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ABSTRACT 

Acceptor p r o p e r t i e s o f several phosphorus(v) chloro-
compounds have been st u d i e d by s o l u t i o n and s o l i d s t a t e 
31 

P n.m.r. techniques, using p y r i d i n e , 1,10-phenanthroline, 
2 , 2 , - d i p y r i d y l and c h l o r i d e ions as l i g a n d s . Six co-ordinate 
adduct formation has been detected i n most systems. 

As r e p o r t e d p r e v i o u s l y * phosphorus pentachloride forms a 
molecular 1:1 adduct w i t h p y r i d i n e . Bidentate p y r i d i n e s produce 
PC1 4(L-L) + PC1 6~ (L-L = 2,2«-dipyridyl or 1,10-phenanthroline). 
Non-stoichiometric adducts PCl 4phen +(PClg ) ^ C l ~ ( x < l ) 
d i s p r o p o r t i o n a t e on d i s s o l u t i o n t o the 2:1 complex. 

PC1 4
+ SbClg" r e a c t s w i t h p y r i d i n e i n nitrobenzene t o 

give the e q u i l i b r i u m 
P C 1 4 ( p y r i d i n e ) 2

+ SbCl g~ f = i PClg.pyridine + SbClg.pyridine 
S o l i d P C 1 4 ( p y r i d i n e ) 2

+ SbCLg"" has been su c c e s s f u l l y i s o l a t e d , 
however. S o l u t i o n - s t a b l e adducts PC1 4(L-L) + SbClg" are 
formed w i t h b i d e n t a t e p y r i d i n e s . 

Phenyltetrachlorophosphorane PhPCl 4, catechyl phosphorus 
t r i c h l o r i d e (Cgl^O^PCl^ and b i s - c a t e c h y l phosphorus 
monochloride ^^4.^2^2 P C 1 Y^1*1 c h l o r i d e i o n adducts which 
are p a r t i a l l y d i s s o c i a t e d i n s o l u t i o n . Each has been i s o l a t e d 
as a s o l i d . These phosphoranes also form molecular 1:1 adducts 
w i t h p y r i d i n e , o f which o n l y PhPCl.. p y r i d i n e dissociates i n 
s o l u t i o n . I n the presence o f excess p y r i d i n e , (CgH 40 2)PCl 2 

( p y r i d i n e ) 2
+ C l ~ and ( C

6
H

4 0 2
) 2 P ( P Y r i d i n s J 2 + ^ e , a M i l i b r a t e 

w i t h t he 1:1 adducts. The acceptors slowly produce c a t i o n i c 
adducts w i t h b i d e n t a t e p y r i d i n e s v i z . PhPCl 3(L-L) + C l ~ , 
( C 6H 40 2)PC1 2(L-L) + (C 6H 40 2)PC1 4~ and ( C 6 H 4 0 2 ) 2 P ( d i p y r i d y l ) + C l ~ . 



S i m i l a r c a t i o n i c adducts Z 4P(L-L) + M C l g ~ are r a p i d l y formed 
by a d d i t i o n o f bi d e n t a t e ligands t o PhPCl 3

+ SbCl g~, PhPCl 3
+ PCl 

( C 6 H 4 0 2 ) P C 1 2
+ SbCl 6~ and (CgH^O^P"*" SbClg". The s o l i d 

hexachloroantimonate adducts possess unexpected s t a b i l i t y 
t o water and moist a i r . P y r i d i n e adducts Z£(pyridine)2

+ SbCl g 

are formed w i t h ( C 6 H 4 0 2 ) P C 1 2
+ SbCl g~ and ( C ^ O ^ P * SbClg" 

but not w i t h PhPCl 3
+ SbCl g~. 

Pr e l i m i n a r y experiments w i t h methyltetrachlorophosphorane 
(MePCl4> show the for m a t i o n o f MePClj" on a d d i t i o n o f c h l o r i d e 
i o n s . 

The a d d i t i o n o f s u b s t i t u t e d p y r i d i n e s t o PC l 5 and PC1 4
+ 

SbClg has been i n v e s t i g a t e d . 3- and 4 - s u b s t i t u t e d non-
methylated p y r i d i n e s y i e l d complexes, but 2- s u b s t i t u t e d 
p y r i d i n e s show a much lower tendency t o co-ordinate. Methyl 
p y r i d i n e s are attacked by t h e phosphorus species i n s o l u t i o n . 

Reactions o f t h e type 

R 3P + PC1 5 » R 3 P C 1 2 + P C 1 3 
R 3PC1 2 + PC1 5 > R 3PC1 + PC1 6~ 

have also been s t u d i e d . By v a r i a t i o n o f the r e a c t i o n 
s t o i c h i o m e t r y , e i t h e r R 3PC1 2 or R 3PCl + PCl g~ may be 
prepared. With PhPCl 2, however, only PhPCl 3

+PClg"" has 
been i s o l a t e d . 

