however, a chemical s h i f t value f o r P I ^ of -179 p.p.m. was recorded. 

Further work i s obviously necessary to c l a r i f y the p o s i t i o n . 

A possible mechanism accounting f o r the observed species i n terms of 

exchange between P I ^ and Br^ and subsequent s o l v o l y s i s i s shown i n Fig.3.4.6, 

Phosphorus(III) species whose presence i s postulated are shown underlined. 

I n an attempt to avoid exchange w i t h the solvent and the production 

of mixed pho s p h o r u s ( I I I ) halides containing c h l o r i n e , the r e a c t i o n was 



Fig.3.4.5 
31 

P n.m.r. s o l u t i o n spectrum 

P I ^ and Br^ i n a 2:1 molar r a t i o i n l i q u i d hydrogen c h l o r i d e 
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PI^Br PI^Cl PICI2 ^ PCI3 

Br^ 

PIBr^ PBr2Cl mrCl^ 

PBr3 PBr2Cl PBrCl2 

FIG.3.4.6 

Possible exchange and s o l v o l y s i s products from P I ^ 
and Br2 i n 2:1 molar r a t i o i n l i q u i d hydrogen ch l o r i d e 

31 

repeated using freon 11 as solvent. The P n.m.r. spectrum of t h i s 

s o l u t i o n contained signals at -226 + 0.5, -218, -198 and -168 p.p.m. which 

may be assigned to PBr^, PBr2l, PBrl2 and P I ^ r e s p e c t i v e l y . These s h i f t s 

are a l l higher than l i t e r a t u r e values, the d i f f e r e n c e between them and those 

found i n a neat 1:1 molar mixture of PBr^ and P I ^ increasing from 1.5 

p.p.m. f o r PBr^ t o 10 p.p.m. f o r P I ^ . The chemical s h i f t o f P I ^ i n freon 

11 has been determined as -171 + 1 p.p.m. i n t h i s work. Diamagnetic 

s u s c e p t i b i l i t y changes on changing solvents may possibly account f o r s h i f t 



93. 

d i f f e r e n c e s of up to 2 p.p.m. and the markedly high value f o r P I ^ i n t h i s 

solvent has already been discussed. The higher values f o r PBr2l and PBr^ 

may be caused by the very high s h i f t of P I ^ . 

Having established t h a t P I ^ exchanges w i t h Br2 i n freon 11, 

tr i c h l o r o f l u o r o m e t h a n e , the r e a c t i o n was repeated w i t h the a d d i t i o n of 

BBr^ i n an attempt to s t a b i l i s e a bromoiodophosphorus(V) ca t i o n as i t s 

tetrabromoborate s a l t . The r e a c t i o n between P I ^ , Br2 and BBr^ i n a 

2:1:2 molar r a t i o i n freon 11 was vigorous. A pale solid,some dark 

m e t a l l i c l o o k i n g c r y s t a l s , presumably i o d i n e , and a red s o l u t i o n were 
31 

obtained at room temperature. The P n.m.r, spectrum of t h i s s o l u t i o n 

contained signals at -224.5 and -216 p.p.m. which may be assigned to 

PBr^ and PBr2l r e s p e c t i v e l y . No •'•'''B n.m.r. sign a l could be detected from 
31 • 11 

the s o l u t i o n , and n e i t h e r P nor B n.m.r. signals were obtained when 

the spectrum of the s o l i d was recorded. This obviously inhomogeneous 

r e a c t i o n and products were not i n v e s t i g a t e d f u r t h e r . 
31 

PI3 was soluble i n bromine, the P n.m.r. spectrim of the s o l u t i o n 

c o n s i s t i n g of a s i n g l e resonance at +77.5 p.p.m. which may be understood 

i n terms of o x i d a t i o n of the phosphorus(III) to phosphorus(V) presumably 

to a PI^Br^ intermediate which then exchanges w i t h Br2 g i v i n g PBr^^. I t 

may be t h a t the r e a c t i o n between P I ^ and Br2 i n a 1:1 molar r a t i o , 

together w i t h an excess of Br2, w i l l proceed q u i c k l y to PBr^^; however, 

i t may be possible w i t h a v a r i a b l e temperature probe operating at low 

temperatures to detect the intermediate bromoiodophosphorus(V) cations. 

The r e a c t i o n presumably proceeds i n the f o l l o w i n g manner 

PI3 + Br2 Pl3Br'^ + Br" 

PI^Br^ + Br2 -> ^'^•2^^2 ^ ^^"^ 
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Pl2Br2^ + Br^ (or I B r ) PIBr^^ + IBr (or I ^ ) 

PIBr-"^ + Br- (or I B r ) -» PBr,"*" + IBr (or I ^ ) 
3 Z 4 2 

The PBr^^ ions w i l l almost c e r t a i n l y be s t a b i l i s e d by solvated Br ions 

i . e . polybromide anions. 
Experimental 

The behaviour of phosp h o r u s ( I I I ) iodide i n l i q u i d hydrogen ch l o r i d e 

HCl (20 mmole) was condensed at -196° i n t o an 8 mm. o.d. s i l i c a 

ampoule containing P I ^ (0.206 g., 0.5 mmole). The ampoule was sealed and 

te s t e d i n the usual manner. At room temperature the ampoule contained a 

pale orange s o l u t i o n , most of the PI_ remaining undissolved. A CAT run 
31 

of 100 scans revealed a P n.m.r. si g n a l at -168.3 + 0.2 p.p.m. The 
119 31 l i t e r a t u r e values f o r P I ^ i s -179 p.p.m. Accordingly, the P chemical 

s h i f t o f P I ^ was redetermined i n CS2, i n which i t i s very soluble, and 

i n f r e o n 11 i n which i t i s poorly soluble. 

A concentrated s o l u t i o n of P I ^ i n CS2J contained i n an 8.5 mm. o.d. 
31 

pyrex n.m.r. tube, gave a P n.m.r. si g n a l at -176 + 1 p.p.m. 
A saturated s o l u t i o n of P I ^ i n freon 11, contained i n an 8 mm. o.d. 

31 
pyrex ampoule, gave a P n.m.r. s i g n a l at -171 + 1 p.p.m. a f t e r a CAT 
run of 100 scans. Chemical s h i f t s of -175, -176 p.p.m. have been found 

146 f o r P I - i n CH_C1„ and C-H.Cl-. 3 2 2 2 4 2 

The r e a c t i o n between p h o s p h o r u s ( i l l ) iodide and phosphorus(III) 

bromide i n the absence of a solvent 

PBr^ (1 ml., 10.5 mmole) was condensed at -196° i n t o an 8 mm. o.d. 

pyrex ampoule containing P I ^ (1 g., 2.43 mmole) and the ampoule was sealed, 

At room temperature most of the P I ^ dissolved, but a l i t t l e s o l i d was l e f t 
31 

i n the base of the ampoule. The P n.m.r. spectrum of the s o l u t i o n was 

recorded. Three peaks could e a s i l y be seen on a si n g l e scan, at -226.8 
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-221 and -205 p.p.m., and a f o u r t h at -179 p.p.m. could be seen a f t e r a 

short CAT run of 25 scans. These peaks may be assigned to PBr^, PBr2l, 

PBrl2 and P I ^ r e s p e c t i v e l y , and are i n good agreement w i t h l i t e r a t u r e 
119,166 ^. , . . J ^ . , , . , values. Signal i n t e n s i t y decreased on going along the series from 

PBr^ to P I ^ . 

The r e a c t i o n between phosphorus(III) i o d i d e and p h o s p h o r u s ( i l l ) 

c h l o r i d e 

(a) i n the absence of a solvent 

PCI3 (0.2 ml., 2.1 mmole) was condensed at -196° i n t o an 8 mm. 

o.d. pyrex ampoule containing Pl3(0.95 g., 2.3 mmole) and the ampoule 

was sealed. At room temperature a l l the P I ^ dissolved to give a dark 
31 

brown s o l u t i o n . The P n.m.r, spectrum of t h i s s o l u t i o n consisted of 4 

peaks, e a s i l y v i s i b l e on a s i n g l e scan, at -224.9, -216.7, -211,4 and 

-175.2 p.p.m. 
(b) i n carbon d i s u l p h i d e s o l u t i o n 

31 

The P n.m.r, spectrum of a 1:1 molar mixture of P I ^ and PCl^ 

i n carbon di s u l p h i d e s o l u t i o n was recorded. Again, 4 signals were c l e a r l y 

v i s i b l e at -225.2, -217, -211.5 and -176.5 p.p.m. 
(c) i n dichloroethane s o l u t i o n 

An excess of PCl^ was added to a s o l u t i o n of P I ^ i n d i c h l o r o -
31 

ethane s o l u t i o n and the P n.m.r. spectrum was recorded without delay. 

4 signals were observed at -228.6, -219.7, -213.6 and -174.6 p.p.m., 

th a t at -219.7 p.p.m. having the greatest i n t e n s i t y , 119 I n a l l 3 caes, the peaks are assigned to PCI2I ( t h i s work), PCl^, 

PCll2'''^^ and PÎ ''"'''̂  from low t o high f i e l d r e s p e c t i v e l y . 
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The r e a c t i o n between phosphorus(III) iodide and bromine 

Br2 (1 ml., 18.3 mmole) was condensed a t -196° i n t o an 8 mm. o.d. 

pyrex ampoule containing P I ^ (1 g., 2.43 mmole). The ampoule was sealed 

and allowed to reach room temperature. The P I ^ dissolved i n the excess 
31 

of Br2. The P n.m.r. spectrum of the s o l u t i o n contained a s i n g l e 
+ 131 

resonance at +77.5 p.p.m. which may be assigned at once to PBr^ . 

Thus P I ^ i s ox i d i s e d by Br2 and exchange occurs producing PBr^^. 

The r e a c t i o n was then repeated i n l i q u i d hydrogen c h l o r i d e . 

P I ^ (0.34 g., 0.83 mmole) was placed i n s i d e an 8 mm. o.d. quartz 

ampoule. HCl (25 mmole) was condensed i n t o the ampoule at -196°, 

fol l o w e d by Br2 (0.079 g., 0.49 mmole). The ampoule was sealed and 

tes t e d i n the usual manner. Signals at -228, -225, -218, -209.5 and 
31 

-185.5 p.p.m. were detected i n the P n.m.r. spectrum of the s o l u t i o n 

a f t e r a CAT run of 60 scans. The signals at -185.5 and -209.5 p.p.m. 

could be seen on a s i n g l e scan, the former being the most intense. 

Assignment of these signals i s r e l a t i v e l y easy i n two cases; those of 

-228 and -218 p.p.m. are c h a r a c t e r i s t i c of PBr^ and PCl^. The peak at 
136 229 

-225 p.p.m. may be assigned to e i t h e r PBrCl2 or to PCI2I ' and tha t 
at -209.5 p.p.m. to PI2CI or to Pl2Br. '''̂^ The remaining, most 

145 

int e n s e , peak at -185.5 p.p.m. i s assigned to P I ^ . 

The r e a c t i o n was repeated i n trichlorofluoromethane. P I ^ (0.323 g., 

0.78 mmole) was loaded i n t o an 8 mm. o.d. pyrex ampoule. CCl^F (1 ml.) 

was condensed i n t o the ampoule at -196°, followed by Br2 (0.064 g., 

0.375 mmole). The ampoule was sealed and vigorous r e a c t i o n occurred on 
31 

warming to room temperature. The P n.m.r. spectrum of the reddish-

purple s o l u t i o n consisted of 4 signals at -226.5, -218, -198 and -168 

p.p.m. These signals may be assigned to PBr^, PBr2l, PBrl2 and P I ^ 



97, 

r e s p e c t i v e l y . I t has already been shown i n t h i s work t h a t P I ^ has a high 
31 

P s h i f t i n freon 11. The s h i f t s of the other species are a l l high, but 

the "highness" decreases on going along the series from P I ^ to PBr^. 

The r e a c t i o n between phosphorus(III) i o d i d e , bromine and boron 

t r i b r o m i d e 

PI3 (0.310 g., 0.75 mmole) was loaded i n t o an 8 mm, o.d, pyrex 

ampoule. Freon 11 (1 ml,) was condensed i n t o the ampoule at -196°, 

followed by Br2 (0,057 g,, 0.36 mmole) and BBr^ (0,19 g,, 0,75 mmole). 

The ampoule was sealed, and vigorous r e a c t i o n took place during warming 

to room temperature. The ampoule then contained a pale s o l i d , some 
31 

c r y s t a l s of I2 and a deep red s o l u t i o n . The P n,m,r, spectrum of the 

s o l u t i o n contained signals at -224.5 and -216 p.p.m., which may be 

assigned t o PBr^ and PBr2l. No si g n a l could be detected when the •'"•''B 
n.m.r. spectrum was recorded. No s o l i d s t a t e signal could be detected 

31 11 

i n e i t h e r . t h e P or B n.m.r. spectra, and the r e a c t i o n was not 

i n v e s t i g a t e d f u r t h e r . 
3.5 Phosphine 

Sheldrick recorded the s o l u t i o n spectrum of the phosphonium ion by 

d i s s o l v i n g phosphine i n aqueous or methanolic solutions of boron 
31 230 t r i f l u o r i d e and measured the P chemical s h i f t as +104.5 + 1 p.p.m. 

T h e r s o l i d s t a t e value has been reported as +77.5 + 1 p.p.m. f o r t h i s i o n 

i n phosphoniiam i o d i d e . These values may be compared w i t h the chemical 
231 

s h i f t f o r phosphine i t s e l f which has been reported as +238 p.p.m. 

Gutowsky et a l do not s t a t e whether t h i s s h i f t was obtained from a 
31 

s o l u t i o n or from a gas phase spectrum. The P n.m.r. spectrum of phosphine 
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i n l i q u i d hydrogen c h l o r i d e consisted of a sharp s i n g l e t at +245 + 1 p.p.m. 

which i s c l e a r l y a phosphine rat h e r than a phosphonium ion chemical 

s h i f t value. Phosphonium s a l t s have been prepared i n l i q u i d hydrogen 

c h l o r i d e a t low temperatures and i t was reported t h a t l i k e phosphonium 

i o d i d e the s a l t s PH, ^BCl ~ and PH, "^BF^Cl" have high d i s s o c i a t i o n 
4 4 4 3 " 

pressures. Thus the e q u i l i b r i u m PH- + H"*" ̂  + Cl~ , PH, + Cl~ , ^ ^ 3 solv solv 4 solv 
31 

l i e s f i r m l y on the l e f t i n the solvent at room temperature. The P 

chemical s h i f t f o r gaseous phosphine was measured as +263 + 1 p.p.m. i n 

t h i s work which i s somewhat higher than the l i t e r a t u r e value of +238 

p.p.m.^^^ However, the observed coupling constant of 181 Hz i s i n 

e x c e l l e n t agreement w i t h l i t e r a t u r e values of 180 and 182 Hz.'''̂ ^ The 

s l i g h t downfield s h i f t i n l i q u i d hydrogen c h l o r i d e may possibly i n d i c a t e 

some exchange between PH^ and PH^^ species. 

The o x i d a t i o n o f phosphine w i t h c h l o r i n e was c a r r i e d out i n the 

sol v e n t . The r e a c t i o n was c a r r i e d out using both 1:1 and 2:3 molar 

r a t i o s of phosphine:chlorine. I n both cases an orange s o l i d p r e c i p i t a t e d 
31 

out of s o l u t i o n and i n the former r e a c t i o n a P n.m.r. signal at 

+245.3 p.p.m., immediately assignable to excess phosphine, was detected. 

No s i g n a l s a t t r i b u t a b l e to pr e v i o u s l y unknown chlorophosphines were 

observed. 

The r e a c t i o n between phosphine and phosphorus(III) c h l o r i d e i n 1:2 

molar r a t i o was studied i n the absence of a solvent. Again, an orange 

s o l i d p r e c i p i t a t e d which was shown to be phosphorus by elemental 
31 

a n a l y s i s . A resonance at -220 p.p.m. was observed when the P n.m.r. 

spectrum of the r e s i d u a l l i q u i d was recorded. This s i g n a l may be 

immediately assigned to excess phosphorus(III) c h l o r i d e . 
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Experimental 

The behaviour of phosphine i n l i q u i d hydrogen c h l o r i d e 

PH3 (5 mmole) followed by HCl (30 minole) was condensed at -196° i n t o 

an 8 mm. o.d. quartz ampoule. The ampoule was sealed and tested i n the 
31 

usual manner. The P n.m.r. spectrum of the clear colourless s o l u t i o n 
consisted of a sharp s i n g l e t at +245 + 1 p.p.m. 

31 

The P n.m.r. spectrum of gaseous phosphine was then recorded. 

PH3 was condensed at -196° i n t o an 8 mm. o.d. quartz ampoule which was t h en sealed and tested i n the usual manner. Some l i q u i d PH^ was present 

at 10°, but a l l was i n the gas phase at 34°C. PH^ has an S.V.P. of 

38.2 atm. at 17°C^^ and i t may be assumed t h a t the gaseous pressure i n s i d e 
31 

the ampoule was of the order of 40-50 atm. The P n.m.r. spectrum of 
gaseous PH consisted of a 1:3:3:1 quartet at +263 p.p.m. w i t h '''j ^ 

P- H 
181 Hz, 

The r e a c t i o n between phosphine and c h l o r i n e 

CI2 (2 mmole) followed by HCl (30 mmole) and PH^ (2 mmole) was 

condensed at -196° i n t o an 8 mm, o,d, s i l i c a ampoule. The ampoule was 

sealed and tested i n the usual way, A b r i g h t orange s o l i d and a clear 

c o l o u r l e s s s o l u t i o n were present at room temperature, A sharp resonance 
31 

at +245.3 p.p.m, was observed when the P n,m.r, spectrum of the s o l u t i o n 

was recorded. 
An apparently s i m i l a r orange s o l i d p r e c i p i t a t e d from a mixture of 

PH3 and CI2 i n 2:3 molar r a t i o i n l i q u i d hydrogen c h l o r i d e . No attempt 
31 

was made to record a P n,m,r. spectrum from t h i s ampoule. 

The r e a c t i o n between phosphine and phosphorus(III) c h l o r i d e 

PH^ (5 mmole) followed by PCl^ (10 mmole) was condensed at -196° 

i n t o an 8 mm. o.d. quartz ampoule which was sealed and tested as 
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described p r e v i o u s l y . Much pale yellow s o l i d formed at -78° and was 

orange i n colour at room temperature. The ̂ '''P n.m.r. spectrum of the 

remaining colourless l i q u i d consisted of a sharp s i n g l e t at -220 p.p.m. 
135 

which may be immediately assigned to PCl^. No signals a t t r i b u t a b l e 

to a s o l i d s t a t e resonance were observed. The ampoule was cracked open 

under dry n i t r o g e n and the orange s o l i d removed. This m a t e r i a l was 

pumped f o r 2 hours at room temperature to remove traces of PCl^ and was 

analysed. 

Found: P, 99.6% 

The orange s o l i d may thus be assumed to be elemental phosphorus. 

3.6 Reactions of triphenylphosphine and r e l a t e d chlorophenylphosphorus 

( I I I ) compounds 

Results and Discussion 

Triphenylphosphine i s soluble i n l i q u i d hydrogen c h l o r i d e w i t h 

p r o t o n a t i o n , and i n l i q u i d deuterium c h l o r i d e w i t h deuteronation. 
31 1 1 P chemical s h i f t s and J and J coupling constants were measured 

S—H r-D 

f o r the species Ph^PH^ and Ph^PD^ r e s p e c t i v e l y . Oxidation of the phosphorus 

from the +3 to the +5 o x i d a t i o n s t a t e was observed on r e a c t i o n w i t h 

c h l o r i n e and io d i n e monochloride i n the solvent. The series Ph PC1_ 
n 3-n 

(0 ^ n ^ 3) can be oxi d i s e d by c h l o r i n e t o Ph PCl^ (0 ̂  n ̂  3) i n 
-' n 4-n 

31 
l i q u i d hydrogen c h l o r i d e . Reactions were followed by P n.m.r. 
spectroscopy, and the r e s u l t s o f the experiments are shown i n Table 3.6.1. 

+ 85 The i o n Ph^PH has been detected i n sulphuric acid and the compound 

Ph^PH^BCl^ has been prepared i n l i q u i d hydrogen c h l o r i d e . T h e ̂'''P 

n.m.r. spectrtrai of a s o l u t i o n of Ph^P i n the solvent consisted of a 1:1 

doublet, w i t h a chemical s h i f t of - 6 + 1 p.p.m. and a P-H coupling 
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constant of 505 + 5 Hz which may be immediately assigned to the protonated 

species Pĥ PH"̂ . A chemical s h i f t of 0 p.p.m. f o r Pĥ PH"̂  i n Ph2PH"^Cl~ 
184 

has been quoted, and^, l a t e r i n t h i s work a s h i f t of -2 .5 + 1 p.p.m. has 

been measured f o r the species i n l i q u i d hydrogen bromide s o l u t i o n . 

TABLE 3 .6.2 

3 L The v a r i a t i o n i n P chemical s h i f t w i t h counterion f o r 
the species Pĥ PH"̂  

(Chemical s h i f t s i n p.p.m. r e l a t i v e to 857o H PO, , '^J^ , values i n Hz) 
^ -̂ P̂- H 

Solvent Counterion 31 1 P- H 
Reference 

0 Not s p e c i f i e d C l " - 184 

-2 .5 + 1 L i q u i d HBr Solvated Br i o n 498 t h i s work 

-6 + 1 L i q u i d HCl Solvated Cl ion 510 t h i s work 

31 
I t has been shown i n several instances t h a t P chemical s h i f t values 

f o r phosphorus(V) cations are dependent upon counterion, generally a 
31 

lower value being observed when a la r g e r anion i s present. P chemical 

s h i f t s f o r the tetrachlorophosphonium i o n are l i s t e d i n Table 3 .6.3 as 

an example. 
Thus, the v a r i a t i o n i n s h i f t of the Ph^PH^ ion i s t o t a l l y 

reasonable, and i t may be possible, on the basis of the lowest chemical 
countecioMj 

s h i f t being observed f o r the l a r g e s t A to postulate a higher degree of 

s o l v a t i o n f o r the C l " i o n i n l i q u i d HCl than f o r the Br i o n i n l i q u i d HBr. 
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TABLE 3.6.3 

V a r i a t i o n i n "̂*"P chemical s h i f t w i t h counterion f o r the species PCl^^ 
o 1 
( P chemical s h i f t s i n p.p.m. r e l a t i v e to 85% H^PO^) 

a ^̂ P Counterion Solvent Reference 

-80.3 Solvated Cl ion l i q u i d HCl t h i s work 

-8 7.3 Tetrahaloborate l i q u i d HCl t h i s work 

-87.1 CIO," 4 CH2CI2 178 

-87.9 SbCl," 6 CH2CI2 178 

-96 PCI," 
0 

167 

A 1:1:1 t r i p l e t at -5.5 + Ov5 p.p.m. w i t h a ^Jp_jj value of 77.0 + 
31 

2 Hz was observed when the P n.m.r. spectrum of a s o l u t i o n of Ph^P i n 

l i q u i d deuterium c h l o r i d e was recorded. This s i g n a l i s assigned to the 

species Pĥ PO"*". Phosphorus-deuterium spin-spin coupling was f i r s t 

r eported by Fluck and Binder'''^^ i n 1967. For n u c l e i i n i d e n t i c a l 

environments, the r e l a t i o n s h i p between the coupling of an atom, X, w i t h 

hydrogen or deuterium i s given by 

The r a t i o of coupling constants obtained from the species Ph^PH^ and 

Ph^PD i s given by 

which i s i n good agreement w i t h the t h e o r e t i c a l value. 
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Borisenko et a l have reported t h a t the value of the r a t i o J„„/J ,̂x 
PH PD 

174 
s l i g h t l y exceeds the t h e o r e t i c a l value f o r phosphorus(V) species. 

182 

However, Stec e t a l have reported values both above and below the 

t h e o r e t i c a l f o r phosphorus(V) compounds, and so too much emphasis should 

not be placed on the exact value of the r a t i o . 

On removal of the solvent from a s o l u t i o n of Ph^P i n l i q u i d hydrogen 

c h l o r i d e , much hydrogen c h l o r i d e was retained above i t s b o i l i n g p o i n t , 

f i n a l l y coming o f f at a higher temperature. Si m i l a r behaviour was 

observed during the preparation of tetramethylammonium hydrogendichloride 
44 

i n l i q u i d hydrogen c h l o r i d e . The i n f r a r e d spectrum of the white s o l i d 

obtained from the s o l u t i o n of Ph^P i n l i q u i d hydrogen ch l o r i d e contained 

a sharp, weak absorption at 2406 cm and a broad strong underlying band 

w i t h a maximum near 750 cm and t a i l i n g o f f towards 1300 cm i n 

a d d i t i o n to absorptions c h a r a c t e r i s t i c of Ph^P. The peak at 2406 cm ̂  i s 
.+ 175,176 _1 

"3̂  

assigned to v_, „ i n Ph.PH^ and the broad peak at 750 cm ̂  to the 
r - n 3 

49 

HCI2 i o n . Confirmation of the form u l a t i o n of the compound as 

Ph^PH^HCl2 was provided by weight analysis and elemental analysis. This 

compound i s stable a t room temperature f o r many months i f stored under 

dry n i t r o g e n . The preparation o f ftie compound Ph^PH^BCl^ has been 
. J 27 reported. 
Oxidation of triphenylphosphine by c h l o r i n e i n l i q u i d hydrogen 

c h l o r i d e and i s o l a t i o n of the products Ph^PCl2j and Ph^PCl^BCl^ on 
53 31 

a d d i t i o n of BCl^j has been reported. The P n.m.r. spectrum of 

a s o l u t i o n of Ph^P and CI2 i n 1:10 molar r a t i o i n the solvent contained 

a sharp peak at -65.1 p.p.m. which may be immediately assigned to the 
. - u 1 u- 1, • • -Du ,,0-.+ 177,178,183 chlorotriphenylphosphonium i o n Ph^PCl . 



Fig.3.6.1 

I n f r a r e d spectrum of triphenylphosphonitun hydrogendichloride 
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A conductiometric t i t r a t i o n between Ph^P and I C l i n l i q u i d hydrogen 

c h l o r i d e showed an end-point at a r a t i o of 1:1 possibly i n d i c a t i n g the 

formation of the species Ph^Pl"*". The compound Ph^PICl has been 

prepared and i t s s t r u c t u r e i n the s o l i d s t a t e has been shown to be 

Ph^Pl''"Cl . A s o l i d whose composition was shown to be Ph^PBCl^I by 

elemental analysis was obtained by re a c t i o n of Ph^P w i t h I C l and BCl^ i n 

l i q u i d hydrogen c h l o r i d e . The ̂ P̂ n.m.r. s o l i d s t a t e spectrum of t h i s 

m a t e r i a l contained a broad peak at -65.5 + 2 p.p.m. which may be assigned 

to Ph^PCl"^/^^'^^^ and not the expected Ph^PI^. I t i s shown l a t e r i n 

t h i s work t h a t Ph^PI^ i s e x t e n s i v e l y solvolysed i n l i q u i d hydrogen 

c h l o r i d e , and the presence of a weak s i g n a l i n the region of -55 p.p.m. 

probably due to Ph^PI^ (p.113) may not be detected i n a s o l i d s t a t e 

spectnim whose main c o n s t i t u e n t i s Pĥ PCl"*̂ . S i m i l a r l y , the •'••''B n.m.r. 

s o l i d s t a t e spectrum of the m a t e r i a l consisted of a broad s i g n a l . The 

maximum of the broad peak was at +19 + 0.7 p.p.m. The '''"'"B n.m.r. chemical 

s h i f t s o f BCl^" and B C l ^ l " are known to be +11.6 and +30.9 p.p.m. 
147 

r e s p e c t i v e l y and i t i s possible t h a t signals due to both of these 

anions are present i n the s i g n a l from the s o l i d . The i n f r a r e d spectrum 

contained absorptions due to Ph^P and also peaks at 597 cm ^ and 690 and 

660 cm which may be assigned to Ph^PCl^^^ and BCl^ 20f,163 j-gspectively. 

I t i s possible to formulate the s o l i d Ph^PBCl^I as con s i s t i n g l a r g e l y of 

Ph^PCl'^BCl^l" w i t h some Ph^Pl"*'BCl^". 

The r e a c t i o n was repeated using t r i p h e n y l a r s i n e i n place of 

triphenylphosphine. A s o l i d , whose composition was shown t o be 

Ph^AsBCl^I by ana l y s i s , was i s o l a t e d . The •'•'''B n.m.r. s o l i d s t a t e spectrum 

consisted of a broad peak at +11.5 + 1 p.p.m. which may be immediately 

assigned to BCl^ . Absorptions at 683 and 660 cm , which are 
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c h a r a c t e r i s t i c of the BCl^ i o n , were present i n the i n f r a r e d spectrum of 

the m a t e r i a l . This compound may be unambiguously formulated as 

Ph^Asl'^'BCl^ . The resistance to s o l v o l y s i s of the Ph^AsI^ c a t i o n as 

compared w i t h the Ph^PI^ c a t i o n i n l i q u i d hydrogen c h l o r i d e may be a 

consequence of a lower degree of s t e r i c crowding around the c e n t r a l atom 

i n the arsenic species producing a more stable cation. 

I n the series Ph^PCl^ (0 ̂  n ^ 3 ) , PCl^ has been shown to be 

soluble i n l i q u i d hydrogen c h l o r i d e w i t h o u t r e a c t i o n , and Ph^P i s 

protonated i n the solvent. The 1:1 doublet due to Ph^PH^ i s s h i f t e d 12 

p.p.m. downfield from the s i g n a l due to Ph^P i t s e l f , recorded i n benzene 

s o l u t i o n . A s i n g l e peak at -90 + 0 . 5 p.p.m. was observed when the '̂'"P 

n.m,r. spectrum of a s o l u t i o n of Ph2PCl i n l i q u i d hydrogen ch l o r i d e was 

recorded. The chemical s h i f t of the neat l i q u i d Ph2PCl was determined 

as -82 + 0.5 p.p.m., which i s i n e x c e l l e n t agreement w i t h the l i t e r a t u r e 
181 

value of -81.5 + 1 p.p.m. The downfield s h i f t of 8 p.p.m, observed 

i n l i q u i d hydrogen c h l o r i d e may be explained i n terms of protonation of 

the Ph2PCl, A s i n g l e t , not the doublet which might be expected from 

Ph2PClH"*^, i s observed i n d i c a t i n g t h a t p r o t o n a t i o n i s incomplete, and 
31 

t h a t r a p i d exchange w i t h the solvent i s tak i n g place. The P chemical 
134 

s h i f t of neat l i q u i d PhPCl2 has been reported as -161,6 p.p.m. I n 
31 

t h i s study a P s h i f t of -161,0 + 0;.5 p.p.m. was observed from a s o l u t i o n 

of PhPCl2 i n l i q u i d hydrogen c h l o r i d e , i n d i c a t i n g t h a t PhPCl2, l i k e 

PCl^, dissolves w i t h o u t r e a c t i o n i n the solvent. Both Ph2PCl and PhPCl2 
31 

are o x i d i s e d by c h l o r i n e i n l i q u i d hydrogen c h l o r i d e s o l u t i o n ; P n.m.r. 

s o l u t i o n spectra of 1:1 molar r a t i o s of the phosphine:chlorine contains 

s i g n a l s a t -93,2 + 0 . 5 and -100.3 + 0 . 5 p.p.m. which are c h a r a c t e r i s t i c 

of the phosphorus(V) cations Ph2PCl2^ and PhPCl^^ respectively.'''^^ 
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•̂'̂P n.m.r. data determined i n t h i s work f o r the species Ph PClt 
n 4-n 

(0 ^ n ^ 3) are i n e x c e l l e n t agreement w i t h published values. (See Table 

3.6.4.). 

TABLE 3.6.4 
31 + P chemical s h i f t s f o r the species Ph PCI, n — 4-n 

(0 ^ n g 3) i n the s a l t s Ph PCll" X~ • n — 4-n 
(Chemical s h i f t s i n p.p.m. r e l a t i v e to 85% H^PO^) 

X n = 0 n = 1 n = 2 n = 3 Reference 

CIO, 4 -87.1 -103.0 -93.2 -65.7 178 

SbClg -8 7.9 -102.9 -93.2 -65.0 178 

Solvated CI ion -80.3 -100.3 -93.2 -65.1 t h i s work 

-66 to -62 177 

Experimental 

The behaviour of triphenylphosphine i n l i q u i d hydrogen c h l o r i d e 

HCl (25 mmole) was condensed at -196° i n t o an 8 mm. o.d. quartz 

ampoule cont a i n i n g Ph^P (0.1 g., 0.38 mmole). The ampoule was sealed and 

tes t e d i n the normal m a n n e r , and contained a cle a r colourless s o l u t i o n at 
31 

room temperature. The P n.m.r. spectrum of the s o l u t i o n consisted of 
a 1:1 doublet at -6 + 1 p.p.m. w i t h a coupling constant '''J of 505 + 5 

— r - n — 

Hz. This doublet may be r e a d i l y assigned to the protonated species 

Pĥ PH''', which has been shown to e x i s t i n l i q u i d hydrogen c h l o r i d e 
1 .• 81 s o l u t i o n . 

The r e a c t i o n was repeated on a l a r g e r , preparative scale. 

Ph^P (0.262 g., 1 mmole) was dissolved i n about 2 ml. l i q u i d hydrogen 
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c h l o r i d e at -95° i n a weight analysis c e l l . The cle a r colourless s o l u t i o n 

was allowed to e q u i l i b r a t e f o r 30 minutes at t h i s temperature. The 

solvent was then removed by pumping at -95°, u n t i l w i t h about 1/4 of the 

s o l u t i o n remaining and HCl pressure less than 1 cm. of Hg the l i q u i d 

bumped and a s t i c k y white s o l i d was immediately obtained. Further pumping 

at room temperature r e s u l t e d i n the collapse o f t h i s s t i c k y s o l i d t o a 

pure white powder, w i t h the e v o l u t i o n of more gas. This gas was i d e n t i f i e d 

as HCl by examination of i t s i n f r a r e d spectrum. 

The weight increase during the r e a c t i o n was 29.9%. That calculated 

f o r the r e a c t i o n Ph^P Ph2PH"'"HCl2" i s 27.8%. 

Found: C, 64.42; H, 4.46; Ph^PH'^HCl2" requires C, 64.49; H, 5.08. 

The i n f r a r e d spectrum contained a sharp, weak absorption at 2406 cm ̂  

not found i n the spectrum of Ph P, which i s assigned to v„ „ i n Ph-PH"*". 

Other workers have reported the presence of a "weak or undetectable" 

maximum i n the region 2350-2400 cm i n the i n f r a r e d spectra of Ph^PH^ 

s a l t s . •'•̂^ The presence of a strong broad underlying absorption w i t h 

maximum at about 750 cm ^ and t a i l i n g o f f towards 1300 cm ''• i s i n d i c a t i v e 
49 

of HCI2 i o n . 

The compound i s thus i d e n t i f i e d as Ph2PH^HCl2 and i s stable at 

room temperature f o r several months i f stored under dry nitrogen. 

The r e a c t i o n was also repeated i n l i q u i d deuterium c h l o r i d e . 

DCl (30 mmole) was condensed at -196° i n t o an 8 mm. o.d. quartz ampoule 

co n t a i n i n g Ph^P (0.1 g., 0.38 mmole). The ampoule was sealed and tested 

i n the usual manner, and contained a clear colourless s o l u t i o n at room 
31 

temperature. The P n.m.r. spectrum consisted of a 1:1:1 t r i p l e t at 

-5.5 p.p.m. w i t h coupling constant ''"Jp_jj of 76.5 + 1 Hz. This s i g n a l 

may be r e a d i l y assigned to the species Ph^PD^. 
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The r e a c t i o n between triphenylphosphine and chl o r i n e 

Ph^P (0.131 g., 0.5 mmole) was loaded i n t o an 8 mm. o.d. s i l i c a 

ampoule. HCl (30 mmole) was condensed i n t o the ampoule at -196°, 

followed by CI2 (5 mmole). The ampoule was sealed and tested i n the usual 
31 

manner. The P n.m.r. spectrum of the cle a r green s o l u t i o n consisted of 

a r e a d i l y detectable s i g n a l a t -65.1 p.p.m. This may be immediately 

assigned to Pĥ PCl"*". 

The r e a c t i o n between triphenylphosphine, iodine monochloride and 

boron t r i c h l o r i d e 

HCl was condensed a t -196° i n t o a large r e a c t i o n tube containing 

Ph^P (2,62 g., 10 mmole) u n t i l a cle a r s o l u t i o n was obtained on warming 

to -95°. I C l (1.828 g., 11.2 mmole) was condensed i n t o the tube at -196° 

and on warming to -95° a brown s o l u t i o n was produced. 20 minutes at t h i s 

temperature were allowed f o r e q u i l i b r a t i o n . An excess of BCl^ was 

condensed i n t o the tube at -196°, and on warming to -95° a pale brown 

s o l i d was p r e c i p i t a t e d from the hydrogen c h l o r i d e s o l u t i o n . HCl was 

removed by pumping at low temperature, -95°, and excess BCl^ by pumping 

at room temperature f o r 12 hours. The s o l i d was washed w i t h dry CCl^ 

u n t i l washings were colourless and then d r i e d i n vacuo. 

The i n f r a r e d spectrum of the ginger coloured s o l i d contained, i n 

a d d i t i o n t o absorptions due to triphenylphosphine, absorptions at 597, 

690 and 660 cm"'''. The absorption at 59 7 cm"''' may be assigned to V p _ ^ j ^ 
+ 53 -1 i n Ph^PCl , and those at 690 and 660 cm are c h a r a c t e r i s t i c of 

31 

The P n.m.r, s o l i d s t a t e spectrum contained a broad s i g n a l at 

-65.5 + 2 p,p.m. which may be assigned to Ph^PCl"*" and the ̂ B̂ n.m.r. 
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s o l i d s t a t e spectrum contained a broad s i g n a l at +19.0 + 0 . 7 p.p.m. 

This i s high f o r a BCl^" s h i f t , which u s u a l l y l i e s between +11 and +12 

3̂  p.p.m. but may be due to the presence of some BCl I , ''"•'"B s h i f t 
147 

+30.9 p.p.m. 

Found: C,39.96; H,3.02; P,5.87; 1,23,26; 01,26.67. Required f o r 

Ph2PCl''"BCl2l", or Ph^Pl"^BCl^"; C,39.86; H,2. 79; P,5.68; 1,23.42; 01,26.18. 

The r e a c t i o n between t r i p h e n y l a r s i n e , iodine monochloride and 

boron t r i c h l o r i d e 

HCl was condensed at -196° i n t o a large r e a c t i o n tube containing 

Ph^As (1,29 g. , 4.31 mmole) i n s u f f i c i e n t q u a n t i t y to y i e l d a clear 

s o l u t i o n on warming to -95°. I C l (0,725 g., 4.47 mmole) was condensed 

i n t o the tube at -196° and on warming to -95° the I C l dissolved w i t h the 

formation of a l i t t l e dark precipitate," p ossibly iodine. 30 minutes were 

allowed f o r e q u i l i b r a t i o n a t -95°. An excess of BCl^ was condensed i n t o 

the tube at -196°, and a dark s o l i d p r e c i p i t a t e d ' o n warming to -95°. 

HCl was removed by pumping at t h i s temperature and excess BCl^ was 

removed by pumping at room temperature f o r 18 hours. The ginger-brown 

s o l i d was taken i n t o the dry box and washed w i t h dry CCl^ u n t i l washings 

were c o l o u r l e s s . The s o l i d was then d r i e d i n vacuo. 

I n a d d i t i o n to absorptions due to Ph^As, the i n f r a r e d spectrum of 

the s o l i d contained absorptions at 683 and 660 cm whichlanay be assigned 

to the BCl " i o n , •'•̂^ The '''•'"B n.m, r. s o l i d s t a t e spectrum consisted 
4 

of a peak at +11.5 + 1 p.p.m. which may be immediately assigned to BCl^ , 

Found: C,36.32; H,2.51; 1,21.34; 01,23.46. Required f o r Ph^Asl"^BCl^"; 

C,36.91; H,2.58; 1,21.66; 01,24.20. 
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The behaviour of chlorodiphenylphosphorus(IIl) i n l i q u i d hydrogen 

c h l o r i d e 

Ph^PCl (0.2 ml., 1.12 mmole) was syringed i n t o an 8 mm. o.d. quartz 

ampoule. HCl (25 mmole) was condensed i n t o the ampoule at -196°, which 
31 

was then sealed and tested i n the usual manner. The P n.m.r. spectrum 
o f the c l e a r colourless s o l u t i o n contained a single peak at -90.0 +0.5 

^2^ 
31 

p,p,m. The P chemical s h i f t o f neat Ph PCI was observed to be -82 + 
0,5 p.p.m. 

The r e a c t i o n between chloro d i p h e n y l p h o s p h o r u s ( l l l ) and ch l o r i n e 

Ph2PCl (0.1 ml,, 0.56 mmole) was syringed i n t o an 8 mm. o.d. quartz 

ampoule. HCl (25 mmole) was condensed i n t o the ampoule at -196°, 

fo l l o w e d by CI2 (0.56 mmole). The ampoule was sealed and tested i n the 

usual way. The colour due to the ch l o r i n e was discharged and a clear 

c o l o u r l e s s s o l u t i o n was obtained at room temperature. A single resonance 

at -93.2 + 0 . 5 p.p.m, was observed,which may be immediately assigned to 
+ 178 31 Ph2PCl2 J when the P n,m, r. spectrum was recorded. 

The behaviour of dic h l o r o p h e n y l p h o s p h o r u s ( l l l ) i n l i q u i d hydrogen 

c h l o r i d e 

.PhPCl2 (0.2 ml., 2.6 mmole) was syringed i n t o an 8 mm. o.d, quartz 

ampoule. HCl (25 mmole) was condensed i n t o the ampoule at -196°, which 

was then sealed and tested i n the usual manner. The "̂''"P n,m, r. spectrum 

of the c l e a r colourless s o l u t i o n contained a s i n g l e peak at -161 + 0 . 5 

p.p.m., which may be immediately assigned to PhPCl2. L i t e r a t u r e value f o r 
134 

neat l i q u i d PhPCl2 i s -161.6 p.p.m. 
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The r e a c t i o n between dichlorophenylphosphorus(lll) and ch l o r i n e 

PhPCl2 ^^'^ ml,, 3.8 mmole) was syringed i n t o an 8 mm, o.d. quartz 

ampoule. HCl (25 mmole) was condensed i n t o the ampoule at -196°, 

fol l o w e d by Cl2 (3.8 mmole). The ampoule was sealed and tested i n the 

usual way. During t h i s process, at -45°, the ampoule contained two 

l i q u i d l a y e r s , the lower colourless and the upper green. A t r a n s i e n t 

red-brown colour appeared on shaking the tube and causing the layers to 

mix, A cle a r colourless s o l u t i o n was obtained at room temperature,'^ 
31 

The P n,m,r, spectrum of t h i s . s o l u t i o n contained a si n g l e peak, at 
+ 178 

-100.3;+ 1 p.p.m. which may be assigned to PhPCl^ . 

3. 7 The behaviour o f dihalotriphenylphosphorus(V) compounds i n l i q u i d 

hydrogen c h l o r i d e 
31 

The P n.m,r. spectra of s o l u t i o n s of the d i h a l o t r i p h e n y l -

phosphorus(V) compounds Ph^PX2 (X = 0 1 , Br, I ) i n l i q u i d hydrogen ch l o r i d e 

were recorded. Results are shown i n Table 3.7.1. 
31 

A s i g n a l at -65.0 p.p.m. was observed i n the P n.m.r. spectrum 

of a s o l u t i o n of Ph^PCl2 i n l i q u i d hydrogen c h l o r i d e . Values between 
-66 and -62 p.p.m. have been reported f o r the chlorotriphenylphosphonium 
. . , ̂ . 177.178 i o n m s o l u t i o n , ' 

31 

The P n.m,r. spectrum of a s o l u t i o n of Ph2PBr2 i n the solvent 

contained a strong s i g n a l at -54 p.p.m. and a very weak s i g n a l at -66 

p.p.m., which may be assigned to Pĥ PBr"*" and Ph^PCl^, '''̂^ 

r e s p e c t i v e l y . The d i f f e r e n c e between the chemical s h i f t of Ph^PBr^ i n 

l i q u i d hydrogen c h l o r i d e and the l i t e r a t u r e values of -48.6 and -48.3 
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31 
TABLE 3.7.1 

P chemical s h i f t s f o r some dihalotriphenylphosphorus(V) 
compounds i n l i q u i d hydrogen c h l o r i d e 

(chemical s h i f t s i n p.p.m. r e l a t i v e to 85% H^PO^) 

Compound Remarks 

Ph2PCl2 -65 Pĥ PCl"*" 

Ph2PBr2 -66, -54 Signals assigned to Ph PCl^ 
+ ^ and Ph„PBr re s p e c t i v e l y . 

+ 
S l i g h t s o l v o l y s i s of Ph^PBr 

-64.5, -55 Signals assigned to Ph PCl"*" 
+ 

and to Ph PI re s p e c t i v e l y . 
+ 

Extensive s o l v o l y s i s of Ph^Pl 

180 

p.p.m., s o l i d s t a t e and PhN02 s o l u t i o n values r e s p e c t i v e l y , may be due 

to a change i n magnetic s u s c e p t i b i l i t y , and/or to a change i n counterion. 

Salthouse and Waddington^^ have reported the o x i d a t i o n of Ph^P w i t h Br2 i n 

l i q u i d hydrogen c h l o r i d e at -95° to produce an inhomogeneous product, 

c o n s i s t i n g of Ph^PCl2 and Ph^PBr2. The present study confirms t h a t the 

Ph^PBr"^ c a t i o n i s solvolysed i n l i q u i d hydrogen c h l o r i d e , but only 
s l i g h t l y even at room temperature. 

Two'ssignals at -64.5 and -55 p.p.m. which may be assigned to Ph^PCl 

and Ph^Pl"*" r e s p e c t i v e l y were observed i n the ̂"''P n.m.r. spectrum of a 

s o l u t i o n of Ph2Pl2 i n l i q u i d hydrogen c h l o r i d e . The r a t i o of the 

i n t e n s i t i e s of the signals was approximately 4:1, Ph2PCl^:Ph^Pl"''. 

+ 
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A s o l i d s t a t e '̂'"P chemical s h i f t f o r Ph^PI^ of -42.5 p.p.m. has been 
180 

reported. The large d i f f e r e n c e between t h i s value and tha t found i n 

l i q u i d hydrogen c h l o r i d e s o l u t i o n may be due to a magnetic s u s c e p t i b i l i t y 

or to some exchange w i t h the solvent, or to the presence of a d i f f e r e n t 

counterion. C l e a r l y Ph^PI^ i s solvolysed to a large extent i n l i q u i d 

hydrogen c h l o r i d e . 
Experimental 

Dichlorotriphenylphosphorus(V) 

Ph2PCl2 was prepared i n s i t u as described previously, (p.109). 
31 

The P n.m.r. s o l u t i o n spectrirai contained a s i n g l e sharp resonance at 
+ 178 

-65.1 p.p.m. which may be assigned to Ph^PCl . 

Dibromotriphenylphosphorus(V) 

HCl (30 mmole) was condensed at -196° i n t o an 8 mm. o.d. quartz 

ampoule cont a i n i n g Ph^FBr^ (0.250 g., 0.59 mmole). The ampoule was 
31 

sealed and tested i n the usual manner. The P n.m.r. spectrum of the 

clea r colourless s o l u t i o n contained a very weak signal at -66 p.p.m. and 

a very strong s i g n a l at -54 p.p.m. The weak signal may be assigned to 
+ 31 Ph^PCl , formed presumably as the r e s u l t of l i m i t e d s o l v o l y s i s . P 

chemical s h i f t s o f -48.3 and -48.6 p.p.m. have been reported f o r the 

i o n Ph^PBr^ i n PhN02 s o l u t i o n and i n the s o l i d state respectively.'''^^ 

The s i g n a l at -54 p.p.m. i s assigned to t h i s species, the d i f f e r e n c e 

between the values i n PhN02 and i n l i q u i d hydrogen c h l o r i d e s o l u t i o n s 

presumably being due to magnetic s u s c e p t i b i l i t y e f f e c t s , and/or to a 

change i n counterion. 

Diiodotriphenylphosphorus(V) ' 

HCl (30 mmole) was condensed at -196° i n t o an 8 mm. o.d. quartz 
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ampoule containing Ph^PI^ (0.327 g., 0.58 mmole). The ampoule was sealed 

and t e s t e d i n the usual manner. A clear orange-brown s o l u t i o n was obtained 

at room temperature. The "̂'''P n.m.r. spectrum consisted of a strong 

s i g n a l a t -64.5 p.p.m. and a weaker sig n a l at -55 p.p.m. The strong 

s i g n a l may be assigned at once t o Ph^PCl . A s o l i d s t a t e value o f 

-42.5 p.p.m. f o r Ph^PI^ has been reported,'''^^ and the sign a l at -55 p.p.m. 
0 

may be assigned to t h i s species provided t h a t an exchange w i t h the 

splvent i s postulated. However, i t i s clear t h a t Ph^PI^I i s l a r g e l y 

solvolysed i n l i q u i d hydrogen c h l o r i d e . 

3.8 The behaviour of phosphorus(V) halides i n l i q u i d hydrogen c h l o r i d e 

3.8.1. Phosphorus(V) f l u o r i d e 

Results and Discussion 

Phosphorus(V) f l u o r i d e i s shown to be soluble i n l i q u i d 

hydrogen c h l o r i d e at room temperature without r e a c t i o n . Reactions w i t h 

the solvoacids boron t r i c h l o r i d e and boron t r i f l u o r i d e i n the solvent 

i n d i c a t e the possible formation of the tetrafluorophosphonium ion as an 

intermediate. 

The r e s u l t s of the experiments are shown i n F i g . 3.8.1. A l l reactions 
31 11 were followed by P n.m.r. spectroscopy, and where appropriate B 

n.m.r. spectroscopy. 
26 

Peach and Waddington have reported t h a t PF^ i s soluble i n l i q u i d 

hydrogen c h l o r i d e at low temperatures forming a colourless s o l u t i o n . 

PF^ acts as a source of the hexafluorophosphate ion i n the presence of 

strong bases i n the solvent according to the equation 



Fig.3.8.1 

Reactions of phosphorus(V) f l u o r i d e 
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2Me,N^ + 2Cl" , + 3PF^ 4 ? f ^ 2Me,N^PF," + PF„C1. (Ref.26) 4 solv 5 HCI 4 6 3 2 

31 
The P n.m.r. spectrum of a s o l u t i o n of PF^ i n l i q u i d hydrogen at room 
temperature consisted of the expected 1:5:10:10:5:1 sextet, w i t h a 

P̂-F chemical s h i f t of +81 p.p.m. and a coupling constant of 953 + IHz. 
31 

This i s i n e x c e l l e n t agreement w i t h the P n.m.r. data obtained from a 

gas phase spectrum; chemical s h i f t +79.5 p.p.m., '''J., _, 952 Hz. I t may 

be assumed th a t PF^ i s soluble i n the solvent without r e a c t i o n . These 

f i g u r e s are i n s l i g h t disagreement w i t h l i t e r a t u r e data, values of +68 

and +72.5 p.p.m. f o r the chemical s h i f t and 930 Hz f o r '''J-, _ having been 
r - r 
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reported. ' The P n.m.r. spectrum of PF^ i n the " i n e r t " solvent 

CCl^F was recorded f o r purposes of comparison. The peaks i n t h i s 

spectrum were much broader than those i n the previous two spectra, 

p o s s i b l y an i n d i c a t i o n of r a p i d exchange w i t h the solvent, but the 

chemical s h i f t of +80 + 1 p.p.m. was comparable. The coupling constant 

was recorded as 958 + 15 Hz. Following the observation t h a t PF^ dissolves 

unchanged i n l i q u i d hydrogen c h l o r i d e , the r e a c t i o n between PF^ and BCl^ 

i n a 1:1 molar r a t i o i n the solvent was i n v e s t i g a t e d . Boron t r i c h l o r i d e 

i s a w e l l established Lewis acid i n l i q u i d hydrogen ch l o r i d e when a base 
20e 

i s present ,but i t i s shown l a t e r i n t h i s work that i n the absence of 
31 

a base BCl^ dissolves unchanged i n the solvent. The P n.m.r. spectrum 

of the clear colourless s o l u t i o n of PF^ and BCl^ i n 1:1 molar r a t i o i n 

l i q u i d hydrogen c h l o r i d e consisted of a s i n g l e sharp resonance at -85.5 

p.p.m. which may be immediately assigned to the tetrachlorophosphonium 

io n P C l ^ ^ . T h e ''"''"B n.m.r. spectrimi contained a single sharp peak at 
- 147 

+11.25 p.p.m. which i s c h a r a c t e r i s t i c of BCl^ . Thus PF^ and BCl^ i n 
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l i q u i d hydrogen c h l o r i d e at room temperature react to give t e t r a c h l o r o -

phosphonium t e t r a c h l o r o b o r a t e PCl^^BCl^ . 

The r e a c t i o n may proceed v i a the formation of a tetrafluorophosphonium 

i o n PF,^ and a t r i c h l o r o f l u o r o b o r a t e ion BC1„F , 4 3 

followed by s o l v o l y s i s to give the observed products. Or, i n v o l v i n g the 

solve n t , 

PF^ + HCl + BCl, ^^Tn]^^ PF,"*" + HF + BCl," 5 3 HCl 4 4 

again followed by s o l v o l y s i s to y i e l d the PCl^^ cati o n . 

The r e a c t i o n was repeated using BF^ as the Lewis acid. BF^ i s a 

solv o a c i d i n l i q u i d hydrogen c h l o r i d e , forming the BF^Cl anion i n the 

presence of a solvobase e.g. PCl^. The compound PCl^^BF^Cl foraed at 

-95° has been i s o l a t e d and characterised at room temperature. 

I t i s shown l a t e r i n t h i s work t h a t BF^ dissolves unchanged i n l i q u i d 
31 

hydrogen c h l o r i d e at room temperature. The P n.m.r. spectrum of a 1:1 

molar;.,mixture of PF^ and BF^ i n l i q u i d hydrogen chloride contained two 

m u l t i p l e t s ; a sextet at + 81 + 1 p.p.m. w i t h coupling constant '''Jp ̂  

of 948 Hz, and a quartet at +37 +0.5 p.p.m. w i t h a P-F coupling constant 

of 1080 Hz. The sextet may be assigned to PF^. The quartet i s t y p i c a l 
of a PF2^2 °^ '̂ '̂ •̂ ^ (X = Br,CI) species and the coupling constant of 
1080 Hz i s q u i t e close to 1070 Hz observed i n t h i s work f o r PF^Cl^ i n 

31 
l i q u i d hydrogen c h l o r i d e . However, the P chemical s h i f t of '27^01^ i n 
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the solvent has been observed i n the region +29.5 + 2 p.p.m. and i t i s 

d i f f i c u l t t o e x p l a i n such a large d i f f e r e n c e i n s h i f t values. The ^̂ B 

n.m.r. spectrum contained a sharp resonance at +8.6 p.p.m. which may be 
125 

immediately assigned to BF^, Again, the p o s t u l a t i o n of a t e t r a c o -

o r d i n a t e fluorophosphorus(V) c a t i o n i s required to explain the observed 

products. 
PF^ + HCI + BF^ ^^g"^'^> PF̂ "*" + HF + BF^Cl" 

PF,"̂  + HCI -» PF-Cl"^ + HF 4 3 

PF^Cl"*" + BF^Cl" -» PF^Cl^ + BF^ 

The o v e r a l l equation may be w r i t t e n 

BF 
PF^ + 2HC1 , . . > PF^C1„ + 2HF 5 l i q u i d 3 2 

HCI 

i . e . the s o l v o l y s i s of PF^ i n "more a c i d i c " l i q u i d hydrogen c h l o r i d e . 

The r e a c t i o n between PF^ and BF^ was repeated i n the absence of a 
31 11 

solvent. Not s u r p r i s i n g l y the P and B n.m.r. spectra showed the 

presence o f unchanged s t a r t i n g m a t e r i a l s i n d i c a t i n g that no r e a c t i o n had 

taken place. 
Phosphorus(V) f l u o r i d e was t r e a t e d w i t h an excess of the strong 

31 

Lewis ac i d antimony(V) f l u o r i d e . Some purple s o l i d was produced but P 

n.m.r. signals could not be detected when the spectrum of t h i s m a t e r i a l 

was recorded. 
3.8.2. Phosphorus(V) c h l o r i d e 

Phosphorus(V) c h l o r i d e has been shown to be soluble i n 

l i q u i d hydrogen c h l o r i d e producing a large increase i n conductance, 

and there i s no doubt t h a t i t behaves as a c h l o r i d e i o n donor i n the 
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s o l v e n t . T h e '̂''P n.m.r. spectrum of a s o l u t i o n of PCl^ i n l i q u i d 

hydrogen c h l o r i d e contained a strong s i g n a l at -80.3 p.p.m. which may be 
131 132 

assigned to the tetrachlorophosphonium i o n . ' The absence of signals 

i n the reg i o n of +80 p.p.m. and +300 p.p.m. i n d i c a t e the absence of the 

species PCl^ and PCl^ r e s p e c t i v e l y . ' ' ' ^ ^ Thus, the behaviour of 

phosphorus(V) c h l o r i d e as a c h l o r i d e i on donor, i . e . a strong base, i n 

l i q u i d hydrogen c h l o r i d e and i t s existence i n the solvent as PCl^^ and 

solvated c h l o r i d e ions i s confirmed. 

3.8.3. Phosphorus(V) bromide 

Phosphorus(V) bromide i s only s l i g h t l y soluble i n l i q u i d 
31 

hydrogen c h l o r i d e at room temperature. The P n.m.r. spectrum of a 

saturated s o l u t i o n contained signals at -224.7, -222.6, -218.4 and +95.3 

p.p.m. The signals i n the downfield region may be assigned to PBr^Cl, 

PBrCl^^"^^ and PCl^^^^ r e s p e c t i v e l y , and t h a t at 495.3 p.p.m. to PBr^^. -"-̂^ 

Phosphorus(V) bromide i s known to e x i s t i n the s o l i d s t a t e as PBr̂ "'"Br 
and i t s d i s s o c i a t i o n i n s o l u t i o n t o phosphorus(III) bromide and bromine 

171 172 31 

has been reported. ' The P n.m.r. s o l i d s t a t e spectrum of 

phosphorus(V) bromide was recorded and contained two strong signals at 

-227.5 and +104 p.p.m. The expected signal a t +104 p.p.m. i s i n 
e x c e l l e n t agreement w i t h the l i t e r a t u r e values of +101 and +104 + 1 p.p.m. 
f o r PBr^^, jand the peak at -227.5 p.p.m. may be assigned to 

119 

PBr^. Thus p a r t i a l d i s s o c i a t i o n of phosphorus(V) bromide to phosphorus 

( I I I ) bromide and bromine takes place even i n the s o l i d s t a t e a t 

temperatures a l i t t l e above room temperature. The PBr^ formed as a r e s u l t 

o f d i s s o c i a t i o n w i l l be solvolysed i n l i q u i d hydrogen c h l o r i d e g i v i n g 

PBr2Cl, PBrCl2 and PCl^. I t has already been shown i n t h i s work t h a t 
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PBr^ i s solvolysed by l i q u i d hydrogen c h l o r i d e , signals due to PBr^, 
31 

PBr2Cl and PBrCl^ being detected i n the P n.m.r. spectrum of the 

s o l u t i o n . The absence of PBr^ i n a saturated s o l u t i o n of phosphorus(V) 

bromide i n the solvent i s possibly due to a concentration e f f e c t . 

I n the r e a c t i o n between phosphorus(V) bromide and an excess of boron 

t r i c h l o r i d e i n the solvent a clear yellow orange s o l u t i o n over much 
orange c r y s t a l l i n e s o l i d was observed. No si g n a l could be detected when 

31 

the P n.m.r. spectrum of t h i s s o l u t i o n was recorded, but a peak at 

-28.75 p.p.m., which may be assigned to B C l ^ j ^ ^ ^ was observed i n the ''"''"B 

n.m.r. spectrum. The orange c r y s t a l l i n e s o l i d was not i n v e s t i g a t e d 
f u r t h e r , but i t was probably PBr^"^BCl2Br~. 

31 

P n.m.r. data from s o l u t i o n of the phosphorus(V) halides i n 

l i q u i d hydrogen c h l o r i d e are summarised i n Table 3.8.1. Experimental 

The behaviour of phosphorus(V) f l u o r i d e i n l i q u i d hydrogen ch l o r i d e 

PF^ (2 mmole) was condensed i n t o an 8 mm. o.d. quartz ampoule at 

-196°, followed by HCI (25 mmole). The ampoule was sealed and tested i n 
31 

the usual manner. The P n.m.r. spectrimi obtained from a CAT run of 

64 scans consisted of a sharp 1:5:10:10:5:1 sextet centred at +81 p.p.m. 

w i t h coupling constant ''"J-, „ of 953 + 1 Hz. Values f o r PF of +68 p.p.m. 
r - r — J 

and 930 Hz have been reported, f o r the ̂''"P chemical s h i f t and P-F coupling 
133 121 constant r e s p e c t i v e l y . ' 

31 

The P n.m.r. spectrum of PF^ i n freon 11 was also recorded. 

PF^ (2 mmole) was condensed i n t o an 8 mm. o.d. quartz ampoule at -196°, 

followed by freon 11 (1 m l . ) . The ampoule was sealed and tested i n the 

usual manner, and contained a clear colourless s o l u t i o n at room 



121, 

0 0 

< 

0) 
T3 
•i-l 
U 
o 
o 

c 
0) 
M 
o 
I-l 
>, 

•rl 
3 a 

• I - l 

C 
•H 
CO 
0) 

X I 

05 

o 

a 
to 
o 
D, 
<U 
O 

14-1 
•H 
0) 

to 
o 

• I - l 

T3 

3 
O 
•H 

PQ 

O 
PLI 
PC 
si 
0 0 

o 
+j 

<u > 

e 

03 
4 J 
4-1 
• I - l 

Xi 
CO 

td 
o 
•H 

u 

03 

u 
to 

J3 3 
r-4 
O 
CO 

>. 
Q) 
> 

C 
O 
•H 

O 
X ) 
(U 
4-1 
to 
> 

1-1 
o 
03 

c 
CO 

+ 

XI 3 
o 
03 03 

4-1 
>^ 03 U •H 
(U !«! 

> H 

4 J 

g 
00 

•1-1 
03 
03 

<! 

+ 
PM 

u 
Oi 

M-l 
•H 
Xi 03 
to 
•H 

X I 
CJ 

PM 
1-1 

X I C 3 
O 

a, 

u 

ro 
O to 

i n 
u-l 

PM PM 

c 
o 

•1-1 
4 J 
to 
•H o o 
03 
03 

• r l 
T 3 

§ 
03 

x: 
4 J 
•1-1 IS 

X5 3 
1-1 
o 
03 

4-J 

XI 
X I 

St 
o 

CM U • m 
+ 
u m 
PM 

60 
c 
to 

lO X! 
O 
0) . 

•1-1 u 
1-1 m 
CO PM 

rv 

1-1 

U + IM + 
pa 
PM U 

r i PM 
T-l 

U ro 
IM 1-4 
pq u 
PM PM 

. CN • CM i n 
I N 

+ 

. • vi­ 0 0 
es 1-1 
CN 

i n 
IM pq 
PM 



122. 

31 temperature. The P n.m.r. spectrum of the s o l u t i o n consisted of a 
s i x l i n e m u l t i p l e t , i n t e n s i t i e s 1:5:10:10:5:1, having a chemical s h i f t 
o f +80 + 1 p.p.m. and ̂ J_, „ value of 958 + 15 Hz. The peak widths i n 

— r - r — 

t h i s spectrum were much broader than those i n the spectrum o f PF^ i n 

l i q u i d hydrogen c h l o r i d e , possibly due to f a s t exchange w i t h f l u o r i n e of 

the so l v e n t , CCl^F. 

The r e a c t i o n between phosphorus(V) f l u o r i d e and boron t r i c h l o r i d e 

PF^ (2 mmole) was condensed i n t o an 8 mm. o.d. quartz ampoule at 

-196°, followed by HCI (25 mmole) and BCl^ (0.2 ml., 2.3 mmole). The 

ampoule was sealed and tested i n the normal manner. At room temperature 

the l i q u i d phase consisted of two clear colourless layers. The "̂ P̂ 

n.m.r. spectrum contained a s i n g l e resonance at -85.5 p.p.m., which may 

be immediately assigned to PCl^^. The •'"'''B n.m.r. spectrinn consisted of 
- 147 

a s i n g l e resonance at +11.25 p.p.m., which i s assignable to BCl^ . 

The r e a c t i o n between phosphorus(V) f l u o r i d e and boron t r i f l u o r i d e 

PF^ (2 mmole) was condensed i n t o an 8 mm. o.d. quartz ampoule at 

-196°, followed by HCI (25 mmole) and BF^ (2 mmole). The ampoule was 
31 

sealed and tested i n the normal manner. The P n.m.r. spectrum consisted 
of a 1:3:3:1 quartet at +37 + 0.5 p.p.m. with' '''J- „ 1080 Hz and a 

1:5:10:10:5:1 sextet at +81 + 1 p.p.m. w i t h ^ of 948 Hz. The l a t t e r 
— r - r 

m u l t i p l e t may be assigned to PF^. The m u l t i p l i c i t y o f the former s i g n a l 

i s i n d i c a t i v e of PF^X^, or PF^X^, species and the P-F coupling constant, 
31 

1080 Hz, i s very close t o t h a t of PF3CI2. However, 6 P f o r ̂ ^^Cl^ i n 

l i q u i d hydrogen c h l o r i d e has been shown i n t h i s work to occur i n the 

regi o n +29.5 + 2 p.p.m., and the appearance of the signal at +37 p.p.m. i s 

d i f f i c u l t to e x p l a i n . The ̂ B̂ n.m.r. spectrum consisted of a si n g l e 

resonance at +8.6 p.p.m. 
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The r e a c t i o n was repeated i n the absence of a solvent. 

PF^ (3.5 mmole) was condensed i n t o an 8 mm. o.d. quartz ampoule at 

-196° followed by BF^ (3.5 mmole). The ampoule was sealed and tested i n 

the usual way. At room temperature the sum of the p a r t i a l pressures due 
31 

to PF^ and BF^ was of the order of 60 atm. The P n.m.r, spectrum 

consisted of a 1:5:10:10:5:1 sextet at +79.5 p.p.m. w i t h a P-F coupling 

constant o f 952 Hz, which may be immediately assigned to PF^. The ̂'''B 

n.m.r. spectrum contained a s i g n a l a t +8.6 + 0.2 p.p.m. which, on 

examination using scale expansion was seen to be a 1:3:3:1 quartet w i t h a 
J„ ^ value of 13 + 0.5 Hz. This si g n a l may be assigned to BF,,. ' 
D-r — J 

The r e a c t i o n between phosphorus(V) f l u o r i d e and antimony(V) f l u o r i d e 

SbF^ (0.75 ml., 10.3 mmole) was poured i n t o an 8 mm. o.d. quartz 

ampoule. PF^ (4 mmole) was condensed i n t o the ampoule at -196°, which 

was then sealed and tested i n the usual manner. The ampoule contained a 

white glassy s o l i d , or viscous l i q u i d , under a purple s o l i d at room 
31 

temperature. No s i g n a l was observed when the P n.m.r. spectrum of the 

s o l i d and t h a t of the space above the s o l i d were recorded. The ampoule 

was i n v e r t e d and warmed using a h a i r dryer to e f f e c t mixing of the white 
31 

and purple l a y e r s . Again signals were not observed when the P n.m.r. 

spectrxam of the s o l i d and t h a t of the space above the s o l i d were recorded. 

The behaviour of phosphorus(V) c h l o r i d e i n l i q u i d hydrogen c h l o r i d e 

HCl (25 mmole) was condensed i n t o an 8 mm. o.d. quartz ampoule at 

-196° cont a i n i n g PCl^ (0.208 g., 1 mmole). The ampoule was sealed and 
31 

t e s t e d i n the normal manner. The P n.m.r. spectrum of the s o l u t i o n 

contained a s i n g l e resonance at -80.3 p.p.m. This s i g n a l may be assigned 

to PCl^ . ' No si g n a l was detected i n the region around +300 p.p.m.; 
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i n d i c a t i n g t h a t PCl^ was absent.'^"'^^ Thus, PCl^ e x i s t s t o t a l l y as PCl^^ 

and solvated CI ions i n l i q u i d hydrogen c h l o r i d e . 

The behaviour of phosphorus(V) bromide i n l i q u i d hydrogen c h l o r i d e 

HCI (25 mmole) was condensed i n t o an 8 mm. o.d. quartz ampoule at 

-196°, containing PBr^ (0.215 g., 0.5 mmole). The ampoule was sealed 

and t e s t e d i n the manner pr e v i o u s l y described. The ampoule contained a 

pale reddish orange s o l u t i o n over undissolved orange c r y s t a l l i n e PBr^ at 
31 

room temperature. The P n.m.r. spectrum contained signals at -224.7, 

-222.6, -218.4 and +95.3 p.p.m., which may be assigned to PBr^Cl, PBrCl2, 

PC1,1"-1^« and PBr 
3 4 

31 

The P n.m.r. spectrum of s o l i d PBr^ was then recorded. A strong 

broad s i g n a l at +104 p.p.m. was observed, which i s i n excell e n t agreement 

w i t h the l i t e r a t u r e value of 104 + 1 p.p.m.'''̂ ''' f o r PBr^^, and also a 
119 

s i g n a l at -227.5 p.p.m. which may be assigned to PBr^. Both signals 

could be seen on a s i n g l e scan. 

The r e a c t i o n between phosphorus(V) bromide and boron t r i c h l o r i d e 

PBr^ (0.215 g., 0.5 mmole) was loaded i n t o an 8 mm. o.d. quartz 

ampoule. HCI (25 mmole) was condensed i n t o the ampoule at -196° followed 

by an excess of BCl^. The ampoule was sealed and tested i n the usual 

manner. A clear yellow-orange s o l u t i o n over an orange c r y s t a l l i n e s o l i d 
31 

was obtained at room temperature. No si g n a l could be detected i n the P 

n.m.r. spectrimi of t h i s s o l u t i o n , i n d i c a t i n g t h a t a l l the phosphorus was 

present i n the s o l i d . The ''••''B n.m.r. spectrum of t h i s s o l u t i o n contained 
125 

one resonance at -28.75 p.p.m. which may be assigned to BCl^. 



CHAPTER 4 

REACTIONS OF PHOSPHORUS COMPLEXES OF LOW 
VALENT TRANSITION METALS 
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4.1 Platinum complexes 

Results and Discussion ' 

The q u a n t i t a t i v e reactions of t e t r a k i s ( t r i p h e n y l p h o s p h i n e ) 

platinum(O) w i t h l i q u i d hydrogen c h l o r i d e , deuterium c h l o r i d e and 

hydrogen bromide, and of t r i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( 0 ) w i t h 
31 

l i q u i d hydrogen c h l o r i d e were i n v e s t i g a t e d i n s i t u by P n.m.r.; 

the products are c i s - d i h a l o b i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( l l ) 

complexes, together w i t h triphenylphosphonium s a l t s and hydrogen. 

Trans-bis(triphenylphosphine) complexes are produced when t e t r a k i s -

(triphenylphosphine)platinum(O) i s reacted w i t h 100% sulphuric and 
31 

t r i f l u o r o a c e t i c acids. P n.m.r. spectra are shown i n the t e x t . 

The reactions of acids w i t h complexes of t r a n s i t i o n metals i n 

f o r m a l l y low o x i d a t i o n states are of i n t e r e s t as various courses are 

poss i b l e . Protonation, e i t h e r at the metal or at one of the ligands, 

may occur, w i t h o u t changing the o x i d a t i o n s t a t e of the metal. Or, 
o x i d a t i o n of the metal w i t h reduction of the acid may take place. 

185 

McAvoy e t . a l . have described the r e a c t i o n between t e t r a k i s -

(triphenylphosphine)platinum(O) and l i q u i d hydrogen f l u o r i d e y i e l d i n g 

d i f l u o r o b i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( I l ) . More r e c e n t l y , both 

t h i s r e a c t i o n , and t h a t of tr i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( O ) w i t h 

l i q u i d hydrogen f l u o r i d e , have been reported to produce a compound 
186 

PtF3(Ph3P)3H, t e n t a t i v e l y formulated as [PtF^Ph^P)^][HF2]. The 

P n.m.r. s o l u t i o n spectrum o f t E t r a k i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( 0 ) 

i n l i q u i d hydrogen c h l o r i d e i s shown i n f i g . 4.1.1. 



Fig.4.1.1 
31 

P n.m.r. s o l u t i o n spectra 

T e t r a k i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( 0 ) i n l i q u i d hydrogen ch l o r i d e 

Fig.4.1.2 
31 

P n.m.r. s o l u t i o n spectrum 

c i s - d i c h l o r o b i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( l l ) i n l i q u i d hydrogen ch l o r i d e 
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There are c l e a r l y two phosphorus species present. The 1:4:1 

t r i p l e t a t -11.4 p.p.m. i s assigned to triphenylphosphine groups bound 
195 

to platinum, the outer peaks a r i s i n g from coupling w i t h the Ft 
isotope present i n 33.7% abundance.'''^^ The magnitude of the coupling 

constant ''"J = 3875 + lOHz. in d i c a t e s t h a t the ligands are 
P- Pt 

18 7 188 
i n a c i s c o n f i g u r a t i o n . ' The 1:1 doublet at -4.0 p.p.m. w i t h 
'''J„̂  ^ of 512 + 5Hz. has been shown e a r l i e r i n t h i s work to be 
''^P-'Sl ^ 

c h a r a c t e r i s t i c of the species Ph^PH . The i n t e n s i t y r a t i o of the 

m u l t i p l e t s i s 1:1 i n d i c a t i n g t h a t two triphenylphosphine ligands are 

displaced i n the r e a c t i o n . 

I n an independent experiment i t was shown th a t hydrogen, approximately 

0.66 moles per mole of t e t r a k i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( 0 ) , was 

evolved during the r e a c t i o n i n d i c a t i n g t h a t o x i d a t i o n of the platinum 

from the zero to the +2 o x i d a t i o n s t a t e had occurred. The most 

probable product to accord w i t h the n.m.r. data would be c i s - d i c h l o r o -

b i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( l l ) formed according to the equation; 

(Ph^P)^Pt + 6HC1 ^ cis(Ph2P)2PtCl2 + 2Ph2PH'^HCl2~ + H^. 

Elemental analyses on the white s o l i d residue obtained on removal of 

hydrogen c h l o r i d e are compatible w i t h t h i s stoichiometry. 

The i d e n t i t y of the platinum-containing product was confirmed by a 
31 

se r i e s o f experiments. The P n.m.r. spectrum of. c i s - d i c h l o r o b i s -

( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( l l ) i n l i q u i d hydrogen c h l o r i d e , (shown 

i n f i g . 4.1.2), was recorded and consisted of a 1:4:1 t r i p l e t at 

-12.1 p.p.m. w i t h of 3873Hz. Signals due to Ph PH"*" ions 
•^^P-^^^Pt 



FiR.4.1.3 
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P n.m. r. s o l u t i o n spectriun 

c i s - d i c h l o r o ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( l l ) and triphenylphosphine i n a 

1:2 molar r a t i o i n l i q u i d hydrogen ch l o r i d e 

Fig.4.1.4 

'̂*"P n.m.r. s o l u t i o n spectrum 

c i s - d i c h l o r o ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( l l ) and t e t r a k i s ( t r i p h e n y l -
phosphine)platinum(O) i n a 1:1 molar r a t i o i n l i q u i d hydrogen c h l o r i d e 
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were absent i n d i c a t i n g t h a t triphenylphosphine ligands do not 

d i s s o c i a t e from the complex i n l i q u i d hydrogen c h l o r i d e s o l u t i o n . 

I n an independent experiment i t was shown t h a t cis-(Ph^P)2PtCl2 i s 
31 

recovered unchanged from the solvent. The P n.m.r. spectrum of 

triphenylphosphine and c i s - d i c h l o r o b i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( I I ) 

i n 2:1 molar r a t i o i n l i q u i d hydrogen c h l o r i d e s o l u t i o n consisted 

of a 1:4:1 t r i p l e t a t -10 p.p.m. w i t h ''"J 3876Hz and a 1:1 
^ -^^P-^^Pt 

doublet a t -4.5 p.p.m. w i t h J 512 + IHz. An i n t e n s i t y r a t i o 
P- H 

of 1:1 was observed f o r the m u l t i p l e t s . ( f i g . 4.1.3) F i n a l l y , the 
31 

P n.m.r. spectrum o f a 1:1 molar r a t i o o f t e t r a k i s ( t r i p h e n y l p h o s p h i n e ) -

platinum(O) and c i s - d i c h l o r o b i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( I l ) i n 

l i q u i d hydrogen c h l o r i d e was recorded. One 1:4:1 t r i p l e t at -12.1 p.p.m., 

•'"J-̂  3873 Hz., together w i t h a 1:1 doublet at -4.5 p.p.m., 
J t , , 510 Hz. i n 2:1 i n t e n s i t y r a t i o were observed ( f i g . 4.1,4). 
''̂ P-'̂ H 

Further evidence i n favour of the postulated equation i s provided 

by r e a c t i o n between t e t r a k i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( 0 ) and boron 

t r i c h l o r i d e i n l i q u i d hydrogen c h l o r i d e . The i n f r a r e d spectrum of 

the white r e s i d u a l s o l i d contained absorptions c h a r a c t e r i s t i c of 

c i s - d i c h l o r o b i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( l l ) and of BCl^ i o n . '''̂^ 

Elemental analysis are i n good agreement w i t h those required f o r a 

2:1 molar mixture of Pĥ PH"'"BCl̂ ~ and cis(Ph2P)2PtCl2. Thus, i t may 

be assumed t h a t the r e a c t i o n proceeds as suggested, i n t h i s case the 

Ph^PH^ ions produced being s t a b i l i s e d as the tetr a c h l o r o b o r a t e s a l t . (Ph^P)^Pt + 4HC1 + 2 B C I 3 -» (Ph3P)2PtCl2 + 2Ph3PH'^BCl^" + H2. 



128. 

189 I n a very recent paper Druce e t . a l . have reported the 

reac t i o n s between c i s - d i h a l o b i s ( t r i - n - b u t y l p h o s p h i n e ) p l a t i n u m ( l I ) 

complexes and an excess of boron t r i h a l i d e to a f f o r d halogen-bridged 

b i n u c l e a r c a t i o n i c p l a t i n u m ( l l ) complexes. Thus, di - | i - c h l o r o -

t e t r a k i s ( t r i - n - b u t y l p h o s p h i n e ) d i p l a t i n u m ( l l ) was formed from c i s -

d i c h l o r o b i s ( t r i - n - b u t y l p h o s p h i n e ) p l a t i n u m ( l l ) and boron t r i c h l o r i d e . 

The r e a c t i o n between t e t r a k i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( 0 ) and l i q u i d 

hydrogen c h l o r i d e has been shown i n t h i s work to y i e l d c i s - d i c h l o r o b i s -

( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( l l ) , triphenylphosphonium hydrogendichloride 

and hydrogen. A d d i t i o n of an excess of boron t r i c h l o r i d e to t h i s 

r e a c t i o n mixture again gave the p l a t i n u m ( l l ) complex together w i t h 

triphenylphosphonium t e t r a c h l o r o b o r a t e . No evidence i n favour of a 

binu c l e a r c a t i o n i c p l a t i n u m ( l l ) complex was found. Presumably boron 

t r i c h l o r i d e only reacts w i t h c i s - d i c h l o r o b i s ( t r i - n - b u t y l p h o s p h i n e ) -
189 

p l a t i n u m ( l l ) to give the reported product because i t i s a good Lewis 

a c i d , e x t r a c t i n g c h l o r i d e ions from the platinum complex. L i q u i d 

hydrogen c h l o r i d e i s also a good c h l o r i d e ion acceptor, yet c i s -

d i c h l o r o b i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( l l ) may be recovered unchanged 

from the solvent. 

The r e a c t i o n between tet r a k i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( O ) and 

l i q u i d deuterium c h l o r i d e i s e s s e n t i a l l y s i m i l a r to that between the 

complex and hydrogen c h l o r i d e . The ̂ '''P n.m. r, spectrum, shown i n 

f i g u r e 4.1.5, contains a 1:4:1 t r i p l e t at -13.5 p.p.m. w i t h '''J 

3873 + lOHz. which again may be assigned to cis(Ph2P)2PtCl2. 

The 1:1 doublet has been replaced by a 1:1:1 t r i p l e t at -5.7 p.p.m.. 



Fig.-^4.1.5 
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P n.m.r. s o l u t i o n spectrum 

T e t r a k i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( 0 ) i n l i q u i d deuterium c h l o r i d e 

Fis.4.1.6 
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P n.m.r. s o l u t i o n spectrum 

T e t r a k i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( 0 ) i n l i q u i d hydrogen bromide 
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P n.m.r. s o l u t i o n spectrum 

T r i s ( t r i p h e n v l p h o s p h i n e ) p l a t i n u m ( 0 ) i n l i q u i d hydrogen chloride 

Fig.4.1.8 

P n.m.r. s o l u t i o n spectrum 

Te t r a k i s ( t r i p h e n v l p h o s p h i n e ) p l a t i n u m ( 0 ) i n 100% sulphuric acid 
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•'"J-.j - 77.5 Hz., which has been shown e a r l i e r i n t h i s work to 

be c h a r a c t e r i s t i c of the species Ph^PD . The i n t e n s i t y r a t i o o f 

the t r i p l e t s i s 1:1 confirming t h a t two triphenylphosphine ligands 

have been displaced during the r e a c t i o n . 
31 

The P n.m. r. spectrum of t e t r a k i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( 0 ) 

i n l i q u i d hydrogen bromide i s shown i n f i g . 4.1.6. There i s a t r i p l e t 

f o r triphenylphosphine ligands bound to platinum at -11.5 p.p.m., 

^ J o i i q r 3790Hz., and a triphenylphosphonium doublet, one peak of 

which p a r t i a l l y overlaps the c e n t r a l peak of the t r i p l e t , at -1.9 p.p.m. 
w i t h 510Hz. i n an o v e r a l l i n t e n s i t y r a t i o of 1:1. The t r i p l e t 

P- H 

i s assigned to c i s - d i b r o m o b i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( l l ) , and the 

r a t h e r high chemical s h i f t value f o r the Pĥ PH"*" ion may be explained i n 

terms of changes i n both diamagnetic s u s c e p t i b i l i t y and counterion. 

An equation f o r the r e a c t i o n may reasonably be w r i t t e n 

(Ph P) Pt + xHBr cis(Ph„P)„PtBr„ + 2Ph„PH'^ + 2Br" , + H. J '̂  J z z 3 solv. 2 

Tr i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( 0 ) reacts w i t h l i q u i d hydrogen 
31 

c h l o r i d e i n an analogous manner to the t e t r a k i s compound. The P 

n.m.r. spectrum of the t r i s complex i n the solvent i s shown i n 

f i g . 4.1.7 and i s v i r t u a l l y i d e n t i c a l to t h a t of the t e t r a k i s compound, 

f i g . 4.1.1, save t h a t the r a t i o Pĥ PH"̂ : (Ph^P)2PtCl2 i s now 1:2 

i n d i c a t i n g t h a t only one triphenylphosphine l i g a n d has been displaced 

during the r e a c t i o n . 

C a r i a t i e t . a l . have reported the reactions between both t r i s -

and t e t r a k i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( 0 ) and gaseous hydrogen c h l o r i d e 
193 

i n benzene and a l c o h o l i c s o l u t i o n s . The nature of the product was 
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found to depend upon the solvent; the covalent hydride (Ph3P)2PtHCl 

being i s o l a t e d from benzene s o l u t i o n , and the i o n i c compound 

[(Ph3P)3PtH^]Cl from ethanol. The same products were obtained from 

both the t r i s - and t e t r a k i s - complexes. I n t h i s work the author 

was unable to repeat the reported preparation of [ (Ph3P)3PtH"^]Cl". 

Elemental analyses c a r r i e d out on the yellow s o l i d product i n d i c a t e d 

t h a t the m a t e r i a l was not composed of a s i n g l e s t o i c h i o m e t r i c compound. 

The behaviour of t e t r a k i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( 0 ) i n 

benzene and i t s r e a c t i o n w i t h gaseous hydrogen ch l o r i d e i n the solvent 
31 

was studied by P n.m,r. Several authors have postulated the 
d i s s o c i a t i o n of triphenylphosphine ligands from t e t r a k i s ( t r i p h e n y l -

193 194 195 31 phosphine)platinum(O) i n benzene s o l u t i o n . ' ' The P 

n.m.r, spectrum of a saturated s o l u t i o n of the complex i n benzene 

consisted of a s i n g l e t at -22 p.p.m. This may be i n t e r p r e t e d as an 

exchange-averaged s i g n a l derived from r a p i d l y exchanging platinum-

bound and free triphenylphosphines. The absence of phosphorus-platinum 

s a t e l l i t e s i n the spectrum i s a d d i t i o n a l evidence i n favour of an 

exchanging system. T r i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( 0 ) i n benzene 

gave a s i n g l e t at -51 p.p.m. which may be i n t e r p r e t e d i n a s i m i l a r manner. 

A yellow s o l u t i o n of tetr a k i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( O ) i n 

benzene d i d not go colourless on passage of hydrogen c h l o r i d e gas as 

described by C a r i a t i e t . a l . A yellow s o l i d p r e c i p i t a t e d and the 
31 

s o l u t i o n remained pale yellow i n colour. A P n.m.r. spectrum of 

t h i s saturated s o l u t i o n was obtained only w i t h d i f f i c u l t y owing to the 

low s o l u b i l i t y o f the m a t e r i a l . Two equally intense signals were 

observed at -33 and +8 p.p.m. The u p f i e l d resonance may be assigned 
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to triphenylphosphine and t h a t at -33 p.p.m. to a platinum-bound 
31 

triphenylphosphine Ugand.. The P chemical s h i f t of c i s - d i c h l o r o b i s -

( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( l l ) i n l i q u i d hydrogen c h l o r i d e was 

recorded i n t h i s work as -12.1 p.p.m. thus the resonance at -33 p.p.m. 

cannot be assigned to t h i s species and may be due to the covalent 

hydride (Ph^P)2PtHCl reported by C a r i a t i e t . a l . 

The reactions between tetra k i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( O ) 

and the a c i d i c room temperature solvents t r i f l u o r o a c e t i c and 100% 

su l p h u r i c acids are less e a s i l y understood than those described e a r l i e r . 
31 

Figure 4.1.8 shows the P n.m.r. s o l u t i o n spectrum of the complex i n 

1007o s u l p h u r i c acid. There i s a 1:4:1 t r i p l e t at -27 + 0.5 p.p.m. 

which i s assigned to triphenylphosphine groups bound to platinum, and 

a 1:1 doublet at -5.5 + 0.5 p.p.m. w i t h ^J^-i -i 510 + 5Hz. c h a r a c t e r i s t i c 
+ » 1 of Ph PH . The magnitude of the coupling constant J 

P- Pt 
2805 + lOHz. i n d i c a t e s t h a t the phosphine ligands are i n a tra n s -

18 7 188 

c o n f i g u r a t i o n . ' An o v e r a l l i n t e n s i t y r a t i o of 2:1, i n favour 

of Ph^PH^ cations was observed. This i n t e n s i t y r a t i o probably indicates 

t h a t two triphenylphosphine ligands were displaced from the t e t r a k i s 

compound forming a t r a n s - b i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( l l ) species 

which i t s e l f slowly reacts w i t h the solvent. D i s s o c i a t i o n of t r i p h e n y l ­

phosphine groups and subsequent proton a t i o n by the sulphuric acid would 
account f o r the high concentration of Pĥ PH"*̂  io n . 

31 

The P n.m.r. spectrum of t e t r a k i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( 0 ) 

i n t r i f l u o r o a c e t i c acid i s shown i n f i g . 4.1.9. Three signals are 

present; a 1:4:1 t r i p l e t at -20+ 0.5 p.p.m. w i t h 
^^P-^^Pt 

2850 + 3Hz., a 1:1 doublet at -5.0 + 0.5 p.p.m. w i t h J„ 5l4Hz., 
P- H 



Fig.4.1.9 
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P n.m.r. s o l u t i o n spectrum 

Tetrakis(triphenylphosphine)platinvim(0) i n t r i f l u o r o a c e t i c acid 
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and a weak s i n g l e t at -23.6 p.p.m. These signals may be assigned 

to a t r a n s - b i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( l l ) species, t r i p h e n y l -

phosphonium ion and pos s i b l y a second phosphorus-platinum species-

r e s p e c t i v e l y . The i n t e n s i t y of the doublet increased over a period 

of 8 months u n t i l the i n t e n s i t y r a t i o of t r i p l e t : d o u b l e t , i n i t i a l l y 

3:1 was approximately 2:1 i n d i c a t i n g t h a t r e a c t i o n was s t i l l proceeding. 

Owing to the unpleasant nature of the solvents no attempt was 

made to i s o l a t e s o l i d products from these reactions which were not 
190 

studied f u r t h e r . I n a recent p u b l i c a t i o n , Thomas e t . a l . have 
reported the preparat i o n of the i o n i c hydride [ (Ph3P)3PH]''"H(CF3COO)2~ 

1 31 

from (Ph3P)^Pt and CF̂ COOH i n benzene. H and P n.m.r. , i n f r a r e d 

and a n a l y t i c a l data are quoted and i n t e r p r e t e d as evidence f o r the above 

f o r m u l a t i o n . A value of 160Hz. f o r the coupling constant a r i s i n g from 

hydrogen-trans-phosphorus coupling was obtained from the '''H n.m.r. 
31 

spectrum of the complex i n dichloromethane s o l u t i o n . The P n.m.r. 
s o l u t i o n spectrum, however, consisted of a s i n g l e t at +26.6 p.p.m. 

I n t h i s work no signals were observed i n the region of +26.6 p.p.m. 
31 

when the P n.m.r. spectrum of (Ph3P)^Pt i n CF̂ COOH was recorded. 

Also, the 1:4:1 t r i p l e t assigned to a tra n s - b i s ( t r i p h e n y l p h o s p h i n e ) -

p l a t i n u m ( l l ) species showed no signs of s p l i t t i n g . Consequently there 

i s no evidence i n t h i s instance f o r the formation of a protonated platinum 

species. 

T e t r a k i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( 0 ) reacted w i t h l i q u i d sulphur 

dioxide g i v i n g a yellow s o l u t i o n over a dark s o l i d . Only signals 

assignable t o Ph^PS and PĥPO''"̂''' were observed when the ̂''"P n.m.r. 

spectrum of the s o l u t i o n was recorded. Presumably the platinum was 
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contained i n the s o l i d . This r e a c t i o n was not studied f u r t h e r . 

Experimental 

The r e a c t i o n between t e t r a k i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( 0 ) and 
l i q u i d hydrogen c h l o r i d e 

HCl (25 mmole) was condensed at -196° i n t o an 8 mm. o.d. quartz 

ampoule con t a i n i n g (Ph^P)^Pt (O.llOg., 0.089 mmole). The ampoule 
31 

was sealed and test e d i n the usual manner. The P n.m.r. spectrum 

of the c l e a r pale yellow s o l u t i o n consisted of two m u l t i p l e t s ; a 

1:4:1 t r i p l e t at -11.4 p.p.m. w i t h of 3870Hz., and a 
P- Pt 

1:1 doublet at -4 p.p.m. w i t h J „ of 510Hz. The t r i p l e t i s 
r-n 

187 188 

assigned to a b i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m species, ' and 

the doublet to the Ph^PH^ ion. The r a t i o of the i n t e n s i t i e s of the 

two m u l t i p l e t s was 1:1. (Ph^P)^Pt + 4HC1 2Pĥ PH"̂  + 2Cl"(solv.-) + cis-(Ph^l52PtCl2 + H2 

The r e a c t i o n was repeated on a l a r g e r scale i n order to i n v e s t i g a t e 

the m a t e r i a l obtained on removal of the solvent. 

HCl (200 mmole) was condensed at -196° i n t o a 13 mm. o.d. quartz 

ampoule con t a i n i n g (Vh^V^^Ft (0.890g., 0.716 mmole). The ampoule was 

sealed and brought up to room temperature i n the manner previously 

described. The yellow s o l i d dissolved to give a clear pale yellow 

s o l u t i o n . A f t e r 12 hours at 20° the ampoule was cooled to -196° and 

opened v i a the vacuum l i n e to the s p i r a l gauge. A gas (0.468 mmole) 

was detected having molecular weight 1 + 1 , presumably hydrogen. 

The ampoule was warmed to -95°, at which temperature the solvent was 
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removed by pumping leaving a white s o l i d . Pumping was maintained 

f o r 2 hours at room temperature to remove the l a s t traces of HCl. 

The i n f r a r e d spectrum of the white s o l i d was i d e n t i c a l to th a t of 

an authen t i c sample of cis-(Ph^P)2PtCl2 i e , absorptions due to Ph^P 
-1 196 

ligands and two Pt-Cl s t r e t c h i n g modes at 330 and 305cm . 

Found; C, 60.1; H, 5.01; P, 8.94; CI, 11.58; 

Calculated f o r a mixture of Ph^PH"^HCl~2: ^^^^'^^'^^^'^2 ^'^ molar 

r a t i o ; C, 59.2; H, 4.35; P, 8.49; CI, 14.6. 

• The low value f o r c h l o r i n e could be due to loss of HCl from the 

Ph^PH^HCl^ . Such a mixture would require the presence of a weak 

sharp absorption at about 2400cm and a broad underlying absorption 

at 750cm due to Ph^PH^ and HCl^ r e s p e c t i v e l y . The i n f r a r e d spectrum 

of a 2:1 molar r a t i o of authentic samples of Ph^PH^HCl2 and c i s -

(Ph2P)2PtCl2 was recorded. The broad absorption due to HCl^ was 

absent, and the i n t e n s i t y of the weak absorption at 2408cm was of 

the same order as machine noise. 

The r e a c t i o n between t e t r a k i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( 0 ) and 
l i q u i d deuterium c h l o r i d e . 

DCl (25 mmole) was condensed at -196° i n t o an 8mm. o.d. quartz 

ampoule co n t a i n i n g (Ph^P)^Pt (0.15.0g. , 0.12 mmole). The ampoule was 
31 

sealed and tested i n the normal manner. The P n.m.r, s o l u t i o n 

spectrum contained a 1:4:1 t r i p l e t at -14,6 p.p.m. w i t h ''"J„̂  

3873HZ., and a 1:1:1 t r i p l e t at -5.7 p.p.m. w i t h J^_^ 77..5Hz which 

may be immediately assigned to a ci s - b i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m 

species and to the Ph^PD^ ion r e s p e c t i v e l y . The i n t e n s i t i e s of the 
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t r i p l e t s were i n the r a t i o ,1:1. . 

The r e a c t i o n was repeated on a la r g e r scale. 

DCL (200 mmole) was condensed at -196° i n t o a 24nim. o.d. 

pyrex r e a c t i o n tube containing (Ph^P)^Pt (0.125g. 0.100 mmole). 

A c l e a r yellow s o l u t i o n was obtained on warming to -95°. 30 minutes 

were allowed f o r e q u i l i b r a t i o n and the DCl was then removed by 

pumping at t h i s temperature u n t i l no l i q u i d remained followed by 

2 hours at 20°, The i n f r a r e d spectrum of the white s o l i d product 

was i d e n t i c a l to t h a t of cis(Ph^P)2PtCl2. No absorptions due to 

DCI2 i o n , or to a P-D s t r e t c h i n g mode i n the lyOOcm"''' region, could 

be detected. 

Found; C, 56.4; H, 4,05; P, 8.04, 9.77; CI, 17.2; 

Calculated f o r a 2:1 molar mixture of Ph^PD"'"DCl2' : (.?h^?)^?tCl^; 

C 59.1; H, 4.44; P, 8.47; CI, 14.6. 

The r e a c t i o n between te t r a k i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( O ) and 
boron t r i c h l o r i d e i n l i q u i d hydrogen c h l o r i d e 

(Ph^P)^Pt (l.OOg. , 0.807 mmole) was placed inside a 13mm. o.d. 

quartz ampoule of type A. HCl (200 mmole) was condensed i n t o the 

ampoule at -196°, followed by BCl^ (1ml., 11.4 mmole). The ampoule 

was sealed and allowed to reach room temperature i n the manner previously 

described. A c l e a r , very pale yellow, s o l u t i o n was obtained. A f t e r 

24 hours at 20° the ampoule was cooled to - 9 ^ and opened to the vacuum 

l i n e . HCl was removed at t h i s temperature and excess BCl^ at room 

temperature by pumping f o r 12 hours. The i n f r a r e d spectrum of the white 
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s o l i d product included absorptions c h a r a c t e r i s t i c of cis-(Ph^P)2PtCl2 

together w i t h a broad absorption w i t h maxima at 690 and 664cm~''" which 

may be assigned to the BCl^" i o n . 

Found; C, 51.6; H, 3.91; P, 8.22; C I , 23.2; 

Calculated f o r a 2:1 molar mixture of Ph PH'^BCI,' and (Ph P) PtCl : 
3 •̂ 3 2 2 

C, 53.3; H, 3.95; P, 7.65; CI, 21.9. 

31 
The P n.m.r. spectrum of a 1:1 molar mixture of t e t r a k i s 
(triphenylphosphine)platinum(O) and c i s - d i c h l o r o b i s ( t r i p h e n y l p h o s p h i n e ) 
p l a t i n u m ( l l ) i n l i q u i d hydrogen c h l o r i d e . 

HCl (30 mmole) was condensed at -196° i n t o an 8mm. o.d. quartz 

ampoule cont a i n i n g (Ph^P)^Pt (0.058g., 0.0466 mmole) and c i s -

(Ph^P)2PtCl2 (0.036g., 0.0456 mmole). The ampoule was sealed and tested 

i n the normal manner. A 1:4:1 t r i p l e t and a 1:1 doublet i n a 3:1 
31 

i n t e n s i t y r a t i o were observed i n the P n.m.r. s o l u t i o n spectrum. The 

t r i p l e t a t -11.5 + 0 . 5 p.p.m. w i t h ^J^ 3873Hz., and the doublet at 

-6.0 + 0.1 p.p.m. w i t h ''"J 512 +2Hz. may be assigned to a c i s - b i s -
r-H — 

( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( l l ) species and to the Pĥ PH"*" ion 

r e s p e c t i v e l y . 

The behaviour of c i s - d i c h l o r o b i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( l l ) i n 
l i q u i d hydrogen c h l o r i d e . 

HCl (25 mmole) was condensed at -196° i n t o an 8mm. o.d. quartz 

ampoule co n t a i n i n g (Ph^P)2PtCl2 (0.072g., 0.0912 mmole). The ampoule 

was sealed and tested i n the usual manner. At room temperature there 

were two l i q u i d layers i n the ampoule; the upper colourless and the 
31 

lower pale yellow. The P n.m.r. spectrum consisted of a 1:4:1 
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t r i p l e t at -10.0 + 1 p.p.m. w i t h J 38 73Hz which may be 
187,188 

immediately assigned t o c i s - d i c h l o r o b i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( I l ) . 

The r e a c t i o n was repeated on a larg e r scale: 

HCl (150 mmole) was condensed at -196° i n t o a 13mm. o.d. quartz 

ampoule cont a i n i n g cis(Ph2P)2PtCl2 (0.240g., 0.304 mmole). The ampoule 

was sealed and warmed to room temperature i n the normal manner; the 

white s o l i d d i s s o l v i n g to give a cle a r colourless s o l u t i o n . A f t e r 24 

hours at room temperature the ampoule was cooled to -111°, CS2 slush 

bath, and opened to the vacuum l i n e . The HCl was removed by pumping, 

i n i t i a l l y at -95° and f i n a l l y f o r 3^ hours at room temperature. The 

i n f r a r e d spectrum of the white s o l i d product was i d e n t i c a l to that of 

the s t a r t i n g m a t e r i a l . 

Found; C, 52.9; H, 3.65; P, 7.98; 

Required f o r (Ph^P)2PtCl2; C, 54.7; H, 3,80; P, 7.85. 

Thus, cis(Ph^P)2PtCl2 i s soluble i n l i q u i d hydrogen c h l o r i d e without 

r e a c t i o n and can be recovered unchanged. 

31 
The P n.m. r. spectrijm of a 2:1 molar mixture of triphenylphosphine 
and c i s - d i c h l o r o b i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( l l ) i n l i q u i d hydrogen 
c h l o r i d e . 

HCl (30 mmole) was condensed at -196° i n t o an 8mm. o.d. quartz 

ampoule cont a i n i n g Ph^P (0.0195g., 0.0744 mmole) and cis(Ph^P)2PtCl2 

(0.0293g., 0.0371 mmole). The ampoule was sealed and tested i n the 
31 

usual manner. The P n.m.r. spectrum of the clear pale yellow s o l u t i o n 

was almost i d e n t i c a l to t h a t of (Ph^P)^Pt i n the solvent. The observed 

si g n a l s were: a 1:4:1 t r i p l e t at -10 p.p,m. w i t h ^J^ 3876Hz and a 

1:1 doublet at -4.5 p.p.m. w i t h ^J^ „ 512 + IHz., which may be 
r-n — 
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immediately assigned to cis(Ph^P)2PtCl2 and to Pĥ PH"*" re s p e c t i v e l y . 

The i n t e n s i t i e s of the m u l t i p l e t s were i n a r a t i o of 1:1. 

The behaviour of t e t r a k i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( 0 ) i n a range 
of non-aqueous solvents. 

L i q u i d Hydrogen Bromide 

HBr (25 mmole) was condensed at -196° i n t o an 8mm. o.d. quartz 

ampoule co n t a i n i n g (Ph^P)^Pt (0.120g., 0.097 mmole). The ampoule 

was sealed and tested i n the usual manner. A l l the s o l i d dissolved a t 

-78° g i v i n g a c l e a r yellow s o l u t i o n which d i d not change i n appearance 

at room temperature. (Ph.^?)^?t i s much more soluble i n l i q u i d HBr 
31 

than i n l i q u i d HCl. The P n.m.r. s o l u t i o n spectrum contained an 

obvious t r i p l e t , whose components were i n the r a t i o approximately 1:7:1, 

and a s i n g l e t . The spectrum may be i n t e r p r e t e d as a 1:4:1 t r i p l e t w i t h 

the c e n t r a l peak superimposed on the downfield peak of a 1:1 doublet. 

31 

The P chemical s h i f t o f the t r i p l e t was -12.5 + 1 p.p.m. w i t h a 

•""Jp value of 3790Hz., and t h a t of the doublet was -2.5 + 1 p.p.m. 

w i t h •'"Jp ̂  of 510 Hz. These m u l t i p l e t s are assigned to cis-(Ph^P)2PtBr2 

and Ph^PH^ r e s p e c t i v e l y . 
T r i f l u o r o a c e t i c a c i d 

CF̂ COOH (2ml.) was added by syringe to (Ph^P)^Pt (0.250g. , 0.201 

mmole) contained i n an 8mm. o.d. pyrex ampoule. The ampoule was cooled 

to -196° evacuated to remove any non-condensible gas and sealed. The 

ampoule was placed i n s i d e a fume cupboard and was allowed to warm 
31 

to room temperature. The P n.m.r. spectrum of the cle a r colourless 
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s o l u t i o n contained a 1:4:1 t r i p l e t at -20.0 +0.5 p.p.m. w i t h 

^Jp_pj. 2850 + 3Hz., a 1:1 doublet at -5.0 + 0.5 p.p.m. w i t h •'•Jp_̂  

514HZ. and a weak s i n g l e t at -23.6 p.p.m. The t r i p l e t may be 
18 7 188 

assigned t o a t r a n s - b i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( I I ) species ' 

and the doublet to Pĥ PH"*̂ . An i n t e n s i t y r a t i o of approximately 

3:1 was observed f o r the m u l t i p l e t s , i n favour of the t r i p l e t . 
31 

A f t e r 8 months the P spectrum was again recorded, the same features 

being observed. The weak s i g n a l at -23.6 p.p.m. was s t i l l present 

and the i n t e n s i t y r a t i o t r i p l e t : d o u b l e t was now approximately 

2:1 

1007, Sulphuric Acid 

100% ^280^ (2ml.) was syringed i n t o an 8mm. o.d. pyrex ampoule 

c o n t a i n i n g (?h^P)^?t (0.210g., 0.169 mmole). The ampoule was cooled 

to -196°, evacuated and sealed on the vacuum l i n e , then allowed to 
31 

reach room temperature i n the atmosphere. The P n.m.r. spectrum of 
the yellow viscous s o l u t i o n consisted of a 1:4:1 t r i p l e t at -27 + 0.Sp.p.m. 

w i t h ''"Jp_pj. 2805 + lOHz. and a 1:1 doublet at -5.5 + 0.5 p.p.m. w i t h 

''"J„ „ 510 + 5Hz. , which may be assigned t o a t r a n s - b i s ( t r i p h e n y l -r - r l — 

p h o s p h i n e ) p l a t i n u m ( l l ) species and to Ph^PH^ res p e c t i v e l y . The 

i n t e n s i t i e s of the m u l t i p l e t s were i n the r a t i o 2:1 i n favour of the 

Pĥ PH"̂  species. 

L i q u i d Sulphur Dioxide 

SO2 (30 mmole) was condensed at -196° i n t o an 8mm. o.d. s i l i c a 

ampoule cont a i n i n g (Ph^P)^Pt (0.250g., 0.201 mmole). The ampoule was 

sealed and tested i n the normal manner, even though the saturated 
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vapour pressure of SO^ i s much less than t h a t of HCl at 34.2°. 

At room temperature the ampoule contained an in t e n s e l y yellow coloured 
31 

s o l u t i o n over a dark s o l i d . I t was impossible to obtain a P n.m.r. 

spectrum i n i t i a l l y as the RIO bridge would not remain balanced, 

presumably because r e a c t i o n was s t i l l t a k i n g place inside the ampoule. 

A f t e r f o u r days a spectrum was recorded. Two s i n g l e t s were observed 
at -40.5 and -28.5 p.p.m. which may be assigned to Ph^PS and Ph^PO 

191 
r e s p e c t i v e l y . No P-Pt peaks were observed. 

Benzene 
O 1 

The P n,m, r, spectrum of a saturated s o l u t i o n of (Ph2P)^Pt 

i n benzene consisted of a s i n g l e t at -22,3 p,p,m. 

The r e a c t i o n between t r i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( 0 ) and l i q u i d 
hydrogen c h l o r i d e , 

HCl (30 mmole) was condensed at -196° i n t o an 8mm, o,d. quartz 

tube c o n t a i n i n g (Ph^P)^Pt (0.220g., 0.224 mmole). The ampoule was 
31 

sealed and tested i n the normal manner. The P n.m.r. spectrum of 

the c l e a r colourless s o l u t i o n consisted of a 1:4:1 t r i p l e t at 

-12.0 + 0.5 p.p.m. w i t h ''•Jp_p̂  3877 + 2H2. and a 1:1 doublet at 
-4.0 + 0.5 p.p.m. w i t h ''"J 510Hz, , which may be assigned to cis-(Ph P)„-

P—H J £-

PtCl2 and Ph^PH^ r e s p e c t i v e l y . The r a t i o of i n t e n s i t i e s of the 

m u l t i p l e t s was 2:1 i n favour of the cis(Ph2P)2PtCl2. 

The behaviour of t r i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( 0 ) i n benzene. 
31 

The P n.m.r. spectrum of a saturated s o l u t i o n of (Ph2P)^Pt 

i n benzene consisted of a broad s i n g l e t at -50 + 1 p.p.m. 
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4.2 Palladium 

Results and Discussion 
31 

The a p p l i c a t i o n of P n.m.r. to the study of phosphine 

complexes of palladivrai i s s e r i o u s l y l i m i t e d by the nuclear p r o p e r t i e s 

of the metal i t s e l f . '''̂ P̂d present i n 22.3% abundance has a spin 

number of ^/2 and consequently •̂ ''•p-'''̂ P̂d coupling w i l l be d i f f i c u l t , 

i f not impossible t o observe owing to the low i n t e n s i t y of the s i x 
equal peaks i n the s p l i t s i g n a l . 

31 

The P n.m.r. spectrum of tetrakis(triphenylphosphine)palladium(O) 

i n l i q u i d hydrogen c h l o r i d e i s shown i n Fig.4.2.1. Three signals 

are present, s i n g l e t s at -35.0 and -31.0 p.p.m. and a 1:1 doublet at 

-3.6 p.p.m. w i t h '''J, ^ 510 Hz. The s i n g l e t s are possibly due to 

triphenylphosphine-palladiian species and the doublet i s c h a r a c t e r i s t i c 

of triphenylphosphonium i o n . An o v e r a l l i n t e n s i t y r a t i o of 1:10:60, 

from low to high f i e l d , i n d i c a t e s t h a t extensive d i s s o c i a t i o n of 

triphenylphosphine ligands has occurred. A d u l l yellow s o l i d was 

obtained on removal of the solvent. The i n f r a r e d spectrum of t h i s 

m a t e r i a l contained a l l the absorptions found i n t h a t of trans(Ph„P)-PdCl, 

together w i t h a very weak band at 2400 cm ^ assignable to Ph^PH^,'''^^ 

and elemental analyses were very roughly compatible w i t h a mixture of 

trans(Ph2P)2PdCl2 and Ph2PH"^lCl2~ i n 1:2 molar r a t i o . However, such a 

simple f o r m u l a t i o n i s d i f f i c u l t to c o r r e l a t e w i t h the observed ^^P 

n.m.r. data and w i t h the behaviour of trans(Ph2P)2PdCl2 i t s e l f i n l i q u i d 

hydrogen c h l o r i d e . This system i s by no means f u l l y understood. 



Fig.4,2,1 
31 

P n.m.r. s o l u t i o n spectrum 

Tetrakis(triphenylphosphine)palladivmi(0) i n l i q u i d hydrogen c h l o r i d e 
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Trans-dichlorobis(triphenylphosphine)palladium(II) slowly 

dissolves i n l i q u i d hydrogen c h l o r i d e fdlowed by c r y s t a l l i s a t i o n of 
31 

a red s o l i d , shown i n p l a t e 4.2.1. The P n.m,r, spectrum of the 
yellow s o l u t i o n above the c r y s t a l s showed a 1:1 doublet at -2,7 p.p,m, 

w i t h 504HZ, which i s c h a r a c t e r i s t i c of Pk PH^ ions. The 
31 « 
P chemical s h i f t of the complex i n chloroform s o l u t i o n was recorded 

as -22.2 + 0,5 p.p.m. which i s i n good agreement w i t h s h i f t s f o r other 
192 

t e r t i a r y phosphines of type trans L2PdCl2, The absence of signals 

i n t h i s region from the l i q u i d hydrogen c h l o r i d e s o l u t i o n together 

w i t h the observation of a Pĥ PH'*' doublet i n d i c a t e s that r e a c t i o n has 

occurred producing a triphenylphosphonium s a l t . Attempts t o 

cha r a c t e r i s e the red c r y s t a l l i n e s o l i d product y i e l d e d somewhat 
confusing data. Elemental analysis c l e a r l y i n d i c a t e d t h a t the compound 

+ 2-
was (Ph„PH )„ Pd_Cl, , Absorptions due to triphenylphosphine groups 3 l i b 

are present i n the i n f r a r e d spectrum of the m a t e r i a l , but the weak 

band i n the 2400cm~''' region, c h a r a c t e r i s t i c of P-H i n Ph^PH^, was not 

observed. F a i l u r e to observe t h i s absorption i n the i n f r a r e d spectra 

of authentic triphenylphosphonium compounds has already been discussed 
2- 197 198 i n t h i s work. The ion Pd„Cl, i s a known species ' and M o r e l l i 

I D 
199 

e t , a l , have reported the i n f r a r e d spectrum of the anion. They ascribe 

absorptions at 400 and 315cm ''• to terminal and b r i d g i n g Pd-Cl 

s t r e t c h i n g frequencies r e s p e c t i v e l y . These absorptions are not 

observed i n the i n f r a r e d spectrum of the m a t e r i a l prepared i n t h i s work, 

peaks at 357, 305, 26 7 and 260 sh,cm~''" occuring i n the region 

400-250cm"''-. 



Plate 4«2»1 

C r y s t a l s of (Ph^PH'^)^PdgCl^^" from a solution of trans->diohloroT3ls( triphenyl­

phosphine )palladiuin( I I ) i n l i q u i d hydrogen chloride 
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Experimental 

The r e a c t i o n between t e t r a k i s ( t r i p h e n y l p h o s p h i n e ) p a l l a d i u m ( 0 ) and 
l i q u i d hydrogen c h l o r i d e 

HCl (30 mmole) was condensed at -196° i n t o an 8mm, o.d, quartz 

ampoule c o n t a i n i n g (Ph^P)^Pd (0.102g., 0.088 mmole). The ampoule 

was sealed and tested i n the usual manner and contained a dark yellow-
31 

brown s o l u t i o n a t room temperature. The P n,m.r. spectrum of the 

s o l u t i o n consisted of a very strong 1:1 doublet at -3.6 p.p.m. w i t h 

''•Jp_jj 510Hz., and two s i n g l e t s at -31.0 and -35.0 p.p.m. These 

si g n a l s may be assigned to Ph^PH^ and t o triphenylphosphine-palladium 

species r e s p e c t i v e l y . The r a t i o of the i n t e n s i t i e s of the sign a l s , 

from low to high f i e l d , was approximately 1:10:60, 

The r e a c t i o n was repeated on a la r g e r scale, HCl (80 mmole) 

was condensed at -196° i n t o a 13mm. o.d. quartz ampoule of type A 

co n t a i n i n g (?h^?)^Fd (0.250g., 0.022 mmole). The ampoule was sealed 

and allowed to reach room temperature i n the normal manner. The clear 

dark yellow brown s o l u t i o n was l e f t at t h i s temperature f o r 24 hours 

to e q u i l i b r a t e , then cooled to -112° and the ampoule was opened to the 

vacuum l i n e . HCl was removed by pumping at -95°. The d u l l yellow 

s o l i d residue was pumped f o r a f u r t h e r 2 hours at room temperature. 

The i n f r a r e d spectrum of the s o l i d contained a strong absorption at 
362cm ^ which may be immediately assigned to a Pd-Cl s t r e t c h i n g 

196 

frequency.. Absorptions due to Ph^P ligands were also present, but 

the strong absorption at 410cm"''" i n the spectrum of the s t a r t i n g m a t e r i a l 

was absent. 

Found; C, 66.9; H, 4.67; P, 8.71; CI, 14,86; 

Calculated f o r a mixture of Ph^PH"^HCl2" and (Ph^P)2PdCl2 i n 2:1 

molar r a t i o ; C, 63.0; H, 4.84; P, 9.04; CI, 15.5. 
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The r e a c t i o n between t r a n s - d i c h l o r o b i s ( t r i p h e n y l p h o s p h i n e ) p a l l a d i u m ( l I ) 

and l i q u i d hydrogen c h l o r i d e . 

HCl (25 mmole) was condensed at -196° i n t o an 8mm. o.d. quartz 

ampoule c o n t a i n i n g (Ph2P)2PdCl2 (0.040g., 0.057 mmole). The ampoule 

was sealed and teste d i n the usual manner. The yellow s o l i d dissolved 

g i v i n g a pale yellow s o l u t i o n from which a red s o l i d c r y s t a l l i s e d out. 
31 

The P n.m.r. spectriam of the s o l u t i o n consisted of a weak 1:1 doublet 
a t -2.7 p.p.m. w i t h ''"J of 504Hz. which may be immediately assigned to 

P—H 

the species Ph^PH^. 

The r e a c t i o n was repeated on a la r g e r scale i n order to obtain a 

sample of the red c r y s t a l l i n e s o l i d f o r c h a r a c t e r i s a t i o n . HCl (100 mmole) 

was condensed at -196° i n t o a 13mm. o.d. quartz ampoule of type B 

c o n t a i n i n g (Ph^P)2PdCl2 (0.389g., 0.55 mmole). The ampoule was sealed 

and warmed to room temperature i n the usual manner. A f t e r 24 hours at 

room temperature the yellow s o l i d had completely reacted, g i v i n g a yellow 

s o l u t i o n and beautiful shiny red c r y s t a l s which were separated from the 

solvent i n the manner p r e v i o u s l y described. 

The i n f r a r e d spectrum of the red c r y s t a l l i n e s o l i d s t r o n g l y 

resembled t h a t o f (Ph^P)2PdCl2, w i t h minor changes i n band p o s i t i o n s i n 
the regions 540-500cm~''" and 460-420cm~''', and new absorptions at 305, 267 

and 260sh. cm"'''. No absorption i n the region 2400-2350cm ''', c h a r a c t e r i s t i c 

of vP-H i n Ph PH"*̂  was detected. The s o l i d was a i r stable. 
3 

Found; C, 45.3; H, 3.56; P, 6.58; CI, 22.4; Pd, 24.1; 

Calculated f o r (Ph„PH'^)„Pd„Cl^^~; C, 45.4; H, 3.36; P, 6.51; 

CI, 22.4; Pd, 22.3. 
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31 The P n.m.r. spectrum of t r a n s - d i c h l o r o b i s ( t r i p h e n y l p h o s p h i n e ) -
p a l l a d i u m ( l l ) i n chloroform. 

31 

The P n.m,r. spectrum of a saturated s o l u t i o n of (Ph P)„PdCl„ 

was recorded, and consisted of a sharp s i n g l e t at -22,2 +0.5 p.p.m. 

A CAT run of 68 scans gave a s a t i s f a c t o r y spectrum. 
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4.3 N i c k e l Complexes 

Results and Discussion 

Tet r a c a r b o n y l n i c k e l has been shown to be soluble i n l i q u i d 

hydrogen c h l o r i d e at low temperatures without le.volution of gas.^^ 

Oxidation w i t h c h l o r i n e at -95° y i e l d e d the compound t e t r a c h l o r o t r i -

c a r b o n y l d i n i c k e l . The behaviour of t e t r a k i s ( t r i f l u o r o p h o s p h i n e ) -

n i c k e l ( O ) i n l i q u i d hydrogen c h l o r i d e was studied as an extension of 
31 

t h i s work. The P n.m.r. spectrum of the compound i n l i q u i d hydrogen 

c h l o r i d e consisted of the expected 1:3:3:1 quartet w i t h a chemical 

s h i f t value of -37.4 + 2 p.p.m. and '''Ĵ  „ 1346 Hz. These values are 
— r - r 

i n e x c e l l e n t agreement w i t h l i t e r a t u r e values f o r the neat l i q u i d ; i t 

may thus be assumed t h a t t e t r a k i s ( t r i f l u o r o p h o s p h i n e ) n i c k e l ( 0 ) i s 

soluble i n l i q u i d hydrogen c h l o r i d e without r e a c t i o n . A conductiometric 

t i t r a t i o n between the complex and boron t r i c h l o r i d e was c a r r i e d out i n 

the solvent at -95°. The r e s u l t s , shown i n Fig.4.3.1, i n d i c a t e adduct 

formation r a t h e r than p r o t o n a t i o n . A f t e r a sharp r i s e on a d d i t i o n of 

the f i r s t a l i q u o t of boron t r i c h l o r i d e , the conductance f e l l only 

s l i g h t l y , breaks occ u r r i n g at 1:1 and 1:2 molar r a t i o s of complex:Lewis 

a c i d . S t a r t i n g m a t e r i a l s , i d e n t i f i e d by t h e i r gas phase i n f r a r e d 

spectra, were recovered on pumping o f f v o l a t i l e s at low temperatures. 

Oxidation of the complex i n l i q u i d hydrogen ch l o r i d e w i t h c h l o r i n e 

and bromine was attempted. I n both cases the molar r a t i o of o x i d i s i n g 

agent:complex was s l i g h t l y i n excess of 5:1. 

This ratio,was chosen i n order t h a t s u f f i c i e n t o x i d i s i n g agent would 

be a v a i l a b l e i f r e q u i r e d to completely o x i d i s e the complex i . e . to o x i d i s e 



Fig.4.3.1 

Conductiometric t i t r a t i o n , boron t r i c h l o r i d e a g a i n s t t e t r a k i s ( t r i f l u o r o -

p hosphine)nickel(O) 
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the metal from the zero to the + 2 o x i d a t i o n s t a t e and a l l the 

phosphorus, i n the t r i f l u o r o p h o s p h i n e l i g a n d s , from the + 3 to the + 5 

o x i d a t i o n s t a t e . C h l o r i n e r e a c t e d w i t h t e t r a k i s ( t r i f l u o r o p h o s p h i n e ) -

n i c k e l ( O ) to give d i c h l o r o t r i f l u o r o p h o s p h o r u s ( V ) , i d e n t i f i e d by i t s 

gas phase i n f r a r e d spectrum, and n i c k e l ( l l ) c h l o r i d e . A s o l i d 

c o n s i s t i n g l a r g e l y of n i c k e l ( l l ) bromide was obtained from the r e a c t i o n 

between the complex and bromine. Dic h l o r o t r i f l u o r o p h o s p h o r u s ( V ) was 

again detected, presumably formed by s o l v o l y s i s of the o x i d a t i o n product 

dibromotrifluorophosphorus(V). T h i s behaviour, f i r s t noted by 

81 

S a l t h o u s e , has been d i s c u s s e d e a r l i e r i n t h i s work. 

I n t h e i r b i n a r y compounds w i t h z e r o v a l e n t n i c k e l both carbon 

monoxide and p h o s p h o r u s ( I I I ) f l u o r i d e f u n c t i o n as 7t-acceptor, or i n the 

Lewis sense ic-acid, l i g a n d s and t h e i r a b i l i t i e s to behave as such 

are about e q u a l . H e n c e , the s t r i k i n g d i f f e r e n c e between the behaviour 

of t e t r a c a r b o n y l n i c k e l and t e t r a k i s ( p h o s p h o r u s ( l I l ) f l u o r i d e ) n i c k e l ( O ) 

on o x i d a t i o n w i t h c h l o r i n e i n l i q u i d hydrogen c h l o r i d e cannot be explained 

i n terms of s i g n i f i c a n t d i f f e r e n c e s between the metal-ligand bonds. 

A more l i k e l y e x p l a n a t i o n would seem to be that c h l o r i n e can more r e a d i l y 

o x i d i s e p h o s p h o r u s ( I I I ) f l u o r i d e to d i c h l o r o t r i f l u o r o p h o s p h o r u s ( V ) than 

carbon monoxide to phosgene. Thus the p h o s p h o r u s ( I I I ) f l u o r i d e ligands 

would be removed, the phosphorus being o x i d i s e d from the + 3 to the + 5 

o x i d a t i o n s t a t e , as the n i c k e l was o x i d i s e d from n i c k e l ( O ) to n i c k e l ( l l ) . 

The r e a c t i o n may be represented by the equation 

N i ( P F ^ ) ^ + 5 C I 2 -» N i C l ^ + 4PF2CI2. 
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The r e a c t i o n w i t h bromine i s e s s e n t i a l l y s i m i l a r , save that the 

dibromotrifluorophosphorus(V) i s s o l v o l y s e d to d i c h l o r o t r i f l u o r o -

phosphorus(V) 

N i ( P F ^ ) ^ + 5Br2 NiBr^ + 4PF^Br2 

PF^Br^ + 2HC1 -» PF^Cl2 + 2HBr. 

T e t r a k i s ( p h o s p h o r u s ( l l l ) c h l o r i d e ) n i c k e l ( 0 ) was apparently i n s o l u b l e 

i n l i q u i d hydrogen c h l o r i d e at room temperature. A buff coloured s o l i d 

i n a d d i t i o n to the yellow c r y s t a l l i n e complex appeared i n the ampoule on 

standing, and a s i g n a l a t -217,7 p.p.m., which may be immediately assigned 

31 

to p h o s p h o r u s ( l I l ) c h l o r i d e was detected when the P n.m.r. s o l u t i o n 

spectrum was recorded. A p r e p a r a t i v e s c a l e experiment which would 

p o s s i b l y have y i e l d e d information as to the nature of the buff-coloured 

s o l i d was not c a r r i e d out, mainly because the r e a c t i o n was slow and the 

l i M i h o o d of o b t a i n i n g an inhomogeneous sample of the s o l i d , contaminated 

w i t h s t a r t i n g m a t e r i a l , was high. The behaviour of the compound i n 
201 

other s o l v e n t s has been reported by I r v i n e and Wilkinson. S o l u t i o n s 

i n hydrocarbons and i n carbon t e t r a c h l o r i d e slowly decomposed, black 

p r e c i p i t a t e s of n i c k e l forming on heating. The buff-coloured m a t e r i a l 

was c l e a r l y not n i c k e l , and i t i s p o s s i b l e t h a t i t was n i c k e l ( l l ) c h l o r i d e . 

T h i s would imply o x i d a t i o n of the n i c k e l by the solvent from the zero 

to the +2 o x i d a t i o n s t a t e w i t h consequent formation of hydrogen. I t would 

be p o s s i b l e on opening the ampoule to detect hydrogen as a noncondensable 

gas. 
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The z e r o v a l e n t n i c k e l complex d i c a r b o n y l b i s ( t r i p h e n y l p h o s p h i n e ) 

n i c k e l ( O ) d i d not d i s s o l v e i n l i q u i d hydrogen c h l o r i d e to give a c l e a r 

s o l u t i o n . The white s o l i d s t a r t i n g m a t e r i a l i n c r e a s e d i n bulk at -78° 

and changed colour through y e l l o w to orange a t room temperature. A 1:1 

doublet a t -5.5 p.p.m. wi t h '''J of 514 Hz., c h a r a c t e r i s t i c of 
» 31 

triphenylphosphonium i o n s , was observed i n the P n.m.r. spectrum of 

the c l e a r c o l o u r l e s s l i q u i d above the s o l i d . On cooling to -196° and 

opening the ampoule, a gas was detected, about 1 mole per mole of 

s t a r t i n g m a t e r i a l . The gas phase i n f r a r e d spectinim, at a pressure of 

5cm. Hg i n a 10cm. gas c e l l , showed no absorptions i n the region 

4000-250cm suggesting t h a t the gas could be hydrogen. However, carbon 

monoxide i s a weak absorber i n the i n f r a r e d and the non-appearance of 

a band at 2143cm~"'' i n a sample a t t h i s p r essure should not be taken 

as c o n c l u s i v e evidence f o r the sbsence of the gas. A pale blue s o l i d was 

obtained on removal of s o l v e n t a t low temperatures. The i n f r a r e d 

spectrum of t h i s m a t e r i a l contained absorptions assignable to t r i p h e n y l ­

phosphonium c a t i o n s , and carbonyl s t r e t c h i n g frequencies at 2000 and 

1940cm~''' i n d i c a t e d the presence of unreacted s t a r t i n g m a t e r i a l . The 

p a l e blue c o l o u r of the m a t e r i a l i s suggestive of the presence of the 

blue t e t r a c h l o r o n i c k e l ( l l ) a t e anion and the r e a c t i o n could then be 

formulated as 

(Ph^P)2(C0)2Ni + 4HC1 (Ph^PH'^)2NiCl^^" + H^ + 2C0 

However, H a r r i s s has r e c e n t l y i n v e s t i g a t e d the behaviour of 

tetraalkylammonium t e t r a c h l o r o m e t a l l a t e s a l t s i n l i q u i d hydrogen 
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c h l o r i d e a t room temperature, i n c l u d i n g tetraethylammonium 

202 

t e t r a c h l o r o n i c k e l ( l I ) a t e . The blue colour of the anion i s 

completely discharged, and a buff coloured s o l i d , presumably n i c k e l ( l l ) 

c h l o r i d e , under a c l e a r c o l o u r l e s s s o l u t i o n i s obtained. Thus i t 

seems v e r y u n l i k e l y t h a t a t e t r a c h l o r o n i c k e l ( l l ) a t e s a l t could be 

i s o l a t e d from the r e a c t i o n between d i c a r b o n y l b i s ( t r i p h e n y l p h o s p h i n e ) -

n i c k e l ( O ) and l i q u i d hydrogen c h l o r i d e . A n a l y t i c a l data can be 

i n t e r p r e t e d i n terms of a mixture of s t a r t i n g m a t e r i a l , n i c k e l ( l l ) 

c h l o r i d e and triphenylphosphonium hydrogendichloride, but i t i s c l e a r l y 

unwise to attempt to draw f i r m c o n c l u s i o n s from a p a t e n t l y inhomogeneous 

product. 

D i c h l o r o b i s ( t r i p h e n y l p h o s p h i n e ) n i c k e l ( l l ) r e a c t s with l i q u i d 

hydrogen c h l o r i d e g i v i n g a f l Q c c u l e n t buff coloured p r e c i p i t a t e . The 

c l e a r c o l o u r l e s s o v e r l y i n g s o l u t i o n was shown to contain t r i p h e n y l ­

phosphonium c a t i o n s ; a 1:1 doublet a t -3.5 p.p.m. wi t h '''J ^ 510Hz. 
31 « being observed i n the P n.m.r. spectrum of the s o l u t i o n . The 

i n f r a r e d spectrum of the s o l i d m a t e r i a l contained absorption c h a r a c t e r i s t i c 

of triphenylphosphonium ions and a n a l y t i c a l data may be i n t e r p r e t e d 

i n terms of a mixture of triphenylphosphonium hydrogendichloride and 

n i c k e l ( I I ) c h l o r i d e . An equation f o r the r e a c t i o n would be 

(•Ph^v)^mci^ + 4HC1 H 2Ph^PH'''HCl2~ + N i C l ^ . 

The behaviour of d i c h l o r o b i s ( t r i p h e n y l p h o s p h i n e ) n i c k e l ( l l ) i n l i q u i d 

hydrogen c h l o r i d e may be c o n t r a s t e d w i t h that of c i s - d i c h l o r o b i s -

( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( l l ) which i s recovered unchanged from the 

s o l v e n t . 
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Experimental 

The behaviour of t e t r a k i s ( t r i f l u o r o p h o s p h i n e ) n i c k e l ( O ) i n l i q u i d 
hydrogen c h l o r i d e . 

(PF2)^Ni (0.246g., 0.599 mmole) was condensed a t -196° i n t o 

an 8iran. o.d. quartz ampoule, followed by HCl (25 mmole). The ampoule 

31 

was s e a l e d and t e s t e d as des c r i b e d e a r l i e r . The P n.m.r. spectrum of 

the c l e a r c o l o u r l e s s s o l u t i o n c o n s i s t e d of a 1:3:3:1 quartet at 

-137.4 + 2 p.p.m. w i t h ^Jp_p 1346Hz. Values of -140 p.p.m. and 1300Hz. 
203 

have been reported f o r the neat l i q u i d . I t may be assumed that 

( P F ^ ) ^ N i d i s s o l v e s i n l i q u i d hydrogen c h l o r i d e without r e a c t i o n . 

The r e a c t i o n between t e t r a k i s ( t r i f l u o r o p h o s p h i n e ) n i c k e l ( O ) and 
boron t r i c h l o r i d e . 

( P F ^ ) ^ N i (0.1107g., O.269mmole) was condensed at -196° into a 

conductance c e l l , followed by HCl (200 mmole). Thi s was s u f f i c i e n t 

HCl to give a c l e a r c o l o u r l e s s 0.0448M s o l u t i o n at -95°. Aliquots 

of B C l ^ were condensed i n from the gas phase and a conductiometric 

t i t r a t i o n was c a r r i e d out. The r e s u l t s are shown g r a p h i c a l l y i n 

f i g . 4.3.1. The conductance rose markedly on add i t i o n of the f i r s t 

a l i q u o t of BCl^, but then decreased oii^ s l i g h t l y throughout the 

t i t r a t i o n . Breaks i n the curve occurred a t 1:1 and 1:2 r a t i o s of 

(PF2)^Ni:BCl2, i n d i c a t i n g adduct formation r a t h e r than the production 

of i o n i c s p e c i e s . A f t e r the t i t r a t i o n was completed the i n f r a r e d 

spectriam of the vapour above the l i q u i d hydrogen c h l o r i d e was recorded. 

Absorptions a t 2880 and 965cm~''' due to HCl and PF^ r e s p e c t i v e l y were 

observed. The HCl was removed by pumping a t -95° u n t i l a white g l a s s y 
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s o l i d remained. The i n f r a r e d spectrum of the vapour above t h i s s o l i d 

contained i n t e n s e absorptions at 995 and 955cm which may be assigned 

to BC1^,^°^ and a t 905, 866, 526 and 5 1 0 c m " w h i c h are c h a t e r i s t i c 

of ( P F ^ ) ^ N i . •'••'•̂  F u r t h e r pumping a t -63.5° and -45° removed BCl^ and 

the i n f r a r e d spectrum of the c l e a r c o l o u r l e s s l i q u i d obtained a t room 

temperature contained only those absorptions due to (PF^ ) ^ N i . 

The r e a c t i o n between t e t r a k i s ( t r i f l u o r o p h o s p h i n e ) n i c k e l ( O ) and c h l o r i n e 

( P F ^ ) ^ N i (0.298g., 0.726mmole) was condensed at -196° into a 

24mm. o.d. pyrex r e a c t i o n tube followed by HCl (300mmole). The tube 

was warmed to -95° when a c l e a r c o l o u r l e s s s o l u t i o n was obtained. 

C I 2 (3.70 mmole) was condensed i n t o the r e a c t i o n tube at -196°. On 

warming to -95° a copious f l o c c u l e n t orange p r e c i p i t a t e was produced. 

A f t e r 30 minutes a t t h i s temperature the i n f r a r e d spectrum of the vapour 

above the s o l u t i o n was recorded. Absorptions at 2880cm~''', due to HCl, 

and a t 980, 935, 895 and 664cm~^ which are c h a r a c t e r i s t i c of YF^Cl^'^^^ 

were observed. HCl was removed by pumping a t -95°. The i n f r a r e d spectrum 

of the vapour over the pale pink s o l i d was recorded as the temperature 

was r a i s e d to 20°. I n a l l cases absorptions due to PF^Cl^ were 

observed. A n a l y t i c a l data suggested that the s o l i d product was 

l a r g e l y NiCl2 and the r e a c t i o n was not i n v e s t i g a t e d f u r t h e r . 

The r e a c t i o n between t e t r a k i s ( t r i f l u o r o p h o s p h i n e ) n i c k e l ( O ) and bromine, 

(¥F^)^i (0.342g., 0.832 mmole) was condensed at -196° in t o a pyrex 

r e a c t i o n tube, followed by HCl (400 mmole). A c l e a r c o l o u r l e s s s o l u t i o n 
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was obtained at -95°. Br^ (0.732g., 4.58 mmole) was condensed 

i n t o the tube at -196°. A copious d u l l orange p r e c i p i t a t e was 

produced on warming to -95°, and the colour due to Br2 p e r s i s t e d . 

A f t e r 30 minutes a t t h i s temperature the i n f r a r e d spectrum of the 

vapour above the s o l u t i o n was recorded. Absorption at 2880, 2560, , 

930, 905, 899 and 665cm were present. The high frequency 

92 

absorptions may be assigned to HCl and HBr r e s p e c t i v e l y , and the 

remaining peaks to ?F^Cl2. V o l a t i l e s were removed by pumping at 

-95° and l a t e r at room temperature f o r 2 hours. A n a l y t i c a l data 

suggested that the d u l l orange s o l i d was mainly NiBr^ and the r e a c t i o n 

was not s t u d i e d f u r t h e r . 

The behaviour of t e t r a k i s ( t r i c h l o r o p h o s p h i n e ) n i c k e l ( 0 ) i n l i q u i d 
hydrogen c h l o r i d e . 

HCl (30 mmole) was condensed at -196° i n t o an 8 mm. o.d. quartz 

ampoule co n t a i n i n g yellow c r y s t a l l i n e (.?Cl^)^i (0.208g., 0.342 mmole). 

The ampoule was s e a l e d and t e s t e d i n the u s u a l manner. At room 

temperature the bulk of the s o l i d had i n c r e a s e d and a buff coloured 
31 

m a t e r i a l was present. A CAT run of 123 scans gave a P n.m.r. 

spectrum c o n s i s t i n g of a s i n g l e t at -217.7 p.p.m. which may be immediately 
119 

a s s i g n e d to P C l ^ . 

( P C l 2 ) ^ N i was not i n v e s t i g a t e d f u r t h e r . 

The r e a c t i o n between d i c a r b o n y l b i s ( t r i p h e n y l p h o s p h i n e ) n i c k e l ( 0 ) 
and l i q u i d hydrogen c h l o r i d e . 

HCl (30 mmole) was condensed at -196° i n t o an 8mm. o.d. quartz 

ampoule co n t a i n i n g (Ph^P)2(CO)2Ni (0.080g., 0.125 mmole). The ampoule 

was s e a l e d and t e s t e d i n the u s u a l way. The white c r y s t a l l i n e s o l i d 



154. 

gave a bulky p a l e orange p r e c i p i t a t e under a c l e a r c o l o u r l e s s 

s o l u t i o n a t room temperature. A 1:1 doublet at -5.5 .p.p.m. with 

•'"Jp_jj 514HZ. , which may be immediately assigned to Pĥ PH"*", was 

observed when the '̂''P n.m, r . spectrum of the s o l u t i o n was recorded. 

T h i s s p e c i e s was present only i n low concentration, a CAT run of 

512 scans being r e q u i r e d to produce a s a t i s f a c t o r y spectrum. 

The r e a c t i o n was repeated on a l a r g e r s c a l e , 

HCl (140 mmole) was condensed at -196° i n t o a 13 mm, o,d. quartz 

ampoule c o n t a i n i n g (Ph^P)2(CO)2Ni (0.650g,, 1.02 mmole). The ampoule 

was s e a l e d and warmed to room temperature i n the normal manner. The 

s o l i d i n c r e a s e d i n bulk and became yellow at -78° and orange at room 

temperature. At a l l times the l i q u i d above the s o l i d remained c l e a r 

and c o l o u r l e s s . A f t e r 24 hours at room temperature no f u r t h e r v i s i b l e 

change had taken p l a c e . The ampoule was cooled to -196° and opened, 

v i a the vacuum l i n e , to the s p i r a l gauge, A gas (0,938 mmole) was 

detected. No absorptions i n the region 4000-250cm were detected 

when the i n f r a r e d spectrum of the gas, 5cm, Hg pressure, was 

recorded. As the HCl was removed by pumping at -95° the yellow s o l i d 

turned p a l e blue. No f u r t h e r c o l o u r change occurred and the s o l i d 

was pumped f o r 2 hours at room temperature. The i n f r a r e d spectrum 

of the p a l e blue s o l i d product contained absorptions c h a r a c t e r i s t i c of 

Pĥ PH"*", i d e n t i f i e d by comparison w i t h the spectrum of a known 

Ph^PH"^ s a l t , Ph2PH"*"HCl2". Weak absorptions a t 2000, 1940 and 320cm~^ 

were a l s o observed. The two high frequency bands are carbonyl 
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206 s t r e t c h i n g f r e q u e n c i e s and may be a s c r i b e d to the presence of 
unreacted s t a r t i n g m a t e r i a l . 

Found; C, 66.1; H, 4.5; P, 8.58; C I , 16.47; 

C a l c u l a t e d f o r a mixture of N i C l ^ and Ph2PH"'^HCl2~ i n 1:2 molar r a t i o , 

C, 45.7; H, 3.59; P, 6.56; C I , 22.5; 

C a l c u l a t e d f o r (Ph^P)2(C0)2Ni; C, 71.3; H, 4.69; P, 9.69. 

T h i s r e a c t i o n was not i n v e s t i g a t e d f u r t h e r . 

The r e a c t i o n between d i c h l o r o b i s ( t r i p h e n y l p h o s p h i n e ) n i c k e l ( l l ) 
and l i q u i d hydrogen c h l o r i d e 

HCl (25 mmole) was condensed at -196° i n t o an 8 mm. o.d. quartz 

ampoule c o n t a i n i n g (PPh^)2NiCl2 (0.042g., 0.064 mmole). The ampoule 

was s e a l e d and t e s t e d i n the u s u a l manner. The deep blue c r y s t a l l i n e 

(Ph2P)2NiCl2 r e a c t e d w i t h the s o l v e n t to give a bulky buff coloured 

p r e c i p i t a t e at room temperature and a c l e a r c o l o u r l e s s s o l u t i o n . The 

31 
P n.m.r. spectrum of the s o l u t i o n c o n s i s t e d of a weak 1:1 doublet 

at -3.5 p.p.m. w i t h '''J 510Hz., which may be immediately assigned 
r - H 

to Pĥ PH"*". 

The r e a c t i o n was repeated on a l a r g e r s c a l e . 

HCl (140 mmo l e ) was condensed a t -196 i n t o a 13 mm. o.d. quartz 

ampoule of type B c o n t a i n i n g (PPh^)2NiCl2 (1.240g. , 1.90 mmole). 

The ampoule was s e a l e d and brought up to room temperature i n the 

manner p r e v i o u s l y described. At -78° the c r y s t a l l i n e s o l i d began to 

d i s s o l v e and a t -45° r e a c t e d to give a f l o c c u l e n t buff coloured s o l i d . 

The s o l i d was separated from the l i q u i d HCl i n the u s u a l manner and was 
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pa l e pink i n co l o u r a t room temperature. The i n f r a r e d spectrum 

of the s o l i d product contained i d e n t i c a l absorptions to those due 

to Pĥ PH"*" i n the spectrum of an aut h e n t i c sample of Ph^PH''"HCl2". 

Found; Ni, 16.43; P, 6,46; C I , 31,43; 

C a l c u l a t e d f o r a mixture of NiCl2 and Ph^PH''"HCl2~ 1:0,75 molar r a t i o ; 

Ni, 15,5; P, 6.2; C I , 33.35. 

T h i s r e a c t i o n was not s t u d i e d f u r t h e r . 
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4.4 I r i d i u m , Rhodium and Cobalt Complexes 

The o x i d a t i v e a d d i t i o n r e a c t i o n occurs when a complex 

simult a n e o u s l y shows both Lewis a c i d i c and Lewis b a s i c behaviour. 

Non-bonding e l e c t r o n d e n s i t y on the metal, two vacant coordination 

s i t e s on the metal to allow the formation of two new metal-ligand 

bonds and a metal w i t h o x i d a t i o n s t a t e s d i f f e r i n g by two u n i t s are 

ne c e s s a r y f o r such r e a c t i o n s to proceed. I r i d i u m ( l ) and Rhodium(l) 

complexes have been widely s t u d i e d i n t h i s context, both metals having 

,8 , ^ ^. ^. 207,208,209,210,211,212,213. d e l e c t r o n c o n f i g u r a t i o n s . when 

there i s no l o s s of l i g a n d the r e a c t i o n w i l l be an e q u i l i b r i u m 

represented by 

LyM^ + XY - — ^ LyM^^^ XY. 

The p o s i t i o n of e q u i l i b r i u m w i l l be determined l a r g e l y by three 

f a c t o r s ; the nature of the metal and i t s l i g a n d s , the nature of the 

added molecule XY and the M-X and M-Y bands formed, and on the r e a c t i o n 

medium. G e n e r a l l y , i t i s observed that the higher o x i d a t i o n s t a t e s 

are more s t a b l e f o r the h e a v i e r metals e,g, I r i d i u m ( l I I ) complexes are 

more s t a b l e than r h o d i u m ( l l l ) complexes,^'''^ 

The o x i d a t i v e a d d i t i o n of a hydrogen h a l i d e HX to t r a n s -

h a l o c a r b o n y l b i s ( t r i p h e n y l p h o s p h i n e ) i r i d i u m ( l ) , (Ph^P)2lr(C0)Y, 

(X and Y s i m i l a r or d i s s i m i l a r halogens) has been w e l l studied. Vaska 

2 1 5 
e t . a l . reported the r e a c t i o n between HCl and ( P h ^ P ) 2 l r ( C 0 ) C l i n 
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e t h e r y i e l d i n g (Ph2P)2lr(CO)HCl2, with one C I trans to an H atom 

and the other t r a n s to a carbonyl group. The s t r u c t u r e of the 

i r i d i u m ( l l l ) complex being 

Ph^P 

C I CO 

I r 

PPh^ 

F u r t h e r work to e l u c i d a t e the stereochemistry and mechanism 

of a d d i t i o n was c a r r i e d out by Blake e t . a l . who studied the 

a d d i t i o n of hydrogen h a l i d e s to the i r i d i u m ( l ) complexes containing 

a d i f f e r e n t halogen. T h e i r r e s u l t s i n d i c a t e d that i n benzene or 

chloroform s o l u t i o n cis-HX adducts were formed. I n the presence of 

p o l a r s o l v e n t s e.g. dimethylformamide, a c e t o n i t r i l e , water then 

mixtures of both c i s - and t r a n s - isomers were formed. The authors 

suggested that these isomers could r e s u l t from e i t h e r r a p i d exchange 

of h a l i d e ion before the a d d i t i o n or from exchange between h a l i d e ions 

i n the products. I t has a l s o been suggested that i n polar media 

the i n i t i a l step i n v o l v e s protonation of the square complex producing 

a f i v e - c o o r d i n a t e c a t i o n i c complex, which could isomerize v i a an 

i n t r a m o l e c u l a r mechanism, followed by coordination of a h a l i d e ion to 
214 

give the o x i d i s e d product. 

I n t h i s work an attempt was made to study the behaviour of 

c h l o r o c a r b o n y l b i s ( t r i p h e n y l p h o s p h i n e ) i r i d i u m ( l ) i n l i q u i d hydrogen 
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c h l o r i d e u s i n g "̂'''P n.m.r. I r i d i u m c o n s i s t s of two isotopes, •'"^'''Ir and 

193 

I r p r esent i n 38.5 and 61.5% abundance r e s p e c t i v e l y , both having 

n u c l e a r s p i n of 3/2. Thus, any s i g n a l due to a phosphorus atom bound 

to i r i d i u m would be s p l i t i n t o e i g h t separate s i g n a l s due to P - I r 

. coupling. Yellow (Fh^'B)^1T((X))CI r e a c t e d with hydrogen c h l o r i d e gas 

as i t was condensed i n t o the ampoule forming' a white c r y s t a l l i n e s o l i d 

which appeared to be l a r g e l y i n s o l u b l e i n l i q u i d hydrogen c h l o r i d e . 
31 

No s i g n a l s were detected when the P n.m.r. spectrum of the o v e r l y i n g 

c l e a r c o l o u r l e s s l i q u i d was recorded. T h i s i s probably due to a 

combination of two f a c t o r s ; low s o l u b i l i t y of the white i r i d i u m ( l l l ) 

complex produced and iridium-phosphorus coupling which would f u r t h e r 

reduce the i n t e n s i t y of an already weak s i g n a l . The white c r y s t a l l i n e 

product was shown by elemental a n a l y s i s to be hydridodichlorocarbonylbis 

( t r i p h e n y l p h o s p h i n e ) i r i d i i a m ( l l l ) . The r e l a t i v e p o s i t i o n s of the 

adduct H and CI atoms were i n f e r r e d from the values of I r - C l s t r e t c h i n g 
216 2X3 fr e q u e n c i e s and the product was thus i d e n t i c a l to that of Vaska, 

shown on the preceding page. 

•'•̂ R̂h i s 100% abundant and has a n u c l e a r s p i n values of k making 

i t a favourable nucleus f o r n.m.r. s t u d i e s . 

•̂'•p n.m.r. data was obtained from the r e a c t i o n between the 

corresponding rhodium(l) complex, ch l o r o c a r b o n y l b i s ( t r i p h e n y l p h o s p h i n e ) 

r h o d i u m ( l ) , and l i q u i d hydrogen c h l o r i d e . Yellow c r y s t a l l i n e 

(Ph2P)2Rh(C0)Cl r e a c t e d w i t h the sol v e n t to give a c l e a r yellow s o l u t i o n 

and a white c r y s t a l l i n e s o l i d , the nature of which w i l l be d i s c u s s e d 
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31 l a t e r . The P n.m.r. spectrum of the yellow s o l u t i o n c o n s i s t e d of 

a 1:1 Ji'doublet a t -6.0 + 0.5 p.p.m. with 510 + 5Hz. and a 
•̂ •̂ Pr̂ H 

second 1:1 doublet a t -46.6 + 0 . 5 p.p.m. wi t h 118 + 5Hz. 

The former i s known to be c h a r a c t e r i s t i c of Ph^PH"^ and the l a t t e r may 
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be a s s i g n e d to a rhodium bound triphenylphosphine group. I n t e n s i t i e s 

i n d i c a t e d that the two phosphorus s p e c i e s were present i n 3:2 molar r a t i o 

i n favour of the triphenylphosphonium ion. During the course of 

s e v e r a l days the white s o l i d d i s s o l v e d and the s o l u t i o n became brown. 
31 

The P n.m.r. s o l u t i o n spectrum a t t h i s stage was e s s e n t i a l l y unchanged 

excepting that the i n t e n s i t y of the Ph^PH^ s i g n a l had increased. The 

study of t h i s ampoule came to an abrupt end a f t e r 10 days when i t 

exploded. I t i s p o s s i b l e that t h i s was caused by the ev o l u t i o n of 

hydrogen and/or carbon monoxide from a subsequent r e a c t i o n i n v o l v i n g 

the white s o l i d and the s o l v e n t . 

A p r e p a r a t i v e s c a l e experiment was performed i n order to obtain a 

sample of the white s o l i d product for c h a r a c t e r i s a t i o n . This m a t e r i a l 

became s l i g h t l y yellow green i n colour as soon as the solvent was 

removed, and became d e f i n i t e l y yellow over a period of days. I n f r a r e d 

s p e c t r a of s t a r t i n g m a t e r i a l and product are shown i n f i g . 4.4.2. 

A new peak appearing a t 2047cm i n the spectrum of the product i s 
218 219 

as s i g n e d to a rhodium-hydrogen s t r e t c h i n g frequency. ' ' The 

carbonyl band a t 1940cm i n the s t a r t i n g m a t e r i a l has moved to 1935cm ''• 

and t h e r e i s a new peak a t 270cm ^ which may be assigned to a rhodium 

c h l o r i n e s t r e t c h i n g frequency. By analogy w i t h the corresponding 

i r i d i u m complex. The peak a t 318cm~''' i n the i n f r a r e d spectrum of 

(Ph^P)2Rh(C0)Cl i s assigned to a rhodium-chlorine s t r e t c h i n g frequency 

f o r a C I tr a n s to a CO group. The second metdrhalogen v i b r a t i o n a t 

270cm~-'- may thus be a s c r i b e d to a rhodium-chlorine absorption a s s o c i a t e d 
w i t h a C I t r a n s to an H atom. The white s o l i d may be formulated as 
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h y d r i d o d i c h l o r o c a r b o n y l b i s ( t r i p h e n y l p h o s p h i n e ) r h o d i u m ( l l l ) w i t h 

the s t r u c t u r e shown below. 

PPh^ 

c i I CO 
Rh 

CI 
PPh^ 

The rhodium(lIl)complex however i s not stable at room temperature. 

I n f r a r e d spectra of the compound, which was stored under dry ni t r o g e n , 

show the slow rev e r s i o n to the rhodium(l) s t a r t i n g m a t e r i a l . Thus 

the e q u i l i b r i u m 

(Ph^P)2Rh(C0)Cl + HCl ^ (Ph2P)2RhH(C0)Cl2 

c l e a r l y does not l i e f i r m l y on the side of the oxidised species u n l i k e 

the e q u i l i b r i u m f o r the corresponding i r i d i u m compound. 

C h l o r o t r i s ( t r i p h e n y l p h o s p h i n e ) r h o d i u m ( l ) has been reported to 

undergo o x i d a t i v e - a d d i t i o n w i t h e l i m i n a t i o n of one triphenylphosphine 
212 220 

l i g a n d on r e a c t i o n w i t h HX when X = CN, NO^ and CI. ' * Reaction 

w i t h hydrogen c h l o r i d e i n methylene c h l o r i d e y i e l d s the unstable yellow 

c r y s t a l l i n e (PPh2)2RhHCl2.0.5 CH2CI2 which r e a d i l y loses both hydrogen 

c h l o r i d e and s o l v a t i n g dichloromethane. The s t a r t i n g m a t e r i a l was found 
to be only poorly soluble i n l i q u i d hydrogen ch l o r i d e at room 

31 

temperature and a P n.m. r. s o l u t i o n spectriom was obtained only w i t h 

d i f f i c u l t y . Doublets corresponding to triphenylphosphonium ions and 
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to a rhodium bound triphenylphosphine group were observed i n 

a d d i t i o n to a s i n g l e t at -55 + 0 . 5 p.p.m. I t i s d i f f i c u l t to 

suggest any assignment f o r t h i s s i g n a l . 

An orange s o l i d was i s o l a t e d when the r e a c t i o n was c a r r i e d out 

on a p r e p a r a t i v e scale. No noncondens.able gas was detected during 

the p r e p a r a t i o n and i t may thus be assumed t h a t hydrogen was not 

evolved during the r e a c t i o n . There were no absorptions i n the 

r e g i o n associated w i t h Rh-H s t r e t c h i n g frequencies i . e . 

2100cm i n the i n f r a r e d spectrum of t h i s s o l i d and thus there i s no 

evidence f o r the formation of a hydride. However, the absence of 

absorptions i n t h i s region i s not to be taken as conclusiye evidence 

t h a t the molecule under i n v e s t i g a t i o n does not contain Rh-H bonds, 

since absorptions due to these v i b r a t i o n s may be very weak or even 
221 

undetectable. A n a l y t i c a l data d i d not conform to any clear cut 

p a t t e r n , and i t seems l i k e l y t h a t the orange s o l i d i s a mixture of 

products. Triphenylphosphonium"hydrogendichloride and 

h y d r i d o d i c h l o r o b i s ( t r i p h e n y l p h o s p h i n e ) r h o d i u m ( l I l ) are probably products 

i n view of l i t e r a t u r e r e ports and some, but not a l l , a n a l y t i c a l f i g u r e s 
31 

could be i n t e r p r e t e d on t h i s basis. P n.m.r. and i n f r a r e d 

spectroscopy together w i t h elemental analysis have not provided a 

s a t i s f a c t o r y explanation of the r e a c t i o n between (Ph^P)2RhCl and 

l i q u i d hydrogen c h l o r i d e which must be assumed to be less than simple. 

Further work po s s i b l y repeating the r e a c t i o n using a quartz ampoule 

f i t t e d w i t h a s i n t e r to enable f i l t r a t i o n of the products, i s necessary 

to c l a r i f y the s i t u a t i o n . 

Brown tric a r b o n y l t r i p h e n y l p h o s p h i n e c o b a l t ( O ) dimer dissolved i n 
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l i q u i d hydrogen c h l o r i d e at low temperatures g i v i n g a brown s o l u t i o n . 

On warming to room temperature the s o l u t i o n turned blue and a blue 

s o l i d was p r e c i p i t a t e d . Further warming to 34.2°C, the operating 

temperature of the RIO, r e s u l t e d i n discharge of the blue colour from 
31 

the s o l u t i o n . No P n.m.r. signals could be obtained from the 

co l o u r l e s s s o l u t i o n , and as a v a r i a b l e temperature probe was not 

a v a i l a b l e the coloured s o l u t i o n s produced at lower temperatures could 

not be i n v e s t i g a t e d . The i n f r a r e d spectrum of the turquoise s o l i d 

i s o l a t e d from t h i s r e a c t i o n contained absorptions c h a r a c t e r i s t i c of 

c i s - d i c h l o r o b i s ( t r i p h e n y l p h o s p h i n e ) c o b a l t ( l l ) i n a d d i t i o n to absorptions 

at 2050, 1995, 1975, 1955 and 1912cm"-^ „ . These 
222 

absorptions are almost c e r t a i n l y t e r m i n a l carbonyl s t r e t c h i n g frequencies. 
-1 223 

However, vCo-H i n CoH(CO)^ occurs at 1934cm and i t i s possible 

t h a t one of the bands at 1955 or 1912cm ^ may be due to a metal-hydrogen 

s t r e t c h i n g frequency. Elemental analyses c a r r i e d out on the s o l i d 

product were not reproducible. 

The r e a c t i o n was not studied f u r t h e r . 

Experimental 

The r e a c t i o n between t r a n s - c h l o r o c a r b o n y l b i s ( t r i p h e n y l p h o s p h i n e ) i r i d i u m ( I ) 
and hydrogen c h l o r i d e . 

HCl was condensed at -196° i n t o an 8mm. o.d. quartz ampoule containing 

(Ph^P)2lr(C0)Cl (O.lOOg., 0.013 mmole). The ampoule was sealed and 

te s t e d i n the usual manner. At room temperature the ampoule contained 

a c l e a r c o l o u r l e s s s o l u t i o n over a small q u a n t i t y of white c r y s t a l l i n e 
31 

s o l i d . No reproducible s i g n a l could be obtained when the P n.m.r. 

spectrum of the s o l u t i o n was recorded. 
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The r e a c t i o n was repeated on a l a r g e r scale i n order to obtain 

a sample of the w h i t e c r y s t a l l i n e s o l i d f o r i n v e s t i g a t i o n . An 

ampoule o f type B as described on p. 23 was used f o r t h i s r e a c t i o n . 

HCl (120 mmole) was condensed at -196° i n t o a 13 mm. o.d. quartz 

ampoule, f i t t e d w i t h a s i n t e r e d s i l i c a d i s c, containing {l?h^?)^lv(CO)Cl 

(0.973g., 1.25 mmole). The ampoule was sealed and allowed to reach 

room temperature i n the normal manner. The yellow c r y s t a l l i n e s t a r t i n g 

m a t e r i a l turned white as soon as the HCl was condensed upon i t , and 

at room temperature the ampoule contained a cl e a r colourless s o l u t i o n 

over a white c r y s t a l l i n e s o l i d . The white c r y s t a l s were separated 

from the l i q u i d i n the manner described e a r l i e r (p. 24 ). I n 

a d d i t i o n to absorptions due to Ph^P, the i n f r a r e d spectrum of the 

s t a r t i n g m a t e r i a l contained absorptions at 1910 and 324cm ^ which may 
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be assigned to v^^ and v̂ .̂ ^̂ ^ r e s p e c t i v e l y . The i n f r a r e d spectrum 

of the product contained absorptions i n a d d i t i o n to those due to Ph^P 

at 2240m, 2027s, 318w and 270w cm"'''. The absorptions at 2240 and 

2027cm ^ may be assigned to v^^^ and Vj,^ r e s p e c t i v e l y and those at 

318 and 270cm ^ to I r C l absorptions^''"^ ^ I r C l 318cm ''' may be 

assigned to a c h l o r i n e l i g a n d trans to a carbonyl l i g a n d , and th a t at 
1 216 270cm to a c h l o r i n e l i g a n d trans to a hydride ligand. 

Found; C, 54.21; H, 3.68; P, 7.69; CI, 8,6; 

Required f o r (Ph^P)2lr(M)(C0)Cl; C, 54,42; H, 3.80; P, 7.6; CI, 8.7. 

The compound may thus be formulated as 

Ph^P 
H I CO 

PPh^ 



I n f r a r e d spectra of ohlorocarTx>nyl"bi3(triphenylphosphine)iridivuii(i) and 

hydride dichloro oarbony 11)18 (triphenylpho sphine) iriditun ( I I I ) 
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The r e a c t i o n between trans-chlorocarbonylbis(triphenylphosphine) 
r hodium(I) and hydrogen c h l o r i d e . 

HCl (25 mmole) was condensed at -196° i n t o an 8mm. o.d. quartz 

ampoule containing yellow c r y s t a l l i n e (Ph2P)2Rh(C0)Cl (0.060g., 

0.086 mmole). The ampoule was sealed and tested i n the normal 

manner and at room temperature contained a c l e a r yellow s o l u t i o n over 

a white c r y s t a l l i n e s o l i d . The rhodium complex was only very 

s l i g h t l y soluble i n l i q u i d hydrogen c h l o r i d e , a CAT run of 900 scans 
31 

being necessary to achieve a s a t i s f a c t o r y P n.m.r. s o l u t i o n spectrum. 

Two doublets were observed when the spectrum was recorded. The 

higher f i e l d doublet at -6.0 + 0 . 5 p.p.m. w i t h ''"J coupling constant 
P-H 

510 + 5Hz. may be immediately assigned to Pĥ PH"*̂ , and tha t at lower 
f i e l d , - 46.6 + 0.5 p.p.m. w i t h '''J coupling constant 118 + 5Hz 

r - R h 
217 

to a Ph^P li g a n d bound to a rhodium atom. The r a t i o of i n t e n s i t i e s 

of the doublets was approximately 3:2 i n favour of the Pĥ PH"*" species. 

A f t e r 10 days, the white c r y s t a l l i n e s o l i d had dissolved forming a 
31 

c l e a r brown s o l u t i o n . The P n.m.r. s o l u t i o n spectrum was again 

recorded and d i f f e r e d from t h a t obtained e a r l i e r only i n ^ f a c t that 

the r a t i o of i n t e n s i t i e s Ph2PH"'̂ :Ph2P-Rh species was now approximately 

2:1. S h o r t l y afterwards the ampoule exploded. This was the only 

occasion on which an 8 mm. o.d. quartz n.m.r. ampoule exploded a f t e r 

s u c c e s s f u l l y passing through the t e s t i n g process. 

The r e a c t i o n was repeated on a preparative scale. 

HCl (150 mmole) was condensed at -196° i n t o a 13 ram. o.d. quartz 

ampoule, f i t t e d w i t h a s i n t e r e d s i l i c a d i s c , containing (Ph^P)2Rh(C0)Cl 

(0.500g., 0.720 mmole). The ampoule was sealed and brought up to 



Fig.4.4.2 

I n f r a r e d spectra of chlorocarbonylbis(triphenylphosphine)rhodium(l) and 

i t s r e a c t i o n product from l i q u i d hydrogen ch l o r i d e s o l u t i o n 
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room temperature i n the usual manner. A yellow s o l u t i o n and a 

white c r y s t a l l i n e s o l i d were present at room temperature. A f t e r 

12 hours the white s o l i d was separated from the s o l u t i o n as described 

e a r l i e r , and began to t u r n a pale yellow-green colour as soon as 

a l l the HCl was cooled to -196°. Absorptions due to Ph^P ligands 

were present i n the i n f r a r e d spectra of both s t a r t i n g m a t e r i a l and 

product. New peaks appeared at 2047 and 270cm ''' which may be assigned 
218 219 

to V j ^ ^ ^ ' and v^^^ r e s p e c t i v e l y . The carbonyl peak moved 

from 1940cm ^ i n the s t a r t i n g m a t e r i a l to 1935cm ''' and an absorption 

a t 580cm ^ was of s i g n i f i c a n t l y lower i n t e n s i t y i n the i n f r a r e d spectrum 

o f the product. A f t e r 10 days the i n f r a r e d spectrum of the pale 

yellow-green m a t e r i a l had a l t e r e d , the absorption at 2047cm ^ had 

decreased i n i n t e n s i t y , two carbonyl bands at 1940 and 1930cm ''" of 

equal i n t e n s i t i e s were present, the band at 580cm ''' had gained i n 

i n t e n s i t y , and the peak at 270cm~''' could be detected only w i t h the eye 

of f a i t h . 
Found; C, 58.5; H, 4.10; P, 7.71; CI, l l i 5 ; Rh, 12.9; 
Required f o r (Ph^P)2HCl2(CO)Rh; C, 60.8; H, 4.24; P, 8.49; CI, 9.73; 

Rh, 14.11; 

Required f o r (Ph2P)2Rh(C0)Cl; C, 64.0; H, 4.33; P, 8.94; CI, 5.12; 

Rh, 15.3. 

The r e a c t i o n between c h l o r o t r i s ( t r i p h e n y l p h o s p h i n e ) r h o d i u m ( l ) and 
hydrogen c h l o r i d e . 

(Ph2P)^RhCl was even less soluble than (Ph^P)2Rh(C0)Cl i n l i q u i d 

hydrogen c h l o r i d e . 
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HCl (30 mmole) was condensed at -196° i n t o an 8 mm. o.d. quartz 

ampoule containing dark red c r y s t a l l i n e (Ph2P)2RhCl (0.060 g., 0.063 

mmole). The ampoule was sealed and teste d i n the usual way, and at 

room temperature was observed to contain a clear orange l i q u i d over 
31 

a deep red l i q u i d and some undissolved red c r y s t a l s . A P n.m.r. 

spectrum o f the l i q u i d phase was obtained only w i t h great d i f f i c u l t y 

due to the low s o l u b i l i t y of the s t a r t i n g m a t e r i a l . Five peaks were 

observed, a doublet at -4 + 0.5 p.p.m. w i t h Jp ̂  of 510 Hz, another 

at -45 + 0.5 p.p.m. w i t h a Jp value of 133 Hz, and a s i n g l e t at 

-55 +0.5 p.p.m. The doublets may be assigned to Pĥ PH"*" and a 

triphenylphosphine-rhodium system r e s p e c t i v e l y . 

The r e a c t i o n was repeated on a preparative scale. 

HCl (200 mmole) was condensed at -196° i n t o a 13 mm. o.d. quartz 

ampoule which contained (Ph2P)2RhCl (0.250 g., 0.26 mmole). The ampoule 

was sealed and c a r e f u l l y brought up to room temperature i n the usual 

manner. A clear pale orange s o l u t i o n was obtained at room temperature, 

over a l i t t l e undissolved s t a r t i n g m a t e r i a l and some pale orange s o l i d . 

Warming t o 30° a f f e c t e d complete s o l u t i o n and the formation of two l i q u i d 

l a y e r s , the lower being the more i n t e n s e l y coloured. A f t e r 24 hours the 

appearance of the m a t e r i a l i n s i d e the ampoule resembled th a t which 

obtained before warming to 30°. The ampoule was cooled to -196° and 

opened v i a the vacuimi l i n e to the s p i r a l gauge. No d e f l e c t i o n was 

produced, i . e . no noncondensable gas, i n t h i s case hydrogen, was present. 

HCl was removed by pumping at -95°, followed by pimiping at room 

temperature f o r 2 hours. The i n f r a r e d spectrum of the orange s o l i d 

product contained absorptions at 330 and 342 cm ^ which were not 
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present i n t h a t of the s t a r t i n g m a t e r i a l . These may possibly be 

Rh-Cl s t r e t c h i n g frequencies. Absorptions at 1190, 1030 and 690cm~''' 

had decreased i n i n t e n s i t y r e l a t i v e absorptions at the same 

frequencies i n the spectrum of the s t a r t i n g m a t e r i a l . 

Found; C, 63.5; H, 3,63; P, 8,7; CI, 14.2; Rh, 13.3. 

Required f o r Ph^PH'^HCl2~, (Ph^P)2RhHCl2; C, 62.7; H, 4,64; 

P, 9,00; CI, 13,7; Rh, 9,96. 

Required f o r (Ph^P)^RhCl; C, 70,1; H, 4,87; P , 1 0 , l ; CI, 3,84; 

Rh, 11,1, 

The r e a c t i o n between tricarbonyltriphenylphosphinecobalt(O) dimer 
and hydrogen c h l o r i d e . 

HCl (30 mmole) was condensed a t -196° i n t o an 8 mm. o.d. quartz ampoule 

c o n t a i n i n g [Co(C0)2PPh^]2 (O.OlOg., 0.012 mmole). The ampoule was 

sealed and tested i n the usual manner. The chocolate brown s o l i d 

appeared to be soluble at -84°, g i v i n g a cl e a r yellow-brown s o l u t i o n 

at -45°. At room temperature the ampoule contained a pale blue s o l u t i o n 

over a pale blue p r e c i p i t a t e . The s o l u t i o n became colourless at 34.2° 
31 

and i t was not possible to detect any signals when the P n.m.r, 

spectrum was recorded. 

The r e a c t i o n was reported on a la r g e r scale i n order to obtain a 

sample of the p r e c i p i t a t e d s o l i d f o r examination. 

HCl (150 mmole) was condensed i n t o a 13 mm. o.d. type B ampoule containing 

[Co(CO)^PPh2]2 (0.785g., 0.97 mmole). The ampoule was sealed and 

allowed to reach 0° i n the manner previously described. A clear deep 

red-brown s o l u t i o n was obtained at -45°, and at 0° the ampoule contained 

a green s o l i d under a green s o l u t i o n . A f t e r 3 hours at t h i s temperature, 

the s o l i d was f i l t e r e d o f f , becoming pale blue i n colour. The ampoule 
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was opened i n the usual manner and a f t e r pumping at room temperature 

the s o l i d product turned turquoise. 

The i n f r a r e d spectrimi of the s o l i d contained a l l the absorptions 

found i n the spectrum of (PPh^)2CoCl2 together w i t h peaks at 

2050W, 1995m, 1975m, 1955m, 1912m, 890 br.s 720s, 345w and 310w cm"-̂ . 

Found; C, 33.6, 37.2; H, 4.73, 5.69; P, 6.62; CI, 32.5; Co, 24.7. 

These a n a l y t i c a l f i g u r e s are c l e a r l y inaccurate, accounting f o r 

more than 100% of the composition of the m a t e r i a l . The turquoise 

s o l i d i s c e r t a i n l y a mixture and was not i n v e s t i g a t e d f u r t h e r . 
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4.5 Iron(O) complexes 

Results and Discussion, 

I q b a l and Waddington^^ have reported reactions of pentacarbonyliron 

i n l i q u i d hydrogen c h l o r i d e at -95°, The carbonyl dissolved w i t h o u t 

e v o l u t i o n of gas g i v i n g a conducting s o l u t i o n , Conductiometric 

t i t r a t i o n s against the Lewis acid boron t r i c h l o r i d e gave an end-point 

at a 1:1 molar r a t i o , i n t e r p r e t e d as probably i n d i c a t i n g adduct 

formation as w e l l as t h a t o f the s a l t [Fe(CO)^H]''^BCl^ . An end-point 

at a molar r a t i o o f 1:5:1, Lewis acid: pentacarbonyliron, was obtained 

when pentafluorophosphorus(V) was used as the Lewis acid. This c l e a r l y 

i n d i c a t e s the formation of the s a l t [Fe(CO)_H]"^PF," since i t i s known^^ 
J 6 

t h a t hexafluorophosphate ion i s q u a n t i t a t i v e l y produced from PF^ i n 

basic l i q u i d hydrogen c h l o r i d e s o l u t i o n s according to the equation 

^^^5 + 2C1 ^^^^^ 2PF^- + PF3CI2. 

The s a l t was i n f a c t i s o l a t e d at low temperatures but decomposed 

f a i r l y r a p i d l y at room temperature. I n both the s a l t s protonation 

occurred on the i r o n atom. Attempts to prepare the tetrachloroborate 

s a l t gave a l i g h t yellow s o l i d at low temperatures which dissociated 

v e ry r a p i d l y at room temperature to a viscous l i q u i d . 

I n t h i s work the p r o t o n a t i o n behaviour of the series Fe(CO)^ (PPh„) 
5-x 3 X 

(0 ^ X ^ 2) i n l i q u i d hydrogen c h l o r i d e at room temperature was studied 
31 11 

using P and B n.m.r. techniques where appropriate. Both 

tetracarbonyltriphenylphosphineiron(O) and t r i c a r b o n y l b i s ( t r i p h e n y l ­

phosphine ) i r o n ( 0 ) were soluble i n l i q u i d hydrogen c h l o r i d e g i v i n g dear 

s o l u t i o n s at room temperature from which i t was possible to recover the 
31 

unchanged s t a r t i n g m a t e r i a l s . The P n,m.r, spectrum of Fe(C0)^PPh3 
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i n l i q u i d hydrogen c h l o r i d e s o l u t i o n consisted of a sharp s i n g l e t 

at -48 + 0 . 5 p.p.m. which may be assigned to a triphenylphosphine 

group bound to an i r o n atom. There was no sign of a doublet due 

to triphenylphosphonium i o n i n the o r i g i n o f -5 p.p.m. and i t may be 

assumed t h a t the complex dissolves without d i s s o c i a t i o n of a 

triphenylphosphine l i g a n d . 
31 

Two signals at -56.1 and -55.4 p.p.m. were observed i n the P 

n.m.r. spectrum of Fe(CO)^(PPh2)2 i n l i q u i d hydrogen c h l o r i d e . The 

sig n a l s were of equal i n t e n s i t i e s so t h a t they resembled a doublet. 

A possible explanation i s t h a t the signals a r i s e from the ion 
+ 31 [Fe(CO)2(Ph2P)2H] and t h a t t h i s octahedral species contains two P 

n u c l e i i n chemically d i f f e r e n t environments, one triphenylphosphine 

being trans to a carbonyl group and the other trans to a hydrogen atom. 

(See F i g . 4.5.1). 

H-
H 0 

Fe 

0 ' 0 
PPh^ 

F i g . 4.5,1 A possible s t r u c t u r e f o r the octahedral species 
[Fe(C0)^(Ph3P)2H]^. 

The f a i l u r e to observe phosphorus-hydrogen coupling may be due 

to a very r a p i d exchange of the proton w i t h the solvent and/or the 

coupling constant J,, „ „ may be unresolvably small. 
r — r e-n 



Fig.4.5.2 

'̂'̂"B n.m.r. s o l u t i o n spectra 

Fe(CO)^ j j . ^ - ^ 3 ^ 2 ^ ^ ^ ^) ^^^3 i n a 1:1 molar r a t i o i n l i q u i d 
hydrogen c h l o r i d e 
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The •'••''B n.m. r. spectra of l i q u i d hydrogen c h l o r i d e solutions 
of the series Fe(CO) (PPh ) {0 <. x ^ 2) and boron t r i c h l o r i d e i n 

j — X J X 

1:1 molar r a t i o are shown i n f i g u r e 4.5.2. A c l e a r l y defined p a t t e r n 

of behaviour may be observed on examination of the •'"•''B chemical s h i f t s . 

I n a l l cases the. spectra consist of sharp s i n g l e t s which are r e a d i l y 

assignable. The peak at -28 + 0 . 5 p.p.m. i n the spectrum from 

pentacarbonyliron(O) and boron t r i c h l o r i d e i s c h a r a c t e r i s t i c of boron 
125 

t r i c h l o r i d e i t s e l f . There i s no suggestion of an exchange averaged 

s i g n a l between the Lewis acid and tet r a c h l o r o b o r a t e i on and i t may safely 

be assumed t h a t none of the l a t t e r species are present. This would 

imply t h a t pentacarbonyliron(O) i s not protonated i n l i q u i d hydrogen 

c h l o r i d e at room temperature and i s i n accord w i t h the report made by 

e a r l i e r workers^^ who were unable to i s o l a t e a stable tetrachloroborate 

s a l t o f the species [Fe(CO)^H]'^ at room temperature. 

The resonance at +2.5 p.p.m. i n the spectrum of te t r a c a r b o n y l -

triphenylphosphineiron(O) and boron t r i c h l o r i d e i n the solvent i s shown 

l a t e r i n t h i s work to be c h a r a c t e r i s t i c of a system w i t h r a p i d l y exchanging 
BCl^ and BCl^ species. A s i n g l e t at -46.5 +0.5 p.p.m. was observed 

31 

i n the P n.m.r. spectrum of t h i s s o l u t i o n i n d i c a t i n g t h a t the 

triphenylphosphine l i g a n d was s t i l l bound to the i r o n . These two 

r e s u l t s taken together may be i n t e r p r e t e d as evidence f o r p a r t i a l 

p r o t o n a t i o n of Fe(CO)^PPh^ i n l i q u i d hydrogen ch l o r i d e at room temperature. 

Accordingly, a preparative scale experiment was c a r r i e d out i n an attempt 

to i s o l a t e a stable s a l t [Fe(C0)^(Ph2P)H]"'"BCl^~. The i n f r a r e d spectrum 

of the white s o l i d product obtained i s shown i n f i g u r e 4.5.3. Davison 
113 -1 e t . a l . have assigned peaks at 2143 and 2075cm i n the i n f r a r e d 



Fig.4.5.3 

I n f r a r e d Spectra 

T e t r a c a r b o n y l ( t r i p h e n y l p h o s p h i n e ) i r o n ( 0 ) and s o l i d product from r e a c t i o n 

between tetracarbonyl(triphenylphosphineXron(0) and boron t r i c h l o r i d e i n 

l i q u i d hydrogen c h l o r i d e 
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spectrum o f Fe(C0)^Ph2P i n a sulphuric acid f i l m to carbonyl 

s t r e t c h i n g frequencies i n the protonated species [Fe(CO)^(Ph^P)H]"'". 

The strong absorptions at 2072 and 2044cm ^ i n f i g . 4.5.3 may thus be 

assigned to t h i s species. C h a r a c t e r i s t i c bands at 690 and 670cm ^ 

due to t e t r a c h l o r o b o r a t e ions may also be discerned i n a spectrum 

which c l e a r l y contains a l l absorptions found i n t h a t of the s t a r t i n g 

m a t e r i a l . A n a l y t i c a l data confirmed t h a t the white s o l i d was a 

mixture of Fe(CO)^Ph^P and [Fe(C0)^(Ph2P)Hl'^BCl^". The l a t t e r compound 

decomposed r a p i d l y on exposure to the atmosphere, and slowly at room 

temperature even i f stored under dry n i t r o g e n . 

The •'••''B n.m. r. spectrum of t r i c a r b o n y l b i s ( triphenylphosphine)iron(O) 

and boron t r i c h l o r i d e i n l i q u i d hydrogen c h l o r i d e s o l u t i o n consisted of 

a sharp resonance at + 9.5 p.p.m. A •'"•''B chemical s h i f t of + 11.6 p.p.m. 
147 

f o r BCl^ has r e c e n t l y been reported and has been determined i n t h i s 

work as + 10.8 p.p.m. The s i g n a l at + 9.5 p.p.m. may thus be assigned 

to BC1^~. However, the s l i g h t l y low value may be due to some l i m i t e d 

exchange w i t h BCl^ and t h i s p o s s i b i l i t y cannot e n t i r e l y be excluded. 
31 

The P n.m,r. spectrum of the same s o l u t i o n , l i k e that of the i r o n 

compound alone i n the solvent, consisted of two peaks, which may or 

may not be regarded as a doublet, at -55,8 and -55.0 p.p.m. Protonation 

o f the i r o n atom i s c l e a r l y i n f e r r e d here from the observation of a 

te t r a c h l o r o b o r a t e chemical s h i f t i n the '''̂B n.m. r. spectrum, and the 
31 
P n.m.r. signals could be regarded as a r i s i n g from coupling between 

phosphorus and hydrogen atoms v i a the i r o n . I f t h i s were the case, then 
2 

the magnitude of the coupling constant would be 19.4Hz. 

A white s o l i d product was i s o l a t e d from a preparative scale r e a c t i o n 

between Fe(C0)2(Ph^P)2 and BCl^ i n l i q u i d hydrogen c h l o r i d e . A n a l y t i c a l 

data i n d i c a t e d t h a t the compound was [Fe(CO)2(Ph2P)2H]''"BCl^". The 



Fig.4.5.4 

I n f r a r e d Spectra 

T r i c a r b o n y I b i s ( t r i p h e n y l p h o s p h i n e ) i r o n ( 0 ) , h y d r i d o t r i c a r b o n y l b i s ( t r i p h e n y l -

p h o s p h i n e ) i r o n ( 0 ) t e t r a c h l o r o b o r a t e and an exposed sample of 

h y d r i d o t r i c a r b o n y I b i s ( t r i p h e n y l p h o s p h i n e ) i r o n ( O ) t e t r a c h l o r o b o r a t e 
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i n f r a r e d spectrum, Nujol m u l l , of t h i s m a t e r i a l together w i t h 

t h a t of the parent compound i s shown i n f i g . 4.5.4. Absorptions 

not found i n the i n f r a r e d spectrum of the s t a r t i n g m a t e r i a l were 

observed at 2098m., 2056m.sh., 2044s., and 2030s, 1890w, 690s and 

670s cm The l a t t e r two are c h a r a c t e r i s t i c of tetrachlorobaate 

anions^*^'^' and t h a t at 1890cm~"'' may be assigned to an Fe-H 

s t r e t c h i n g frequency. The higher frequency absorptions are presumably 

carbonyl s t r e t c h i n g frequencies. Davison e t . a l . have reported a 

strong absorptions at 2028cm i n the i n f r a r e d spectrum obtained 

from a concentrated sulphuric acid mull of Fe(C0)2(Ph^P)2 and have 

assigned t h i s to the species [Fe(CO)2(Ph^P)2H]'^. A very weak 

absorption at 18 75cm ^, the p o s i t i o n of the most intense band i n the 

i n f r a r e d spectrum of the s t a r t i n g m a t e r i a l , i n d i c a t e s t h a t the s a l t 

[Fe(CO)2(Ph^P)2H]''"BCl^" i s not completely stable at room temperature. 

The compound appeared to remain unchanged i f stored under dry n i t r o g e n 

at -30°. Exposure to the atmosphere r e s u l t e d i n r a p i d decomposition. 

Thus of the series Fe(CO) (Ph P) (0 ^ x ^ 2 ) , the most stable 
»)~X J X 

protonated species i n l i q u i d hydrogen c h l o r i d e i s t h a t derived from 

Fe(C0)^(Ph2P)25 and [Fe(CO)^i?h^?')^n]'^BCl^~ was the only s a l t which 

could be i s o l a t e d as a stable s o l i d at room temperature. The compound 

[Fe(CO)cH]^PF, has been i s o l a t e d as a s o l i d at room temperature^^, J o 
presumably because the hexafluorophosphate anion i s a more e f f e c t i v e 

'counterion than the t e t r a c h l o r o b o r a t e anion. I t i s a n t i c i p a t e d t h a t 

the s a l t s [Fe(CO), (Ph P)H]"*'PF^" and [Fe(CO)„(Ph„P) H]^PF,~ could be 

prepared and i s o l a t e d i n any f u t u r e work, the reactions again being 
31 

monitored using P n.m.r. Also, should a v a r i a b l e temperature 
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•'••''B n.m. r. probe became a v a i l a b l e , the behaviour of the systems 

Fe(CO) (Ph„P) (0 ̂  X ^ 2) and boron t r i c h l o r i d e i n l i q u i d hydrogen 

c h l o r i d e a t temperatures below room temperature could be studied. 
99 

Ruthenium contains two magnetically a c t i v e isotopes; Ru w i t h 

spin number of ̂ /2 and ''"̂''•Ru having nuclear spin ^/2, present i n 

12.81 and 16.98% abundance respectively.''"'^^ No '̂''P n.m.r, signals were 

observed when the spectrum of a saturated s o l u t i o n of dichlorodicarbonyl-

b i s ( t r i p h e n y l p h o s p h i n e ) r u t h e n i u m ( l l ) i n l i q u i d hydrogen ch l o r i d e was 

recorded. The r u t h e n i u m ( l l ) compound r e c r y s t a l l i s e d from the solvent 

at room temperature, and the f a i l u r e to observe n.m,r, signals i s 

probably due to the extremely low s o l u b i l i t y o f the m a t e r i a l i n the 

solvent. 

Experimental. 

The r e a c t i o n between pentacarbonyliron(O) and boron t r i c h l o r i d e 

HCl (25 mmole) was condensed at -196° i n t o an 8 mm, o.d. quartz 

ampoule containing Fe(CO)^ (0,474g., 2.42 mmole), followed by BCl^ 

(0.283g,, 2.42 mmole). The ampoule was sealed and tested i n the usual 

manner. The •'•'''B n.m.r. spectrum of the clear yellow s o l u t i o n contained 

a s i n g l e resonance at -28.5 + 0 . 5 p.p.m. which may be immediately 
125 

assigned to BCl^. I t may thus be assumed t h a t Fe(CO)^ i s not 

protonated i n the presence of the Lewis Acid BCl^ i n l i q u i d 

hydrogen c h l o r i d e at 34.2°. 
The behaviour of tetracarbonyltriphenylphosphineiron(O) i n l i q u i d 
hydrogen c h l o r i d e . 

HCl (25 mmole) was condensed at -196° i n t o an 8mm, o.d. quartz 

ampoule containing Fe(C0)^Ph2P (0.105g, , 0.24 mmole). The ampoule was 
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sealed and teste d i n the normal manner. A clear colourless s o l u t i o n was 
31 

obtained at room temperature. The P n.m.r. spectrum of the s o l u t i o n 

consisted of a s i n g l e resonance at -48.0 + 0.5 p.p.m. which i s assigned 

to Fe(C0)^Ph2P. There was no sign of any si g n a l associated w i t h Ph^PH^ ions. 

The experiment was repeated on a larg e r scale i n order to examine the 

m a t e r i a l obtained on removal of the solvent. 

Fe(C0)^Ph2P (0.437g., 1.02 mmole) was placed i n s i d e a 13 mm o.d. 

quartz ampoule of the type A described p r e v i o u s l y . HCl (150 mmole) was 

condensed i n t o the ampoule at -196° whichwas then sealed and allowed to reach 

room temperature i n the usual manner. The ampoule contained a clear 

f a i n t l y yellow s o l u t i o n at 20°. A f t e r 24 hours at room temperature the 

ampoule was cooled to -95 and opened to the vacuum l i n e as described 

p r e v i o u s l y . The HCl was pumped o f f at -95°. A white s o l i d , which turned 

y e l l o w when the l a s t o f the HCl was removed, was p r e c i p i t a t e d . The s o l i d 

was pumped at room temperature f o r 3 hours t o remove any r e s i d u a l 

hydrogen c h l o r i d e . 

Carbonyl s t r e t c h i n g frequencies were observed at 2050, 1976 and 1932 

cm i n the i n f r a r e d spectrimi of the yellow s o l i d . That of Fe(CO)^PPh^ 

contains absorptions at 2054, 1978 and 1934 cm ̂  

Found: C,62.15; H, 3.4; Fe, 13.15; Required f o r Fe(C0)^Ph2P: C, 62.4; 

H, 3.8; Fe, 13.0. 
The r e a c t i o n between tetracarbonyltriphenylphosphineiron(O) and boron 
t r i c h l o r i d e 

Fe(C0)^Ph2P (0.172 g., 0.40 mmole) was placed i n s i d e an 8 mm. o.d. 

quartz ampoule. HCl (25 mmole) was condensed i n t o the ampoule at -196°, 

fol l o w e d by BCl^ (0.4 mmole). The ampoule was sealed and tested i n the 

usual manner, and was observed to contain two clear l i q u i d layers at room 
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31 temperature; the lower being yellow and the upper colourless. The P 
n.m.r. spectrum of the s o l u t i o n contained a resonance at -46.5 +0.5 p.p.m., 
and a s i g n a l at +2.5 p.p.m. was observed i n the ̂''"B n.m.r. s o l u t i o n 
spectrum. The ''''''B resonance i s shown l a t e r i n t h i s work to be 
c h a r a c t e r i s t i c of a system containing exchanging BCl^ and BC1^~ species. 

The r e a c t i o n was repeated on a preparative scale. 

Fe(C0)^Ph2P (1.395 g., 3.20 mmole) was placed i n s i d e a 13 mm. o.d. quartz 

ampoule. HCl (120 mmole) was condensed i n t o the ampoule at -196 , 

fol l o w e d by BCl^ (0.380 g., 3.23 mmole). The ampoule was sealed and 

allowed t o reach room temperature i n the usual manner. A clear yellow 

s o l u t i o n was obtained at room temperature. A f t e r 24 hours the ampoule was 

cooled to -95° and opened to the vacuvmi l i n e . HCl was removed by pumping 

at t h i s temperature, and excess BCl^ was s i m i l a r l y removed at room 

temperature over a perio d of 30 minutes. The i n f r a r e d spectrum of the 

white s o l i d product, shown i n Figure 4.5.3, contained absorptions 

c h a r a c t e r i s t i c of the s t a r t i n g m a t e r i a l together w i t h new peaks at 2072(s), 

2044(s), 690(s) and 670(s) cm ^. The two high frequency absorptions may 

be assigned to carbonyl s t r e t c h i n g frequencies i n the species 

[Fe(C0)^(Ph2P)H]"^,^^^ and the low frequency bands to B C l ^ " . - " - ^ ^ 

Found: C, 47.4; H, 4.6; P, 5.7; CI, 19.5. 

Calculated f o r [Fe(C0)^(Ph2P)H]'^BCl^"; C, 45.2; H, 2.74; P, 5.31; CI, 24.3. 

Calculated f o r Fe(C0)^Ph2P: C, 61.5; H, 3.5; P, 7.21. 

The white s o l i d was kept under dry n i t r o g e n at room temperature f o r 72 

hours and the i n f r a r e d spectrum was again recorded. The absorptions at 

2072, 2044, 690 and 670 cm"'̂  were s t i l l present but were much reduced i n 

i n t e n s i t y . Exposure of a fre s h sample of the white s o l i d to the 

atmosphere caused r a p i d and complete disappearance of these bands. 



178. 

The behaviour of t r i c a r b o n y l b i s ( t r i p h e n y l p h o s p h i n e ) i r o n ( O ) i n l i q u i d hydrogen 
c h l o r i d e 

HCl (25 mmole) was condensed at -196° i n t o an 8 mm. o.d. quartz 

ampoule containing Fe{CO)^(PPh^)^ (0.120 g., 0.181 mmole). The ampoule 

was sealed and tested i n the normal manner and contained a yellow s o l u t i o n 
31 

at room temperature. The P n.m.r. spectrum contained two signals at 

-56.1, and -55.4 p.p.m. 

The r e a c t i o n was repeated on a la r g e r scale. 

HCl (120 mmole) was condensed i n t o a 13 mm. o.d. quartz ampoule 

at -196° which contained FeiCO)^(??h^)^ (0.51 g., 0.76 mmole). The 

ampoule was sealed and allowed to reach room temperature i n the usual 

manner. A clear pale yellow s o l u t i o n was obtained. A f t e r 24 hours at 

room temperature the ampoule was cooled to -95°, opened to the vacuum 

l i n e and pimped to remove hydrogen c h l o r i d e . Again, a white s o l i d 

p r e c i p i t a t e d and became yellow when a l l the HCl was removed. The 

i n f r a r e d spectrum of the yellow s o l i d was i d e n t i c a l to tha t of the 

s t a r t i n g m a t e r i a l . 

Found: C, 69.6; H, 4.35; Fe, 8.77; 

Calculated f o r FeiCO)^(FFh^)C, 70.6; H, 4.6; Fe, 8.43. 
The r e a c t i o n between t r i c a r b o n y l b i s ( t r i p h e n y l p h o s p h i n e ) i r o n ( O ) and boron 
t r i c h l o r i d e 

Fe(CO)2(PPh2)2 (0.170 g., 0.256 ramole) was placed i n s i d e an 8 mm. 

o.d. quartz ampoule. HCl (25 mmole) was condensed i n t o the ampoule at 

-196 , followed by BCl^ (0.256 mmole). The ampoule was sealed and tested 
31 

i n the usual manner. The P n.m.r. spectrum of the clear yellow 

s o l u t i o n contained two signals at -55.8 and -55 p.p.m. A peak at +9.5 

p.p.m. was observed when the '''̂B n.m.r. spectrum was recorded, and may be 
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assigned to the BCl^ i o n . Some s l i g h t exchange w i t h BCl^ cannot be r u l e d 

out as the l i t e r a t u r e value f o r the •'•'''B s h i f t of BCl^ i s +11.6 p.p.m.''"'̂ ^ 

The presence of BC1^~ i o n and the absence of Ph^PH^ i n d i c a t e d t h a t the 

i r o n was probably protonated. 

The r e a c t i o n was repeated on a preparative scale. 

Fe(CO)^(?h.^'P)^ (0.910 g., 1.37 mmole) was placed i n s i d e a 13 mm. o.d. 

quartz ampoule. HCl (120 mmole) was condensed i n t o the ampoule at -196°, 

fo l l o w e d by BCl^ (0.678 g., 5.7 mmole). The ampoule was sealed and allowed 

to warm t o room temperature i n the manner previously described. A clear 

yellow s o l u t i o n was obtained at room temperature. A f t e r 48 hours the 

ampoule was cooled to -95° and opened to the vacuum l i n e . HCl was removed 

by pumping at -95° and excess BCl^ was s i m i l a r l y removed at room 

temperature over a pe r i o d of 3 hours, The i n f r a r e d spectrum of the pale 

yellow s o l i d product contained, i n a d d i t i o n to those due to Ph^P, 

absorptions at 2098m, 2056msh, 2044s, 2030s and 1875 vw cm"''' i n the 

regi o n and a broad absorption w i t h maxima at 690s and 670sh cm ''• which 
— 20f 163 —1 may be assigned to BCl^ . ' The absorption at 1875 cm may be 

assigned t o Fe(CO)^(T'Ph^)^. A very weak absorption at 1890 cm possibly 

due t o an Fe-H stretchingjmode was also present. 

Found: C, 57.7; H, 3.85; P, 7.47; CI, 18.5; Fe, 7.25. 

Calculated f o r [Fe(C0)2(Ph2P)2H]"^BCl^~: C, 57.2; H, 3.78; P, 7.58; CI, 17.36; 

Fe, 6.84. 

The compound was stored under n i t r o g e n at -30° and appeared to be 

q u i t e s t able under these c o n d i t i o n s . On exposure to a i r the substance 

r e a d i l y decomposed; presumably to Fe(CO)^(Fh^?)^^and Ĥ BÔ . The i n f r a r e d 

spectrvrai of a sample of the compound exposed t o a i r was recorded at 

i n t e r v a l s and showed the f o l l o w i n g general trends; a broad band appeared 
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at 3220 cm the V̂ Q bands above 2000 cm decreased i n i n t e n s i t y 

r e l a t i v e t o the band at 1878 cm which r a p i d l y gained i n i n t e n s i t y , a 

broad band appeared around 1450 cm ̂ , and the B-Cl absorptions i n the 

690 cm ̂  region decreased i n i n t e n s i t y . These changes may be assigned to 
224 

an 0-H absorption, the decomposition of the protonated species and the 
225 

r e f o r m a t i o n of Fe(CO)2(PPh2)2J the presence of B-0 bands, and the 

h y d r o l y s i s o f the BCl^ i o n r e s p e c t i v e l y . The v a r i a t i o n of the i n f r a r e d 

spectrum of the exposed m a t e r i a l w i t h time i s shown i n Fig.4 . 5 . 4 . 

The behaviour of d i c h l o r o d i c a r b o n y l b i s ( t r i p h e n y l p h o s p h i n e ) r u t h e n i u m ( l l ) 
i n l i q u i d hydrogen c h l o r i d e 

HCl was condensed at -196° i n t o an 8 mm. o.d. quartz ampoule 

con t a i n i n g i'Ph^V)^(CO)^RuCl^ (0.034 g., 0.045 mmole). The ampoule was 

sealed and tested i n the usual manner. The white powdery s t a r t i n g 

m a t e r i a l dissolved and white glassy c r y s t a l s under a clear colourless 

s o l u t i o n were present at room temperature. No sign a l was observed when 
31 

the P n.m.r. spectriom of the s o l u t i o n was recorded. 

The r e a c t i o n was repeated on a larg e r scale i n order to obt a i n a 

sample of the white glassy c r y s t a l l i n e s o l i d f o r i n v e s t i g a t i o n . 

HCl (140 mmole) was condensed at -196° i n t o a 13 mm. o.d. quartz 

ampoule of type B containing (?h^F)^iCO)^RuCl^ (0.655 g., 0.871 mmole). 

The ampoule was sealed and warmed to room temperature i n the normal 

manner. A f t e r 18 hours at room temperature the white glassy c r y s t a l s 

were f i l t e r e d o f f from the clear colourless s o l u t i o n as previously 

described. The i n f r a r e d spectrvmi of the product was i d e n t i c a l to tha t 

of the s t a r t i n g m a t e r i a l . 

Found: C, 59.6; H, 4.71; 

Calculated f o r (Ph2P)2(C0)2RuCl2: C, 60.6; H, 3.99. 
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4.6 G o l d ( l ) and Copper(l) Complexes 

Ch l o r o t r i p h e n y l p h o s p h i n e g o l d ( I ) i s very s o l u b l e i n both l i q u i d 

hydrogen c h l o r i d e and i n dichloromethane g i v i n g c l e a r c o l o u r l e s s s o l u t i o n s 
31 

at:room temperature. P n.ra.r. chemical s h i f t v a lues of -32.5 p.p.m. 

were obtained from s o l u t i o n s of the complex i n these s o l v e n t s . I t i s 

assumed t h a t c h l o r o t r i p h e n y l p h o s p h i n e g o l d ( l ) d i s s o l v e s i n l i q u i d hydrogen 

c h l o r i d e without r e a c t i o n . A •''•''B chemical s h i f t of -18 p.p.m. was 

observed when the n.m.r. spectrum of chl o r o t r i p h e n y l p h o s p h i n e g o l d ( l ) 

and boron t r i c h l o r i d e i n 1:1 molar r a t i o i n the solvent was recorded. 

T h i s s i g n a l may be i n t e r p r e t e d as an exchange averaged s i g n a l a r i s i n g 

from exchange between boron t r i c h l o r i d e and t e t r a c h l o r o b o r a t e ion. 

E x i s t e n c e of the l a t t e r s p e c i e s i m p l i e s protonation of the gold complex. 
31 

The P n.m.r. spectrum of t h i s s o l u t i o n c o n s i s t e d of a sharp s i n g l e t 

a t -31 + 0.5 p.p.m. A s l i g h t u p f i e l d s h i f t of the phosphorus s i g n a l was 

observed on protonation of FeiCO)^(Vh^V)^ i n l i q u i d hydrogen c h l o r i d e i n 

the presence of boron t r i c h l o r i d e (see p.173). However, only s t a r t i n g 

m a t e r i a l was i s o l a t e d from mixtures of chlo r o t r i p h e n y l p h o s p h i n e g o l d ( l ) 

and boron t r i c h l o r i d e i n l i q u i d hydrogen c h l o r i d e . 

C h l o r . o t r i s ( t r i p h e n y l p h o s p h i n e ) copper ( I ) d i s s o l v e d i n l i q u i d hydrogen 

c h l o r i d e a t room temperature g i v i n g a pale yellow s o l u t i o n over a small 
31 

q u a n t i t y of white s o l i d . The s o l e P n.m.r. s i g n a l from t h i s s o l u t i o n 
was a 1:1 doublet a t -4.5 p.p.m. with '''J , 510 Hz which i s 

P- H 
immediately a s s i g n a b l e to the triphenylphosphonium c a t i o n . S p i n - s p i n 

31 63 
coupling between P and Cu n u c l e i i n c a t i o n i c phosphite complexes of 

+ 226 the type [Cu(P(0Me)2)^] C10^~ has been observed. The authors reported 
a broad four l i n e p a t t e r n w i t h a ^ J , , /-o coupling constant of magnitude 

'*̂ P-''-̂ Cu 
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1190 + 30 Hz. No evidence f o r phosphorus-copper spin-spin coupling was 

found i n t h i s work. The behaviour of c h l o r o t r i s ( t r i p h e n y l p h o s p h i n e ) -

c o p p e r ( l ) i n l i q u i d hydrogen c h l o r i d e may be described as d i s s o c i a t i o n of 

the triphenylphosphine l i g a n d s , followed by protonat i o n to give 

triphenylphosphonium ions. I t i s thus possible t h a t the white s o l i d 

m a t e r i a l a t the base of the n.m.r. tube was copper(l) c h l o r i d e . Only 
31 

the s i g n a l due to triphenylphosphine, P chemical s h i f t +6.0 p.p.m., 

l i t e r a t u r e . v a l u e +5.9 p.p.m. ' was observed when the P n.m.r. 

spectrum o f a saturated s o l u t i o n of (Ph2P)2CuCl i n chloroform was recorded. 

Again, d i s s o c i a t i o n of the triphenylphosphine ligands has occurred. 

Experimental 

The behaviour of chl o r o t r i p h e n y l p h o s p h i n e g o l d ( l ) i n l i q u i d hydrogen ch l o r i d e 

HCl (25 mmole) was condensed at -196° i n t o an 8 mm. o.d, quartz 

ampoule cont a i n i n g Ph^PAuCl (0.128 g., 0.259 mmole). The ampoule was 

sealed and tested i n the usual manner. Ph^PAuCl i s very s o l u b l e - i n 

l i q u i d hydrogen c h l o r i d e , a clear colourless s o l u t i o n being formed at -78°. 
31 

The P n.m.r. spectrum of t h i s s o l u t i o n consisted of a sharp s i n g l e t at 

-32.5 p.p.m. 

31 
The P n.m.r. spectrum of chlorotriphenylphosphinegold(I) i n d i c h l o r o -
methane 

31 

Ph^PAuCl i s very soluble i n CH2CI2 at room temperature. The P 

n.m.r. spectrum of a saturated s o l u t i o n of Ph^PAuCl i n CH2CI2 consisted 

of a sharp s i n g l e t at -32.5 p.p.m. Thus Ph^PAuCl may be assumed to be 

soluble i n l i q u i d hydrogen c h l o r i d e without r e a c t i o n . 



183. 

The r e a c t i o n between chl o r o t r i p h e n y l p h o s p h i n e g o l d ( l ) and boron t r i c h l o r i d e 

HCl (30 mmole) followed by BCl^ (0.73 mmole) were condensed at -196° 

i n t o an 8 mm. o.d. quartz ampoule containing Ph^PAuCl (0.360 g., 0.728 
31 

mmole). The ampoule was sealed and tested i n the usual manner. The P 

n.m.r. spectrum of the clear colourless s o l u t i o n consisted of a sharp 

s i n g l e t a t -31.0 + 0.5 p.p.m. and the •'"'''B n.m.-r. spectrum contained a 

s i n g l e sharp resonance at -18 p.p.m. The l a t t e r values l i e s between 

those f o r BCl^ and BCl^ , -29 and +11.6 p.p.m. r e s p e c t i v e l y , ' ' " ^ ^ and 

i s assigned to an exchange averaged s i g n a l a r i s i n g from a r a p i d exchange • 

process i n v o l v i n g these two species. The formation of BCl^ , however 

t r a n s i e n t , i n l i q u i d hydrogen c h l o r i d e s o l u t i o n implies t h a t p r o t o n a t i o n , 

toilsome extent, i s occ u r r i n g , possibly of the gold atom i n Ph^PAuCl. 

The r e a c t i o n was repeated on a la r g e r scale. 

HCl (70 mmole) followed by BCl^ (1.5 mmole) was condensed at -196° 

i n t o a 13 mm. o.d. ampoule containing Ph^PAuGl (0.684 g., 1.38 mmole). 

The ampoule was sealed and placed i n a dry ice/acetone bath. A clear 

c o l o u r l e s s s o l u t i o n was obtained. 12 hours were allowed f o r e q u i l i b r a t i o n , 

then the ampoule was cooled to ,-95° and opened to the vacuum l i n e . HCl 

and BCl^ were removed by pumping at -95° u n t i l no l i q u i d remained, 

f o l l o w e d by 30 minutes evacuation a t -84°. The i n f r a r e d spectrum of the 

white s o l i d product was i d e n t i c a l to that of the s t a r t i n g m a t e r i a l , and 
227 

to a published spectrum of Ph^PAuCl. Absorptions at 995, 956 and 

471 cm"-*- and at 690 and 660 cm'-*- due to BCl^^^^'^^^ and BC1^"^°^'^^^ 

r e s p e c t i v e l y were t o t a l l y absent. This r e a c t i o n was not i n v e s t i g a t e d 

f u r t h e r . 
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The behaviour of c h l o r o t r i s ( t r i p h e n y l p h o s p h i n e ) c o p p e r ( l ) i n l i q u i d 
hydrogen c h l o r i d e 

HCl (30 mmole) was condensed at -196° i n t o an 8 mm. o.d. quartz 

ampoule containing (Ph2P)2CuCl (0.107 g., 0.121 mmole). The ampoule-was 

sealed and teste d i n the normal manner. At room temperature a clear very 

pale yellow s o l u t i o n over a small q u a n t i t y of white s o l i d was obtained. 

A 1:1 doublet at -4.5 p.p.m. w i t h ^J^ „ 510 Hz, .which may be immediately 
J r - r l 

assigned t o Ph^PH^, could be seen on a s i n g l e scan when the ̂'''P n.m.r. 

spectrxm of the s o l u t i o n was recorded. Overnight CAT runs, w i t h the 

f i e l d o f f s e t to exclude the Ph^PH^ s i g n a l , f a i l e d to detect any ^^Cu-

P coupling. 

31 
The P n.m.r. spectrum of c h l o r o t r i s ( t r i p h e n y l p h o s p h i n e ) c o p p e r ( I ) i n 
chloroform 

31 

The P n.m.r. spectrum of a saturated s o l u t i o n of (?h^?)^CuCl 

i n CHCl^ consisted of a sharp s i n g l e t at +6 p.p.m., which may be 

immediately assigned to Ph^P.'''^^ Again, no trace of Cu-P coupling 

could be observed. 

(Ph2P)2CuCl was not studied f u r t h e r . 



CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK 
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31 The a p p l i c a t i o n of P n.m.r. spectroscopy to the study of the 

o x i d a t i o n and exchange reactions of simple phosphorus(III) compounds i n 

l i q u i d hydrogen c h l o r i d e at room temperature has provided c l e a r and 

unequivocal evidence f o r the course of reactions and i d e n t i f i c a t i o n of 

products. Only i n the case of iodine containing phosphorus compounds 
31 

are there d i f f i c u l t i e s i n i n t e r p r e t i n g the observed P n.m.r. spectra. 

C l e a r l y , much work has yet to be done i n t h i s area before the behaviour 

of phosphorus-iodine compounds i n l i q u i d hydrogen c h l o r i d e may be 

understood. 

Mixed bromochlorophosphonium ions were produced by the o x i d a t i o n 

of p h o s p h o r u s ( l l l ) bromide or p h o s p h o r u s ( l l l ) c h l o r i d e i n the presence of 

a boron t r i h a l i d e i n both l i q u i d hydrogen c h l o r i d e and l i q u i d hydrogen 

bromide s o l u t i o n s . Attempts to generate mixed halophosphonium cations 

c o n t a i n i n g iodine f a i l e d , yet there seems to be no great inherent reason 

why such ions should not be capable of existence. The d i f f i c u l t i e s of 

working w i t h l i q u i d hydrogen iodide as a solvent are w e l l known, and the 

phosphorus-iodine bond appears to be susceptible to s o l v o l y s i s i n 

l i q u i d hydrogen c h l o r i d e . Thus, the p o s s i b i l i t y of s t a b i l i s i n g ions of 
the type P I ^ ŷ y"*" ~ 0 ^ y ^ 4) from mixtures of P I ^ , X2 and 

BX^ i n l i q u i d hydrogen h a l i d e s o l u t i o n would seem to have more chance of 

success using l i q u i d hydrogen bromide as solvent. The use of a v a r i a b l e 
31 

temperature P n.m.r. probe would obviously be of value i n these studies. 

Gore's conclusion t h a t " L i q u i d hydrogen ch l o r i d e has but a feeble 

solvent power f o r s o l i d bodies i n general" i s c e r t a i n l y true f o r 

t r a n s i t i o n metal complexes at -95°. Working at room temperature i s 

e s s e n t i a l i n many cases i n order t h a t s o l u t i o n of the complexes may be 
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e f f e c t e d . The established low temperature techniques of conductiometric 

t i t r a t i o n and weight analysis cannot be applied to reactions at room 

temperature and other p h y s i c a l techniques e.g. n.m.r. measurements are 

e s s e n t i a l i f reactions are to be followed. Even at room temperature 

many of the t r a n s i t i o n metal complexes were at best only poorly soluble, 

such t h a t saturated s o l u t i o n s required spectrimi accumulation i n excess 
31 

of 500 scans before a s a t i s f a c t o r y P n.m.r. spectrum could be recorded. 

I t was observed t h a t t e t r a k i s ( t r i p h e n y l p h o s p h i n e ) p l a t i n u m ( 0 ) was much 

more soluble i n l i q u i d hydrogen bromide at -84° than i n l i q u i d hydrogen 

c h l o r i d e a t the same temperature. I f t h i s i s a general trend then 

l i q u i d hydrogen bromide would c l e a r l y be a preferable solvent. Also, 

the vapour pressure of hydrogen bromide at room temperature i s approximately 

h a l f t h a t of hydrogen c h l o r i d e and on t h i s basis would be a r e l a t i v e l y 

" s a f e r " solvent f o r room temperature use. 
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THE BEHAVIOUR OF SOME PHOSPHORYL COMPOUNDS IN LIQUID 

HYDROGEN CHLORIDE AS STUDIED BY ̂ P̂ N.M.R. 
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Evidence f o r the pr o t o n a t i o n of compounds containing the 

phosphoryl (P=0) group i n a c i d i c solvents has been obtained by 
many investigators.^°3'230,233,234,235,236,237,238,239,240. 

r e s u l t s of c o n d u c t i v i t y measurements on s o l u t i o n s of t r i p h e n y l -

phosphate i n sulph u r i c acid have been explained i n terms of 
233 

p r o t o n a t i o n . G i l l e s p i e e t . a l . deduced t h a t t r i e t h y l phosphate 
i s protonated i n su l p h u r i c a c i d S 9 l u t i o n from cryoscopic and 

234 

c o n d u c t i v i t y data, but t h a t phosphoryl f l u o r i d e i s not. Similar 

evidence f o r the pr o t o n a t i o n of phosphoryl c h l o r i d e was reported by 

Paul e t . a l . ^ ^ ^ 

Nuclear magnetic resonance methods have been used extensively 

i n recent studies. 1°3'230,236,237,238,239,240. ^ o e d r i t z e r observed 

31 
P chemical s h i f t changes on a d d i t i o n of hydrochloric and p e r c h l o r i c 

acids to aqueous s o l u t i o n s of phosphoric and phosphonic ac i d 
236 

d e r i v a t i v e s . Other workers have i n v e s t i g a t e d protonation i n systems 
1 230 237 

co n t a i n i n g hydrogen bonded d i r e c t l y to phosphorus by measuring J_ „ ' 
P—H 

31 
D i l l o n and Waddington have studied by P n.m.r. the behaviour of 
several inorganic phosphates i n sulphuric a c i d , chlorosulphuric acid, 

238 

and oleum s o l u t i o n s w i t h varying sulphur t r i o x i d e content. Recently 

Olah and McFarland have examined the protonat i o n of several phosphorus 

compounds i n f l u o r o s u l p h u r i c acid and i n f l u o r o s u l p h u r i c acid -
1 31 239 antimony p e n t a f l u o r i d e s o l u t i o n s , using both H and P n.m.r. 

Their r e s u l t s show t h a t the phosphoryl compounds studied are i n v a r i a b l y 
31 

protonated at the phosphoryl oxygen, but t h a t the P chemical s h i f t 

d i f f e r e n c e between a protonated t r i a l k y l or - a r y l phosphate and i t s 

non-protonated form i s very small. Larger s h i f t d ifferences are 
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observed i n d i a l k y l phosphonates. The l i t e r a t u r e also contains 

chemical s h i f t values f o r triphenylphosphine oxide, and i t s s a l t s 

w i t h hydrogen c h l o r i d e and hydrogen bromide,''"'^^ where protona t i o n 

of the phosphoryl oxygen i s expected. 

Very r e c e n t l y D i l l o n and Waddington have i n v e s t i g a t e d by means 
31 

of P n.m.r. the behaviour of some phosphoryl compounds i n 100% 

s u l p h u r i c a c i d , oleum w i t h 20% sulphur t r i o x i d e , and chlorosulphuric 
240 

a c i d as solvents. A few spectra were also recorded i n oleum w i t h 

65% sulphur t r i o x i d e . With some compounds containing a r y l s u b s t i t u e n t s , 

sulphonation as w e l l as p r o t o n a t i o n was found to occur. These 

workers concluded t h a t p r o t o n a t i o n took place at the phosphoryl oxygen 
i n a l l the compounds studied. I n general, downfield movements of 
31 

P chemical s h i f t s were observed on p r o t o n a t i o n . The s h i f t d ifferences 

are small i n cases where phosphorus i s attached to several oxygen 

atoms since extensive d e l o c a l i s a t i o n of the p o s i t i v e charge i s possible. 

Where d e l o c a l i s a t i o n can take place to only a l i m i t e d extent the s h i f t 

d i f f e r e n c e s are much l a r g e r . 
31 

I n t h i s work the P n.m.r. spectra of a range of phosphoryl 

compounds i n l i q u i d hydrogen c h l o r i d e s o l u t i o n at room temperature were 

recorded f o r two reasons. F i r s t l y , to o b t a i n some measure of the 

" a c i d i t y " , or s t r e n g t h as a>proton-donor, of l i q u i d hydrogen c h l o r i d e 

a t room temperature by comparing the magnitude of the s h i f t d i f f e r e n c e 

on p r o t o n a t i o n w i t h those observed i n other solvents f o r a p a r t i c u l a r 

phosphoryl compound. Secondly, to see whether the general trends 
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31 i n displacement of P chemical s h i f t s on protonation i n a c i d i c 

room temperature solvents were followed i n l i q u i d hydrogen c h l o r i d e . 
31 

The r e s u l t s are shown i n table 5.1.1. P n.m.r. chemical s h i f t s 

f o r the parent compounds are taken from r e f . 103 unless otherwise 

i n d i c a t e d and the d i f f e r e n c e A between Ŝ'̂'P values f o r the protonated 

and parent species i s shown i n the f o u r t h column of the ta b l e . 

I n agreement w i t h e a r l i e r r e s u l t s the chemical s h i f t differences 

are small f o r compounds such as triphenylphosphate where the p o s i t i v e 

charge produced by pr o t o n a t i o n can be delocalised from the phosphorus 

to oxygen. This may be explained using a valence bond approach i n 

terms o f c o n t r i b u t i o n s from phosphoryl-like s t r u c t u r e s as shown below. 

A l t e r n a t i v e l y , an explanation i n terms of molecular o r b i t a l theory would 

r e q u i r e the donation of non-bonded e l e c t r o n p a i r s on the oxygen to 
239,240 

vacant d - o r b i t a l s on the phosphorus w i t h the formation of dji-pir bonds. 

+ 
pPh OPh 
I + II 

PhO—^P=OH > PhO P—OH <i—» 
I I 
OPh OPh 

OPh OPh 
+ I I 

PhO=i' OH ^ — * PhO—P — OH 
I II 

OPh 

Much l a r g e r d i f f e r e n c e s are observed when only l i m i t e d d e l o c a l i s a t i o n 

can take place as i n the case of triphenylphosphine oxide. 
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TABLE 5.1.1 
31, P chemical s h i f t values f o r some phosphoryl compounds 

and triphenylphosphine sulphide i n l i q u i d hydrogen c h l o r i d e s o l u t i o n 

(Chemical s h i f t s i n p.p.m. r e l a t i v e to 85% H^PO^) 

Compound 

Chemical S h i f t s 

A Compound i n l i q u i d 
hydrogen c h l o r i d e 

Parent species 
l i t . values (103) 

A 

OPCI3 -9.1 -2.2 -6.9 
0PCl2Ph -41.1 -34 -7.1 
0PClPh2 -42.7 
OPPh^ -55.5 -25 -30.5 

OPPh^ -55.5 -25 -30.5 
0PPh20H -48 -25 -23 
0PPh(0H)2 -26.3 -18 -8.3 
0P(0H)2 -H).75 0 40.75 

OPCI3 -9.1 -2.2 -6.9 
0PCl2(0Ph) -5.9 -1.5, -1.8 -4.3 
OPCKOPh)^ +3.6 +6.2 -2.6 
0P(0Ph)3 +18.2 +17.9 * 40.3 

0P(0Ph)3 +18.2 +17.9 * -fO.3 
0P(0Ph)2(0H) +12.65 +9.4 +3.25 
0P(0Ph)(0H)2 +5.6 +4.6 +1.0 
0P(0H)3 -H3.75 0 -K).75 

0P(0Me)3 -0.7 -2.1 +1.4 

OPPh^ -55.5 -25 -30.5 
SPPh„ -42.5 -43 +0.5 

3 

* reference 239. 
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Ph — P = ^ H < > Ph — P+=-OH 
Ph Ph 

Further evidence i s provided by the s h i f t differences 

produced by p r o t o n a t i o n of OPCl^ and 0P(0Ph)2. The displacement of 

- 6.9 p.p.m. f o r OPCl^ i s s i g n i f i c a n t l y l a r g e r than t h a t of + 0.75 p.p.m. 

f o r OP(OPh)^, Although the e l e c t r o n e g a t i v i t i e s of c h l o r i n e atoms and 

phenoxy groups are s i m i l a r , i n the former case d e l o c a l i s a t i o n , by the 

above mechanism, of the p o s i t i v e charge produced by protonation i s not 

possible. 

I t i s also seen th a t although chemical s h i f t s are usu a l l y 

displaced downfield on pro t o n a t i o n of the phosphoryl compound, i n cases 

where extensive d e l o c a l i s a t i o n of the p o s i t i v e charge i s possible e.g. 

i n the series P(OPh), (OH) ̂  ( 1 ̂  x s 4 ) , the observed displacements 

are u p f i e l d . Other workers have reported s l i g h t downfield s h i f t s of 
239 240 

the order of 2 p.p.m. when 0P(0H)2 i s protonated ' and i t i s 

possible t h a t the s l i g h t u p f i e l d s h i f t i n l i q u i d hydrogen c h l o r i d e i s 

due t o the d i f f e r e n t diamagnetic s u s c e p t i b i l i t i e s of the solvents. 
Because diphenylphosphinic c h l o r i d e , 0PClPh2, was not av a i l a b l e 

31 
the P n.m.r. spectrum of the m a t e r i a l i n l i q u i d hydrogen c h l o r i d e 

31 
could not be recorded. However, P n.m.r. data f o r the other members 
of the series 0PC1„ Ph (0 ̂  x ^ 3) i n the solvent was obtained. 3-x X 

An examination of A values i n ta b l e 5.1.1, (A being the displacement 

of the •̂•'•p s h i f t of the parent species on p r o t o n a t i o n ) , enables an 
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31 estimate to be made of the P chemical s h i f t of protonated 

diphenylphosphinic c h l o r i d e i n the solvent. Taking a A value 
31 

of -18 p.p.m. would give a P s h i f t of -60.7 p.p.m. 
31 

Note added i n proof. The P chemical s h i f t of t h i s compound i n 
l i q u i d hydrogen c h l o r i d e has since been determined as -61.0 + 0 . 1 

240 
p.p.m. 

31 

The displacements of P chemical s h i f t s of some phosphoryl 

compounds on p r o t o n a t i o n i n l i q u i d hydrogen c h l o r i d e s o l u t i o n and i n 

several other non-aqueous a c i d i c room temperature solvents are shown 
31 

i n t a b l e 5.1.2. I f the observed P resonance i s regarded as an 

exchange-averaged s i g n a l between protonated and non-protonated species 

and the most downfield s i g n a l i s assumed to be tha t of the protonated 

species alone, then some i n d i c a t i o n of the proton-donor s t r e n g t h or 

" a c i d i t y " of the solvent can be obtained. Only phosphoryl c h l o r i d e 

and triphenylphosphine oxide of the compounds shown i n t a b l e 5.1.2 give, 

f o r reasons already discussed, large downfield s h i f t s on protonation. 

I n the case of phosphoryl c h l o r i d e the order of increasing a c i d i t y , 

beginning w i t h the l e a s t a c i d i c solvent, would appear to be; l i q u i d 

hydrogen c h l o r i d e , 100% sulph u r i c acid, chlorosulphuric acid, 20% oleum 

and 65% oleum. At f i r s t s i g h t i t may appear th a t t h i s order i s not 

p a r a l l e l e d i n the case of triphenylphosphine oxide. However, the 

s h i f t d i f f e r e n c e s i n 100% H2S0^, 20% oleum and chlorosulphuric acid 

a l l l i e w i t h i n 1.8 p.p.m., a v a r i a t i o n which could be accounted f o r by 

diamagnetic solvent s u s c e p t i b i l i t y changes. I t seems more l i k e l y t h a t 

triphenylphosphine oxide, a much stronger base than phosphoryl c h l o r i d e 
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i s completely protonated i n a l l three solvents, l i q u i d hydrogen 

c h l o r i d e again being less " a c i d i c " . This i s supported by l i t e r a t u r e 
31 

values f o r the P chemical s h i f t o f triphenylphosphine oxide i n 
103 

aqueous h y d r o c h l o r i c and hydrobromic acids. Downfield 

displacements of -18.7 and -28.8 p.p.m. r e s p e c t i v e l y are reported. 

Thus, the a c i d i c solvents may be placed i n order of " a c i d i t y " , beginning 

w i t h the l e a s t " a c i d i c " , 

aq. HCl <aq.HBr ^ liq.HCl < 100% Ĥ SÔ  <C1S020H < 20% oleum 

< 65% oleum. 

I t i s i n t e r e s t i n g to compare the behaviour of triphenylphosphine 

oxide and triphenylphosphine sulphide i n the solvent. Both are f r e e l y 

s o l u b l e a t room temperature g i v i n g c l e a r colourless s o l u t i o n s . The 
31 

P chemical s h i f t o f Ph^PO i s moved 30.5 p.p.m. downfield i n d i c a t i n g 

almost complete p r o t o n a t i o n , whereas t h a t of Ph^PS moves 0.5 p.p.m. 

u p f i e l d suggesting t h a t p r o t o n a t i o n has taken place only to a very 

l i m i t e d e x t e n t , i f at a l l . 

Experimental. 

The phosphorus compounds used i n t h i s study were supplied by 

Dr K, B. D i l l o n . They were of the highest a v a i l a b l e grade of p u r i t y and 

were used wit h o u t f u r t h e r p u r i f i c a t i o n . Phenyl phosphate was supplied 
31 

as phenyl phosphate disodium s a l t . Samples were prepared and P n.m.r. 

spectra recorded as described e a r l i e r i n t h i s work. 
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Oxidation reactions of white phosphorus i n l i q u i d hydrogen c h l o r i d e 

s o l u t i o n . 
31 

The P chemical s h i f t of white phosphorus i n l i q u i d hydrogen 

c h l o r i d e s o l u t i o n was + 518 + 2 p.p.m. White phosphorus i s only 

s l i g h t l y soluble i n the solvent a t room temperature and t h i s value 

was determined using a saturated s o l u t i o n . I t may be seen that the 

observed chemical s h i f t i s i n good agreement w i t h published data 

f o r the s h i f t of white phosphorus i n other solvents. 

Table 5.1.3 

'̂̂ P Chemical s h i f t s of white phosphorus i n various solvents^^'*" 

(Chemical s h i f t s i n p.p.m. r e l a t i v e to 85% R^FO^) 

Solvent 31 
P Chemical S h i f t 

CCl, 4 + 242 
519 

CHCI3 + 521 

CH2CI2 + 528 

CHCICCI2 + 526 

^6^14 + 530 

CS2 + 242 
509 

31 

The P chemical s h i f t of s o l i d white phosphorus was determined as 

+ 463 + 2 p.p.m. which i s i n e x c e l l e n t agreement w i t h the published 
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242 value of + 460 p.p.m. However, the observed s h i f t of 

+ 481 + 2 p.p.m. f o r white phosphorus i n carbon disulphide s o l u t i o n 
242 

i s below t h a t reported by Heckmann and Fluck. 
White phosphorus was tr e a t e d w i t h the o x i d i s i n g agent c h l o r i n e i n 

a molar r a t i o P̂ : CI2 of 1:2 i n l i q u i d hydrogen c h l o r i d e s o l u t i o n . 
31 

The P n.m.r. spectrum contained two resonances at - 219.5 and + 522 
p.p.m. which may be assigned to PCl^ and P^ re s p e c t i v e l y . The re a c t i o n 

was repeated using a molar r a t i o P̂ : CI2 of 1:6. The sole resonance 
31 

i n the P n.m.r. spectrum occurred at -220.2 p.p.m. and i s immediately 
134 

assignable to PCl^. 
31 

The P n.m.r. spectrum of s o l i d red phosphorus was recorded and 

i s shown i n f i g . 5.1.1. Two maxima at -8 and +3 p.p.m. are 

superimposed on a very broad peak. 
Experimental. 

The r e a c t i o n between white phosphorus and c h l o r i n e 

(a) i n 1:2 molar r a t i o 

White phosphorus was cut i n t o small pieces under d i s t i l l e d water, 

then washed i n d i e t h y l ether and pumped on the vacuum l i n e f o r 2 hours 

to remove traces of ether. 

HCl (30 mmole) followed by CI2 (1.74 mmole) was condensed at 

-196° i n t o an 8 mm. o.d. quartz ampoule containing P^ (O.llOg., 0.77mmole), 
31 

The ampoule was sealed and teste d as prev i o u s l y described. The P 

n.m.r. spectrum of the colourless s o l u t i o n contained two signals at 

-219.5 and + 522 p.p.m. 
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(b) i n 1:6 molar r a t i o 

HCl (30 mmole) followed by Cl^ (7.8 mmole) was condensed at 

-196° i n t o an 8 mm. o.d. quartz ampoule containing (0.160g., 

1.29 mmole). The ampoule was sealed and tested i n the usual manner. 
31 

The P n.m.r. spectrum of the s o l u t i o n contained a s i n g l e resonance 

at -220.2 p.p.m. 



F i g . 5.1.1 

P n.m.r. s o l i d s t a t e spectrum 

Red phosphorus 
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A ^ B N.M.R. STUDY OF BORON TRIHALIDES AND TETRAHALOBORATE 

ANIONS IN LIQUID HYDROGEN CHLORIDE 
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The boron t r i h a l i d e s have been extensively used as Lewis acids 
• I- -A u ^ u 1 . . ZOe,21,22,23,25,27,28,58,2^3. i n l i q u i d hydrogen h a l i d e solvent systems. 

S a l t s c o n t a i n i n g the t e t r a c h l o r o b o r a t e and t r i c h l o r o f l u o r o b o r a t e anions 

have been i s o l a t e d from l i q u i d hydrogen c h l o r i d e , and tetrabromoborates 

and te t r a i o d o b o r a t e s from the l i q u i d hydrogen bromide and io d i d e . 

systems r e s p e c t i v e l y . 

I n t h i s work the behaviour of the boron t r i h a l i d e s i n l i q u i d 

hydrogen c h l o r i d e s o l u t i o n at room temperature was studied using 

•'••''B n.m. r. Results are shown i n table 5.2.1. 

Table 5.2.1 

I I B n.m.r. chemical s h i f t values f o r boron t r i h a l i d e s i n l i q u i d hydrogen 

c h l o r i d e at room temperature. 

(Chemical s h i f t s i n p.p.m. r e l . to BCOMe)^). 
* Gas phase determination, t h i s work 

Compound •'••''B chemical s h i f t s Remarks Compound 
L i t . value I n l i q u i d HCl-

Remarks 

BF3 + 8.9 (126) 
+ 8.6 + 0.2 (*) 

+ 8.6 + 0.2 No s o l v o l y s i s 

BCI3 - 29 (125) 
- 27.6 (126) 

- 28.3 BCI3 

BBr3 - 21.8 (125) - 29 Solvolysis to 
BCI3 

Boron t r i f l u o r i d e dissolves unchanged i n l i q u i d hydrogen c h l o r i d e 

whereas boron t r i b r o m i d e i s solvolysed t o boron t r i c h l o r i d e . This 

behaviour i s not unexpected considering the greater strength of B-F 

bonds compared w i t h B-Br bonds. I n no case i s there any evidence 

f o r the existence of a te t r a c o o r d i n a t e d boron species i n these 

s o l u t i o n s at room temperature. 
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The •'••''B chemical s h i f t s of tetraholoborate and mixed 

t e t r a h o l o b o r a t e anions i n l i q u i d hydrogen c h l o r i d e are shown i n 

Table 5.2.2, The so l u t i o n s were produced e i t h e r by d i s s o l v i n g 

an equimolar mixture of a tetraalkylammonium s a l t and a boron 

t r i h a l i d e i n the solvent, or i n the case of tetramethylammonium 

t e t r a f l u o r o b o r a t e the s a l t i t s e l f . 

Hartman and Schrobilgen'''^^ have r e c e n t l y published ''••''B n.m. r. 

data on mixed t e t r a h a l o b o r a t e anions produced by exchange between 

simple t e t r a h a l o b o r a t e anions i n methylene c h l o r i d e s o l u t i o n . 

P reviously only the c h l o r o t r i f l u o r o b o r a t e anion had been w e l l 

characterised.20^' 20e. 

I t i s observed t h a t the t e t r a f l u o r o b o r a t e ion i s not solvolysed 

i n l i q u i d hydrogen c h l o r i d e at room temperature. The •'•'''B chemical 

s h i f t o f the c h l o r o t r i f l u o r o b o r a t e ion i s rat h e r lower than t h a t i n 

methylene c h l o r i d e and the p o s s i b i l i t y t h a t the observed resonance 

i s an exchange-averaged s i g n a l i n v o l v i n g other chlorofluoroborate 

anions cannot be r u l e d out. The s h i f t of the t r i c h l o r o f l u o r o b o r a t e 

species i s i n very good agreement w i t h the l i t e r a t u r e value and i t may 

be assumed th a t t h i s i o n i s not solvolysed by l i q u i d hydrogen c h l o r i d e . 

There i s a d i f f e r e n c e of 0.8 p.p.m. between the values f o r the 

te t r a c h l o r o b o r a t e ions i n the two solvents, but i t seems l i k e l y t h a t 

the s h i f t obtained i n l i q u i d hydrogen c h l o r i d e i s c h a r a c t e r i s t i c of 

BCI4". 

The •'••''B n.m.r. spectrum of a mixture of tetramethylammonium 

c h l o r i d e and boron t r i c h l o r i d e i n 1:2 molar r a t i o i n l i q u i d hydrogen 
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c h l o r i d e s o l u t i o n consisted of a s i n g l e t at + 3.5 p.p.m. This 

resonance l i e s between those f o r BCI3 and BCl^", -28.3 and +10.8 

p.p.m. r e s p e c t i v e l y , and may be immediately assigned to an exchange 

averaged s i g n a l derived from both species. The molar r a t i o of 

Me^N^Cl : BCI3 was made 1:2 so t h a t the r a t i o o f BCl^ ions produced 

to unused BCI3 would be 1:1. The r e s u l t of t h i s experiment was 

f r e q u e n t l y used i n t h i s work as a semi-quantitative guide to the extent 

of p r o t o n a t i o n of a species i n the presence of boron t r i c h l o r i d e i n 

l i q u i d hydrogen c h l o r i d e . An e x c e l l e n t i l l u s t r a t i o n of t h i s 

a p p l i c a t i o n i s provided i n chapter 4.5 of t h i s work where the study 

of the p r o t o n a t i o n of the series Fe(CO) (Ph P) (0 ̂  x ̂  2) using 

•̂'•p and •'"•'"B n.m. r. i s described. 

I n a s u i t a b l e solvent i t could reasonably be expected to produce 

the bromotrichloroborate, BCl3Br", anion from a 1:1 molar mixture of 

an alkylammonium bromide and boron t r i c h l o r i d e . The •'"•''B chemical s h i f t 

from such a s o l u t i o n i n l i q u i d hydrogen c h l o r i d e was + 11.3 p.p.m. 

This i s w e l l below the reported value of + 15.4 p.p.m. f o r the species, 

and i t may be assumed t h a t extensive s o l v o l y s i s has occurred. The 

observed resonance i s possibly an exchange averaged s i g n a l derived from 

both the BCl3Br~ and BC1^~ ions. 

S i m i l a r l y , the ̂ B̂ s h i f t of the BCI3I" i o n , + 30.9 p.p.m.-̂ ^̂  

was not observed i n the ''••''B n.m. r. spectrum of a 1:1 mixture of 

tetraethy1ammonium iodide and boron t r i c h l o r i d e i n l i q u i d hydrogen 

c h l o r i d e . S o l v o l y s i s of BCI3I i n the solvent i s expected, but the 

low value, + 4.5 p.p.m., of the observed chemical s h i f t implies t h a t 

an exchange process i n v o l v i n g 3-coordinate boron i s taking place. 
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Experimental. 

The behaviour of boron t r i f l u o r i d e i n l i q u i d hydrogen c h l o r i d e 

BF3 (2 mmole) followed by HCl (30 mmole) was condensed at 

-196° i n t o an 8 mm. o.d. quartz ampoule. The ampoule was sealed 

and teste d i n the usual manner. The •'"'''B n.m.r. spectrum of the 

c l e a r c o l o u r l e s s s o l u t i o n obtained at room temperature consisted 

of a sharp s i n g l e t a t + 8.6 + 0.2 p.p.m. which may be immediately 

assigned to BF3. This i s i n good agreement w i t h the published value 
126 

of + 8.9 p.p.m. Boron-fluorine spin-spin coupling reported by 
1 128 Coyle and Stone, J _ of 15 + 2 Hz., was not observed. 

J j - r — 

The behaviour of boron t r i c h l o r i d e i n l i q u i d hydrogen ch l o r i d e 

BCI3 (2 mmole) followed by HCl (30 mmole) was condensed at 

-196° i n t o an 8 mm. o.d. quartz ampoule. The ampoule was sealed and 

tes t e d as described p r e v i o u s l y . The •'"•''B n.m. r. spectrum of the clear 

c o l o u r l e s s s o l u t i o n obtained at room temperature consisted of a 

sharp s i n g l e t a t - 28.3 p.p.m. This i s i n very good agreement w i t h 
125 126 

reported values f o r l i q u i d BCI3 of -29 and -27.6 p.p.m. ' 

The behaviour of boron t r i b r o m i d e i n l i q u i d hydrogen c h l o r i d e 

BBr3 (2 mmole) followed by HCl (30 mmole) was condensed at 

-196° i n t o an 8 mm. o.d, quartz ampoule which was sealed and tested i n 

the usual manner. The ''••''B n.m.r. spectrum of the clear colourless 

s o l u t i o n obtained a t room temperature consisted of a sharp s i n g l e t 

at - 29 p.p.m. This may be immediately assigned to BCI3. 
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The behaviour of tetramethylammonium t e t r a f l u o r o b o r a t e i n l i q u i d 
hydrogen c h l o r i d e 

Mê N"''BF̂  (0.161g. , 1 mmole) i n an 8 mm. o.d. quartz ampoule 

was pumped overnight to remove traces of water. HCl (30 mmole) 

was condensed at - 196° i n t o the ampoule which was then sealed and 

te s t e d as described previously. The •'"•''B n.m, r, spectrum of the clear 

c o l o u r l e s s s o l u t i o n obtained at room temperature consisted of a sharp 

s i n g l e t at + 19.8 p.p.m. A chemical s h i f t of + 19.9 p.p.m. has been 
147 

reported f o r the BF^ i o n i n dichloromethane s o l u t i o n . Thus, i t 

may be assumed t h a t the BF^~ i s not solvolysed by l i q u i d hydrogen 

c h l o r i d e a t room temperature. 

The r e a c t i o n between tetramethylammonium c h l o r i d e and boron t r i f l u o r i d e 

HCl (30 mmole) followed by BF^ (2 mmole) was condensed at -196° 

i n t o an 8 mm. o.d. s i l i c a ampoule containing Me^N^l" (0.219g. , 2 mmole). 

The ampoule was sealed and tested i n the usual way. The '''̂B n.m. r. 

spectrvrai of the cle a r colourless s o l u t i o n obtained at room temperature 

consisted of a sharp s i n g l e t at + 14.2 p.p.m. A chemical s h i f t of 
- 147 

+ 16.6 p.p.m. has been reported f o r the species BF^Cl . 

The r e a c t i o n between tetramethylammonium f l u o r i d e and boron t r i c h l o r i d e 

HCl (30 mmole) followed by BCl^ (2 mmole) was condensed at -196° 

i n t o an 8 mm. o.d. quartz ampoule containing Mê N'''F (0.186g. , 2 mmole). 

The ampoule was sealed and tested i n the usual manner. The '̂'"B n.m.r. 

spectrum of the cle a r colourless s o l u t i o n obtained at room temperature 
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consisted of a sharp s i n g l e t at + 11.5 p.p.m. A chemical s h i f t 

of + 11.8 p.p.m. has been reported f o r the species BF.Cl" i n 
147 

dichloromethane s o l u t i o n . 

The r e a c t i o n between tetramethylammonium c h l o r i d e and boron t r i c h l o r i d e 

(a) Me,N"'"ci" and BCI3 i n 1:1 molar r a t i o . 

HCl (30 mmole) followed by BCI3 (2 mmole) was condensed at -196° 

i n t o an 8 mm. o.d. s i l i c a ampoule containing Mê N"''Cl~ (0.219g. , 2 mmole). 

The ampoule was sealed and tested i n the normal manner. The '''•'"B n.m.r. 

spectrum of the cle a r colourless s o l u t i o n obtained at room temperature 

consisted of a sharp s i n g l e t at + 10.8 p.p.m. A '̂''''B chemical s h i f t 

of + 11.5 p.p.m. has been reported f o r the species BC1^~ i n 
147 

dichloromethane s o l u t i o n . 
(b) Me,N"^Cl" and BCI3 i n 1:2 molar r a t i o . 

HCl (30 mmole) followed by BCI3 (4 mmole) was condensed at -196° 

i n t o an 8 mm. o.d. s i l i c a ampoule containing Mê N"*̂ Cl (0.219g., 2 mmole). 

The ampoule was sealed and tested i n the usual manner and contained 

a c l e a r colourless s o l u t i o n at room temperature. A sharp s i n g l e t at 

+ 3.5 p.p.m. was observed when the ''••''B n.m.r. s o l u t i o n spectrum was 

recorded. 

The r e a c t i o n between tetramethylammonium bromide and boron t r i c h l o r i d e 

Mê N"'̂ Br (0.131g., 0.851 mmole) contained i n an 8 mm. o.d. quartz 

ampoule was pumped f o r 3 hours at room temperature to remove traces of 

water. HCl (30 mmole) followed by BCI3 (0.85 mmole) was condensed i n t o 
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the ampoule at -196° which was then sealed and tested i n the normal 

manner. At room temperature there were two l i q u i d phases present; 

the upper being colourless and the lower layer pale yellow. The '̂'̂'B 

n.m.r. s o l u t i o n spectrum consisted of a sharp s i n g l e t at + 11.3 p.p.m. 

A •'"•''B chemical s h i f t of + 15.4 p.p.m. has been reported f o r the 
147 

BCl^Br i o n . 

The r e a c t i o n between tetraethylammonium iodide and boron t r i c h l o r i d e 

Et^N^I (0.207g., 0.806 mmole) contained i n an 8 mm. o.d. s i l i c a 

ampoule was pumped f o r 3 hours at room temperature to remove traces 

of moisture. HCl (30 mmole) followed by BCl^ (0.80 mmole) was condensed 

i n t o the ampoule a t -196° which was then sealed and tested i n the usual 

manner. At room temperature there were two l i q u i d phases present; 

the upper being colourless and the lower straw coloured. The '''̂B 

n.m.r. spectrum consisted of a sharp s i n g l e t at -f 4.5 p.p.m. A ''••''B 
147 

chemical s h i f t o f + 30.9 p.p.m. has been reported f o r the BCl^I ion. 

The r e a c t i o n between boron t r i c h l o r i d e and sulphur dioxide 

Fluck and Binder have studied the r e a c t i o n between p h o s p h o r u s ( i l l ) 
31 

c h l o r i d e and l i q u i d sulphur dioxide using P n.m.r. and reported the 
191 

formation of ph o s p h o r u s ( I I I ) oxide. I n t h i s work the r e a c t i o n 

between boron t r i c h l o r i d e and l i q u i d sulphur dioxide was followed using 

•'"•''B n.m.r. 

Reaction took place slowly at room temperature w i t h the formation 

of a colo u r l e s s glassy s o l i d . ''"''•B n.m.r. spectra of the r e a c t i o n mixture 
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were recorded r e g u l a r l y over a perio d of four months. The appearance 

of broad s o l i d - s t a t e s ignals u p f i e l d from the sharp s i g n a l due to boron 

t r i c h l o r i d e were observed. Typical spectra are shown i n f i g . 5.2.1, 

The three s o l i d - s t a t e peaks had maxima a t -13.5, -8 and +1 p.p.m. and 

are presumably due to successive replacement of ch l o r i n e by oxygen 

atoms i n BCI3. 

A sample of the glassy s o l i d product was obtained f o r analysis 

and was found to contain boron, c h l o r i n e , sulphur and, by d i f f e r e n c e , 

oxygen. No simple f o r m u l a t i o n could be f i t t e d to the elemental 

composition of the s o l i d m a t e r i a l and i t may be assumed th a t i t i s a 

mixture of oxygen, sulphur and c h l o r i n e containing boron compounds. 

Experimental. 

BCl3(0.5 ml., 5,8 mmole) followed by SO2 ( 1 ml., 22.3 mmole) 

was condensed i n t o an 8 mm, o,d, s i l i c a ampoule. The ampoule was 

sealed and tested i n the usual manner and contained a clear colourless 

s o l u t i o n at room temperature. 

The •'••''B n.m.r. spectrum of the s o l u t i o n , and l a t e r of the s o l i d 

produced, was recorded r e g u l a r l y over a period of 4 months. 

I n i t i a l l y the sole resonance i n the '̂''''B spectrum occurred at 
125 

-28 p.p.m. which i s the s h i f t of BCI3. A f t e r seven days, much weaker 

and broader s i g n a l s , t y p i c a l of signals a r i s i n g from s o l i d s , were 

observed at -13.5, -8 and +1 p.p.m. That at -13.5 p.p.m. was the most 

intense of the s o l i d - s t a t e peaks. 

Spectra recorded a f t e r f u r t h e r time i n t e r v a l s a l l f a l l i n t o the 

same p a t t e r n . The i n t e n s i t y of the sharp s i g n a l due to BCI3 s t e a d i l y 



F i g . 5.2.1 

•''•''B n.m.r. s o l u t i o n / s o l i d s t a t e spectra 

Boron t r i c h l o r i d e i n l i q u i d sulphur dioxide 
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decreased while the i n t e n s i t i e s o f the broad s o l i d - s t a t e signals 

increased. A f t e r 4 months the peak w i t h greatest i n t e n s i t y was 

t h a t a t -8 p.p.m., the other broad peaks were of equal i n t e n s i t i e s 

and the sharp s i g n a l at -28 p.p.m. was the le a s t intensej This 

spectrum i s shown i n f i g u r e 5.2.1. A large p r o p o r t i o n of the l i q u i d 

phase i n the ampoule had by t h i s time changed i n t o a colourless glassy 

s o l i d . 

The r e a c t i o n was repeated on a larg e r scale i n order to obtain a 

sample of the glassy s o l i d f o r c h a r a c t e r i s a t i o n . 

BCI3 (2.5 ml., 29 mmole) followed by SO2 (5ml.,110 mmole) was 

condensed at -196° i n t o a 13 mm, o.d. pyrex ampoule which was then 

sealed and allowed to reach room temperature. The ampoule was l e f t 

at t h i s temperature f o r 16 months during which time much glassy s o l i d 

was produced. The ampoule was cooled to -196° and opened to the 

vacuum l i n e . Using s u i t a b l e c o o l i n g baths the v o l a t i l e residues were 

pumped o f f at as low a temperature as possible. The i n f r a r e d spectrum 

1245, 1165, 1135, 990, 945, 858, 848, 535, 510, 500, 465, 455 cm"-̂ . 

of the v o l a t i l e s contained absorptions a t ; 1370, 1358, 1350, 1340, 1255, 

510, 500, 465, 455 cm"-̂ . 

Those absorptions at 990, 945, 465, 455 cm"-̂  may be assigned to BCl3°^'^^^ 

and those at 1370, 1358, 1350, 1340, 1165, 1135, 535 and 510 cm"-̂  to 
244 245 -1 SO2. ' The signals at 1255 and 1245 cm may be t e n t a t i v e l y 

assigned t o vS=0 or t o vS-0, those at 858 and 848 cm"''' to vB-Cl and 

th a t a t 500 cm"-*" to vS-Cl.^^^ 

The colourless glassy s o l i d was extremely hard and i t was not 

possible to obt a i n an i n f r a r e d spectmm of t h i s m a t e r i a l . Elemental 

analyses were c a r r i e d out. 

Found; B, 25.3; CI, 31.7; S, 11.3. 



REFERENCES 

1. C.C. Addison, Roy. I n s t . Chem. Reactions, Monographs, Reports, 1960, 2. 

2. L.F. Audrieth and J. Kleinberg, 'Non Aqueous Solvents^ Wiley, 

New York, 1953. 

3. H.J. Emeleus and J.S. Anderson, 'Modern Aspects of Inorganic Chemistry', 

Routledge and Kegan Paul, 1959. 

4. V. Gutmann, Quart. Rev., 1956, 10, 451. 

5. R.S. Drago and K.F. P u r c e l l , 'Progress i n Inorg. Cham.' Vol.6, 

I n t e r s c i e n c e , 1964. 

6. a) T.C. Waddington, 'Non Aqueous Solvent Systems', Academic Press, 

London and New York, 1965. 

b) T.C. Waddington, MTP I n t e r n a t i o n a l Review of Science, Inorganic 

Series 1, Volume 3, Chapter 3, The Halogen Hydrides, 

Butterworths, London, 1972. 

7. G. Gore, P h i l . Mag.(4), 1865, 29, 541. 

8. E.H. Archibald, D. Mcintosh and B.D. Steel, P h i l . Trans., 1905, 

205, 99. 

9. D. Mcintosh, J. Amer. Chem. Soc, 1906, 28, 588. 

10. G. Baume, J. Chim. Phys., 1914, 12, 216. 

11. 0. Maass and D. Mcintosh, J. Amer. Chem. Soc, 1913, 35, 535. 

12. G. Baume and N. Georgitses, J. Chim. Phys., 1914, 12, 250. 

13. G. Baume and W. Borowski, J. Chim. Phys., 1914, 12, 276, 

14. D. Mcintosh, B u l l . Chem. Soc. Japan, 1928, 3, 82. 

15. S.U. Pi c k e r i n g , Ber. dtsch. chem. Geo., 1893, 26, 277. 

16-.. F.F. Rupert, J. Amer. Chem. Soc, 1909, 31, 851. 



17. Y.K, Yoon and G.B. Carpenter, Acta. Cryst., 1959, 12, 17. 

18. F.E. Murray and W.G. Schneider, Canad. J. Chem., 1955, 33, 797. 

19. D. Cook, Y. Lupin and W.G. Schneider, Canad. J. Chem., 1956, 34, 

957, 964. 

20. F. Klanberg and T.C. Waddington, 

(a) Naturwiss, 1959, 46, 578 

(b) i b i d . , 1959, 46, 578. 

(c) Z. anorg. Chem., 1960, 304, 185. 

(d) J. Chem. Soc, 1960, 2329. 

(e) i b i d . , 1960, 2332. 

( f ) . i b i d , 1960, 2339. 

21. J.A. White, Ph.D. Thesis, Cambridge, 1961. 

22. T.C. Waddington and J.A. White, J. Chem. Soc, 1963, 2701. 

23. F. Klanberg and Kohlschutter, Z. Naturforsch, 1961, 16b, 69. 

24. M.E. Peach, Ph.D. Thesis, Cambridge, 1962. 

25. M.E. Peach and T.C. Waddington, J. Chem. Soc.(A), 1968, 180. 

26. M.E. Peach and T.C. Waddington, J. Chem. Soc, 1963, 799. 

27. M.E. Peach and T.C. Waddington, J. Chem. Soc, 1961, 1238. 

28. M.E. Peach and T.C. Waddington, J. Chem. Soc, 1962, 600. 

29. M.E. Peach and T.C. Waddington, J. Chem. Soc, 1962, 2680. 

30. K. Fredenhagen and G. Cadenbach, Z. Phys. Chem., 1930, A146, 245. 

31. W. K l a t t , Z. anorg. Chem., 1935, 222, 225. 

32. W. K l a t t , Z. anorg. Chem., 1937, 232, 393. 

33. W. K l a t t , Z. anorg. Chem., 1937, 234, 189. 

34. A.K, H o l l i d a y , M.E. Peach and T.C. Waddington, J. Chem. Soc, 

1961, 220. 

35. M.E. Peach,, V.L. Tracy and T.C. Waddington, J. Chem. Soc.(A), 

1969, 366. 



36. M.E. Peach, Canad. J. Chem., 1969, 47, 1675. 

37. M.E. Peach and T.C. Waddington, J. Chem. Soc, 1963, 69. 

38. C.A. Kraus and R.M. Fuoss, J. Amer. Chem. Soc., 1933, 55, 21. 

39. R.M. Fuoss and C.A. Kraus, J. Amer. Chem. Soc, 1933, 55, 2387. 

40. J.W. M i l l e r , "Comprehensive Treatise on Inorganic and Theoretical 

Chemistry", Longmans, Green and Co., London, 1922. 

41. E.E. Lineken and J.A. Wilkinson, J. Amer. Chem. Soc., 1940, 62, 251, 

42. J.A. Salthouse and T.C. Waddington, J. Chem. Soc, 1964, 4664. 

43. R.M. Bozorth, J. Amer. Chem. Soc, 1923, 45, 2128. 

44. T.C. Waddington, J. Chem. Soc, 1958, 1708. 

45. D.G. Tuck and E.J. Woodhouse, Proc. Chem. Soc., 1963, 53. 

46. D.H. McDaniel and R.E. Vallee, Inorg. Chem., 1963, 2, 997. 

47. G.L. Cote and H.W. Thompson, Proc. Roy. Soc, 1951, A,210, 206. 

48. J.A. Salthouse and T.C. Waddington, J. Chem. Soc., 1966, 28. 

49. J.C. Evans and C.Y.S. Lo, J. Phys. Chem., 1966, 70, 11. 

50. G.C. S t i r l i n g , C.J. Ludman and T.C. Waddington, J. Chem. Phys., 

1970, 52, 2730. 

51. C.J. Ludman, T.C. Waddington, J.A. Salthouse, R.J. Lynch and J.A.S. 

Smith, Chem. Comm., 1970, 405. 

52. J.A. Salthouse and T.C. Waddington, J. Chem. Soc.(A), 1966, 1188. 

53. J.A. Salthouse and T.C. Waddington, J. Chem. Soc.(A), 1967, 1096. 

54. K.C. Malhotra and T.C. Waddington, unpublished work. 

55. J.A. Salthouse, Ph.D. Thesis, Cambridge, 1964, 32. 

56. Z. Iq b a l and T.C. Waddington, J. Chem. Soc.(A), 1968, 2958. 

57. Z. Iqba l and T.C. Waddington, J. Chem. Soc.(A), 1969, 1092. 

58. D.A. Symon and T.C. Waddington, J. Chem. Soc.(A), 1971, 953. 

59. G. Glockler and R.E. Peck, J. Chem. Phys., 1936, 4, 658. 



60. S. Glasstone, Textbook of Physical Chemistry, MacMillan and Co., 

London, 1956, 891, 

61. E. Wicke, M. Eigen and T. Ackermann, Z. Phys. Chem., ( F r a n k f u r t ) , 

1954, 1, 340. 

62. J.O. Lundgren and I . Olovsson, Acta Cryst., 1967, 23, 966. 

63. J.O. Lundgren and I . Olovsson, J. Chem. Phys., 1968, 49(3), 1068. 

64. H.H. Hyman, L.A. Quarterman, M. K i l p a t r i c k and J.J. Katz, 

J. Phys. Chem., 1961, 65, 123. 

65. L.A. Quarterman, H.H. Hyman and J.J. Katz, J. Phys. Chem., 1957, 

61, 912, 

66. M.T. Rogers, J.L. Spiers, M.B. Panish and H.B. Thompson, 

J. Amer. Chem. Soc, 1956, 78, 936, 3288. 

67. A. Hantzsch, Chem. Ber., 1930, 63B, 1789. 

68. G.H. Cady, J. Amer. Chem. Soc, 1934, 56, 1431. 

69. R.V. Winser and G.H. Cady, J. Amer. Chem. Soc, 1948, 70, 1500. 

70. A.: Klemenc and 0. Kohl, Z. anorg. Chem., 1927, 168, 163. 

71. C. del Fresno, Z. anorg. Chem., 1928, 170, 222. 

72. D.O. Schisler and D.P. Stevenson, J. Chem. Phys., 1956, 24, 926. 

73. F.H. F i e l d and F.W. Lampe, J. Amer. Chem. Soc, 1958, 80, 5583. 

74. H. Eyring, J.O. H i r s c h f e l d e r and H.S. Taylor, J. Chem. Phys., 

1936, 4, 570. 

75. D. Mcintosh and D.B. Steele, Proc. Roy. Soc, 1904, 73, 450. 

76. D. M c l n t i s h and D.B. Steele, Proc. Roy. Soc, 1905, 74, 320. 

77. H.F. Herbrandsen, R.T. Dickersen and J. Weinstein,. J. Amer. Chem. 

Soc, 1954, 76, 4046. 

78v R.E. Vallee and D.H. McDaniel, J. Amer. Chem. Soc, 1962, 84, 3412. 



79. R. West, J. Amer. Chem. Soc., 1957, 79, 4568, 

80. A.G. Maki, and R. West, Inorg. Chem., 1963, 2, 657. 

81. J.A. Salthouse, Ph.D. Thesis, Cambridge, 1964. 

82. K.M. Harmon and S. Davis, J. Amer. Chem. Soc, 1962, 84, 4359. 

83. K.M. Harmon and P.A. Gebauer, Inorg. Chem., 1963, 2, 1319. 

84. R.J. G i l l e s p i e and J.A. Le i s t e n , Quart, Rev., 1954, 8, 40. 

85. R.J. G i l l e s p i e and E.A. Robinson, "Advances i n Inorg. and Radiochem." 

1959, 1, 385. 

86. A.G, Davies and E.G. Baughan, J. Chem. Soc., 1961, 1711, 

87. N.N. Greenwood and H.J. Emeleus, J. Chem. Soc., 1950, 987. 

88. A.A. Woolf, J. Chem. Soc., 1954, 252. 

89. M,E. Runner, G. Balog and M. K i l p a t r i c k , J. Amer. Chem. Soc., 

1956, 78, 5183. 

90. CP. Smyth and C.S. Hitchcock, J. Amer. Chem. Soc., 1933, 55, 1830, 

91. G. Herzberg, I n f r a r e d and Raman Spectra of Polyatomic Molecules, 

Van Nostrand, 1962. 

92. P. Grange, J. Lascombe and M.L. Josien, Spectroschim. Acta, 1960, 

16, 981. 

93. Handbook of Chemistry and Physics, 39th Edn., Chemical Rubber 

Publishing Co., Cleveland, Ohio, 1957. 

94. G. Gore, J. Chem. Soc, 1869, 22, 368. 

95. J.H. Symons, Chem, Rev., 1931, 8, 213. 

96. W. K l a t t , Z. Phys. Chem., 1939, A185, 306. 

97. G. Jander, Die Chemie i n Wasseranlichen Losungsmittln, 

Springer-Verlag, B e r l i n , 1949. 

98. N.N. L i c h t i n and P. Pappas, Trans. N.Y. Acad. Sc i . , 1957, 20, 143. 



99. J.A. Salthouse, Ph.D. Thesis, Cambridge, 1964, 26. 

100. R. Schmutzler, Advances i n Fluorine Chemistry, Vol.5, Fluorides of 

Phosphorus, Butterworths, London, 1965. 

101. K.B. D i l l o n and T.C. Waddington, Spectrochim. Acta, 1971, 27A, 1381. 

102. A.C. Chapman, J. Homer, D.J. Mowthorpe and R.T. Jones, Chem. 

Commun., 1965, 121. 

103. M.M. C r u t c h f i e l d , C.H. Dungan, J.H. Letcher, V. Mark and J.R. 
31 

Van Wazer, Topics i n Phosphorus Chemistry, Vol.5, P Nuclear 

Magnetic Resonance, In t e r s c i e n c e , New York, 1967. 

104. B.M. Schmidt, L.C. Brown and D. Williams, J. Mol. Spect., 1958, 

2, 539. 

105. E. Fluck and H. Binder, Z. Naturforsch, 1967, 22b, 805. 

106. J.W. Emsley, J. Feeney and L.H. S u t c l i f f e , High Resolution 

Nuclear Magnetic Resonance Spectroscopy, Pergamon Press, 1965. 

107. R. Schaeffer, Progress i n Boron Chemistry, Vol.1, Nuclear Magnetic 

Resonance of Boron Compounds, Pergamon Press, 1964. 

108. : Gv4Ingram,.Organic Elemental Aralysis, Chapman H a l l , London, 1963. 

109. R. Ugo, F, C a r i a t i and G. La Monica, Inorg. Synth., 1968, 11, 105. 

110. V. Albano, P.L. Bellon and V. S e a t t u r i n , Chem. Commun., 1966, 507. 

111. D.M. Adams and P.J. Chandler, Chem. Commun., 1966, 69. 

112. R.F. Z i o l o , S. L i p t o n and Z. D p r i , J. Chem. Soc.(D), 1970, 1124. 

113. A. Davison, W. McFarlane, L. P r a t t and A. Wilkinson, J. Chem. Soc., 

1962, 3653. 

114. J.F. Nixon, J. Chem. Soc.(A), 1967, 1136. 

115. T. Kruck, Angew. Chem. I n t e r n a t . Edn., 1967, 6, 53. 

116. W.C. Smith, I n o r g . Synth., V I , 201. 



117. L.M. Venanzi, J. Chem. Soc, 1958, 719, 

118. D. Evans, J.A. Osborn and G. Wilkinson, Inorg. Synth., X I , 99. 

119. H. Gutowsky and D.W, McCall, J. Chem. Phys., 1954, 22, 162. 

120. L.S. Meriwether and J.R. Leto, J. Amer. Chem, Soc., 1961, 83, 3192. 

121. KK.R. Holmes and W.P. Gallagher, Inorg. Chem., 1963, 2, 433. 

122. E.L. M u e t t e r t i e s , W. Mahler and K.J. Packer, Inorg. Chem., 1964, 

3, 1298. 

123. T. Kennedy and D.S. Payne, J. Chem. Soc, 1959, 1228.. 

124. E.L. M u e t t e r t i e s , W. Mahler and R. Schmutzler, Inorg. Chem,, 1963, 

2, 613. 

125. T.P. Onak, H. Landesman, R.W. Williams and I . Shapiro, 

J. Phys. Chem., 1959, 63, 1533. 

126. H. Landesman and R.W. Williams, J. Amer. Chem. Soc, 1961, 83, 2663. 

127. R.P. Carter and R.R. Holmes, Inorg. Chem., 1965, 4, 738. 

128. T.D. Coyle and F.G.A. Stone, J. Chem. Phys., 1960, 32, 1892. 

129. P. Baumgarten and W. Bruns, Chem. Ber., 1947, 80, 517. 

130. A.D. Jordan and R.G. Cavell, Inorg. Chem., 1972, U, 564. 

131. K,B, D i l l o n and P.N. Gates, J. Chem, Soc, Chem, Commun., 1972, 348. 

132. R. Reeve, Personal Communication. 

133. R. Rogowski and K. Cohn, Inorg. Chem., 1968, _7. 2193. 

134. N. M u l l e r , P.C. Lauterbaur and P.J. Goldenson, J. Amer. Chem. Soc, 

1956, 78, 3557. 

135. J.R. Van Wazer, C.F. C o l l i s , J.N. Shoolery and R.C. Jones, 

J. Amer. Chem. Soc., 1956, 78, 5715. 

136. E. Fluck, J.R. Van Wazetr and L.C.D. Groenweghe, J. Amer. 

Chem. S o c , 1959, 81, 6363. 

137. R.A.Y. Jones and A.R. K a t r i t z k y , Angew. Chem. I n t e r n a t . Edn., 

1962, I, 32. 



139. H.S. Booth and A.R. Bozorth, J. Amer. Chem. Soc, 1939, 61, 2927. 

140. H.S. Booth and S.G. Frary, J. Amer. Chem. Soc., 1939, 61, 2934. 

141. R.G. Cavell, J. Chem. S o c , 1964, 1992. 

142. R.W. Rudolph, J.G. Morse and R.W. Parry, Inorg. Chem., 1966, 5, 1464. 

143. M.L. Delwaulle and M. Brideaux, Compt. Rend., 1959, 248, 1342. 

144. G. S c h i l l i n g , Compt. Rend., 1957, 245, 2499. 

145. A.H. Cowley and S.T. Cohen, Inorg. Chem., 1965, 4, 1221. 

146. K.B. D i l l o n and T.C. Waddington, unpublished r e s u l t s . 

147. J.S. Hartman and G.J. Schrobilgen, Inorg. Chem., 1972, 11, 940. 

148. A. M i c h a e l i s , Ber. Deut. Chem. Ges., 1872, 5, 9. 

149. H. Wichelhaus, Ber. Deut. Chem. Ges., 1868, I, 80. 

150. T. Milobedzki and S. Kratowiecki, Roczniki Chem., 1928, 8, 563. 

151. M. P r i n v e a u l t , Compt. Rend., 1872, 74, 868. 

152. Y.A. Fi a l k o v and A.A. Kaz'menko, J. Gen. Chem. U.S.S.R., 1952, 

22, 1335. 

153. G. Jander and H. Mesech, Z. Physik. Chem., 1939, A183, 284 

154. A.J. Popov, D.H. Geske and N.C. Baenziger, J. Amer. Chem. Soc., 

1956, 78, 1793. . 

155. L. K o l d i t z , Advances i n Inorganic and Radiochemistry, Vol.7, 

Academic Press, London and New York, 1965. 

156. A. Rene, Roczniki Chem., 1933, 13, 509; i b i d , 1934, 14, 69. 

157. . L. K o l d i t z and A. F e l t z , Z. anorg. a l l g . Chem., 1957, 293, 286. 

158. F.F. Bentley, K.B. D i l l o n , A. Finch, P.N. Gates, F.J..Ryan and 

T.C. Waddington, unpublished r e s u l t s . 

159. F.F. Bentley, A. Finch, P.N. Gates and F.J. Ryan, Inorg. Chem., 

1972, n, 413. 



160. P.N. Gates and F.J. Ryan, personal communication. 

161. H. Gerding and P.C. Nobel, Rec. t r a v . chim., 1958, 77, 472. 

162. M.L. Delwaulle, Compt. Rend., 1946, 223, 796. 

163. W. Kynaston, B.E, Larcombe and H.S. Turner, J. Chem. Soc, 1960, 1772. 

164. J.A. Creighton, J. Chem. Soc., 1965, 6589. 

165. K.B. D i l l o n and T.C. Waddington, unpublished r e s u l t s . 

166. E. Schwarzmann, personal communication to J.R. Van Wazer i n ref.103. 

167. E.R. Andrews, A. Bradbury, R.G. Fades and G.J. Jenks, Nature, 

1960, 188, 1096. 

168. E. Fluck, Z. anorg. a l l g . Chem., 1962, 315, 181. 

169. W. Weiker. and A.R. Grimmer, Z. Naturforsch. 1966, 21b, 1103 

170. H.M. Powell and D. Clark, Nature, 1940, 145, 971, 

171. J.H. Kastle and W.A. Beatty, J. Amer. Chem. Soc., 1899, 21, 392. 

172. A.J. Popov and N.E. S k e l l y , J. Amer. Chem. Soc, 1954, 76, 3916. 

173. L.M. Jakcman and S. S t e r n h a l l , Applications of NMR Spectroscopy 

i n Organic Chemistry, Pergamon Press, Oxford, 1969, p. 147. 

174. A.A. Borisenko, N.M. Sergeyev and Yu. A. Ustynyuk, Molecular 

Physics, 1971, 22, 715. 

175. J.C. Sheldon and S.Y. Tyree, J. Amer. Chem, Soc., 1958, 80, 2117. 

176. J. Lewis and R, Whyman, J. Chem. Soc.(A), 1967, 77. 

177. G.A. Wiley and W.R. Stine , Tet. L e t t . , 1967, 2321. 

178. A. Schmidpeter, and H. Brecht, Angew. Chem., 1967, 79, 535. 

179. G.L. Breneman and R.D. W i l l e t t , Acta Cryst., 1967, 23, 467. 

180. K.B. D i l l o n and T.C., Waddington, Nature, Physical Sc., 1971, 

230, 158. 

181. K, Moedritzer, L. Maier and L.C.D. Groenweghe, J. Chem. Eng. Data, 

1962, 7, 307. 



182. W.J. Stec, N. Goddard and J.R. Van Wazer, J. Phys. Chem., 1971, 

75, 3547. 

183. H.P. Latscha, Z. Naturforsch., 1968, 23b, 139. 

184. J.E. Lancaster, personal communication to J.R. Van Wazer i n 

Ref.103. 

185. . J. McAvoy, K.C. Moss and D.W.A. Sharp, J. Chem. Soc, 1965, 1376. 

186. R.D.W. Kemmitt, R.D. Peacock and J. Stocks, J. Chem. Soc. 1971, 846. 

187. A. Pidcock, R.E. Richards and L.M. Venanzi, J. Chem. Soc.(A), 1966, 

1707. 

188. S.O. Gfim, R.L. K e i t e r and W. McFarlane, Inorg. Chem., 1967, 6, 1133. 

189. P.M. Druce, M.F. Lappert^and P.N.K. Ri l e y , J. Chem. Soc, Dalton, 

1972, 439. 

190. K. Thomas, J.T. Dumler, B.W. Renoe, C.J. Nyman and D.M. Roundhill, 

Inorg. Chem., 1972, ,11, 1795. 

191. E. Fluck and H. Binder, Z. anorg. a l l g . Chem., 1967, 354, 139. 

192. B.E. Mann, C. Masters, B.L. Shaw, R.M. Slade and R.E. Stainbank, 

Inorg. n u c l . Chem. L e t t . , 1971, ] _ , 881. 

193. F. C a r i a t i , . R. Ugo and F. Bonati, Inorg. Chem., 1966, 1128. 

194. L. Malatesta and C. C a r i e l l o , J. Chem. Soc, 1958, 2323. 

195. R. Ugo, Coord. Chem. Rev., 1968, 319. 

196. D.M. Adams, J. Chatt, J. Genrott and A.D. Westland, J. Chem. Soc., 

1964, 734. 

197. D.A. White, J. Chem. Soc.(A), 1971, 143. 

198. W.R. Mason and H.B. Gray, J. Amer. Chem. Soc, 1968, 90, 5721. 

199. D. M o r e l l i , R. Ugo, F. Conti and M. Donati, Chem. Commun., 

1967, 801. 

200. W.D. Horrocks J r . and R.C. Taylor, Inorg. Chem., 1963, 2, 723. 



201. J.W. I r v i n e and G. Wilkinson, Science, 1951, 113, 742. 

202. M.G. H a r r i s s , personal communication. 

203. J.F. Nixon and M.D. Sexton, J. Chem. Soc.(A), 1969, 1089. 

204. R.E. Scruby, J.R. Lacher and J.D. Park, J. Chem. Phys., 1951, 19, 386. 

205. J.A. Salthouse and T.C. Waddington, Spec. Acta, 1967, 23A, 1069. 

206. W.D. Horrocks and R.H. Mann, Spec. Acta, 1965, 21, 399. 

207. L. Vaska, Acc. Chem. Res., 1968, 1, 335. 

208. J.P. Collman, Acc. Chem. Res., 1968, 1., 136. 

209. J. Halpern, Acc. Chem. Res., 1970, 3, 386. 

210. A.J. Deeming and B.L. Shaw, J. Chem. Soc.(A), 1969, 1128. 

211. L. Benzoni, C. Zangottera, M. Camia, M. Tacchi Venturi and 

M. De I n n o c e n t i i s , , Chim. Ind. ( M i l a n ) , 1968, 50, 1227. 

212. H. Singer and G. Wilkinson, J. Chem. Soc.(A), 1968, 2516. 

213. M.M. Singh and Yu. S. Varshavskii, Zh. Neorg. Khim, 1969, 14, 2434. 

214. F.A. Cotton and G. Wilkinson, Advanced Inorganic Chemistry, 

T h i r d Edn., I n t e r s c i e n c e , John Wiley and Sons, New York 

and London. 

215. L. Vaska and J.W. Di Luzio, J. Amer. Chem. Soc, 1961, 83, 2784. 

216. D.M. Blake and M. Kubota, Inorg. Chem., 1970, 9, 989. 

217. B.E. Mann, C. Masters, B.L. Shaw and R.E. Stainbank, 

J. Chem. Soc.(D), 1971, 1103. 

218. J. Lewis, R.S. Nyholm and G.K.N. Reddy, Chem. and Ind., 1960, 1386. 

219. S.S. Bath and L. Vaska, J. Amer. Chem. Soc,, 1963, 85, 3500. 

220. M.C. Baird, J.T. Mague, J.A. Osborn and G. Wilkinson, J. Chem. 

Soc.(A), ,1967, 1347. 

221. L.M. Venanzi, Advances i n Chemistry Series, 98, Platinum Group 

Metals and Compounds, Chapter 6, American Chemical Society, 1971. 



222. D,M. Adams, Met a l - l i g a n d and r e l a t e d V i b r a t i o n s , Edward Arnold Ltd. 

London, 1967, p.107. 

223. W.F. Edge l l , G. Asato, W. Wilson and G. Angell, J. Amer. Chem. Soc, 

1959, 81, 2022. 

224. J.H. Hibben, J. Chem. Phys., 1937, 5, 166. 

225. D.E. Bethel and N. Sheppard, Trans. Faraday Soc, 1955, 51, 9. 

226. R.W. King, T.J. Huttemann and J.G. Verkade, Chem. Commun., 1965, 561, 

227. G.E. Coates and C. Parkin, J. Chem. Soc, 1963, 421. 

228. D.A. Dows and G. Bottger, J. Chem. Phys., 1961, 34, 689. 

229. K.B. D i l l o n , T.C. Waddington and D. Younger, unpublished r e s u l t s . 

230. G.M. Sheldrick, Trans. Faraday Soc, 1967, 63, 1077. 

231. H.S. Gutowsky, D.W. McCall and C.P, S l i c h t e r , J. Chem, Phys., 

1953, 21, 279. 

232. H.P. Latscha, Z. Naturforsch,, 1968, 23b, 139. 

233. E. Cherbuliez and J.-P. Leber, Helv. Chim. Acta, 1952, 35, 644. 

234. R.J. G i l l e s p i e , R. Kapoor and E.A. Robinson, Canad. J. Chem., 

1966, 44, 1203. 

235. R.C. Paul, V.P. Kapila and K.C. Malhotra, Chem. Commun., 1968, 644, 

236. K. Moedritzer, Inorg. Chem., 1967, 6, 936. 

237. T.E. Haas and H.D. Gillman, Inorg. Chem., 1968, 1_, 2051. 

238. K.B,.Dillon and T.C. Waddington, J. Chem. Soc.(A), 1970, 1146. 

239. G.A, Olah and C.W. McFarland, J. Org. Chem., 1971, 36, 1374. 

240. K.B. D i l l o n and T.C. Waddington, To be published. 

241. G. Krabbes and G. Grosmann, Z, Chem., 1972, 12, 32. 

242. G. Heckmann and E. Fluck, Z. Naturforsch, 1969, 24b, 1092. 

243. K.B. D i l l o n , T.C. Waddington and D. Younger, Inorg. Nucl. Chem. 

L e t t . , 1973, 9, 63. 



244. R.D. Shelton, A.H. Neilsen and W.H. Fletcher, J. Chem. Phys., 

1953, 21, 2178. 

245. E.C.M. Grigg and G.R. Johnston, Aust. J. Chem., 1966, 19, 1147, 

246. K. Nakamoto, I n f r a r e d Spectra of Inorganic and Co-ordination 

Compounds, Second Edn., Wiley-Interscience, 1970. 