Reference 
1. I . R. B e a t t i e , M. Webster. J. Chem. Soc. 1731 (1961) 
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CHAPTER 1 
INTRODUCTION 

1. Co-ordination Chemistry of Phosphorus (v) Compounds 
Many examples are known of the co-ordination of neutral 

and anionic monodent ate ligands to group VB pentahalides 1, 
e.g. PP5.Me20 2 , SbClg.pyridine 3 , SbClgBr" 4*"6, AsClg" 7 

(derived from the unknown AsClg), and PCl^.pyridine . The 
resulting s i x co-ordinate complexes possess octahedral structures. 
S i x co-ordinate c a t i o n i c species are also known i n which a 
bidentate ligand i s co-ordinated to MC14

+, e.g. PC1 4 phen +, 
S b C l 4 phen + 9 (phen « 1,10-phenanthroline), and have been 
postulated where MC1 4

+ i s co-ordinated by two raonodentate 
ligands e.g. P C l 4 p y 2

+ 1 0 (py « pyridine), SbCl 4 (MeCN) 2
+ . 

The range of adducts i s o l a t e d varies greatly with the 
acceptor, p a r t l y indicating the attention each compound has 
received, but also r e f l e c t i n g the acceptor properties of the 
molecule. For example, nitrobenzene i s found to complex 

i 
with antimony pentachloride but not with phosphorus 

12 
pentachloride • PFg and SbCl 5 form adducts with a large 

i 
variety of nitrogen, oxygen and other donors • PC1 5, on 
the other hand, i s a very weak acceptor, forming w e l l -
established complexes with only a few ligands. 

Phosphorus pentachloride has long been known to have 
the stable s o l i d structure PC1 4

+ PClg"" 1 3 » 1 4
f ± n which one 

molecule of phosphorus pentachloride acts as a chloride ion 
acceptor towards a second molecule. I t was l a t e r thought 
that the hexachlorophosphate ion might only e x i s t i n t h i s 

12 15 
s a l t . The discovery of tetraethyl ammonium 
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hexachlorophosphate 16 subsequently showed the ion to have 
an existence independent of PC1 4 . A large number of 
hexachlorophosphates have since been prepared* 

Nonetheless phosphorus pentachloride i s a poor chloride 
ion acceptor, forming the hexachlorophosphate ion only i n 
the, absence of competing reactions* The chloride ion 
acceptor strength of a number of Lewis acids, measured 
using Ph^CCl as donor i n benzoyl chloride solvent, 
decreases i n the order 
S b C l 5 7 P e C l 3 > 6 a C l 3 •? S n C l 4 7 BC1 3 > Z n C l 2 > 
T i C l 4 > SbCl 3 > A1C1 3 ^ PC1 5

 1 9 

From a study of the heats of formation of a number of 
20 

pyridine adducts , phosphorus pentachloride was found 
to be a very weak acid compared with other inorganic 
halide acceptors* The order of increasing acceptor 
strength i s : 
PC1 5 <: PC1 4F £ BF 3 < PC1 3F 2 < SbClg s BC1 3 < BBr 3 

The heat of reaction of phosphorus pentachloride and 
pyridine i n nitrobenzene was determined as 24*5-26*5 

20 
kcal/mole , whereas that of antimony pentachloride 
and pyridine i s 28*3 kcal/mole* A similar order was 

21 
found by Hensen and Sarholtz from a study of the 
u l t r a v i o l e t spectra of the pyridine adducts: 
HCl <. BF 3 m S i F 4 « PC1 5 <̂  A1C1 3 <. AlBr 3 < BC1 3 

< SiHa 3 < GeCl 4 £ BBr 3 4 S i C l 4 < S i B r 4 

17 
* a P a N PCl e.g ( C ? H 7

+ ^ a " PCl - 11,18 

/ 



The adduct PCI,.,pyridine i s discussed i n more d e t a i l i n 
Chapter 3 section l ( i ) . 

Adducts of phosphorus pentachloride with bidentate 
+ — 22 

pyridines are also known. The adduct PCl^phen CI 
has been characterised by i t s i n f r a red spectrum and 
molecular weight measurements. ( P C l 4 d i p y + ) ( C l " > 0 g 7(PClg"") 0 3 3 23 31 has been characterised by s o l i d state and solution p 
. n.m.r. spectroscopy. Few other adducts of phosphorus 
pentachloride have well established structures. Complexes 
with methyl acetamides and methyl forraamides ^4,25 n a v e 

been investigated by i n f r a red spectroscopy. The 1:1 
complex between phosphorus pentachloride and dimethyl 

i 26 nitrosoamine was studied by H n.m.r. spectroscopy • 
Other complexes have been characterised by elemental 
analyses alone. The known species are shown i n Table 1, 
together with t h e i r postulated formulae* With the exception 
of PC1 5 #pyridine and the substituted formamide and acetamide 
complexes there i s l i t t l e physical evidence for the 
structures given. The d i f f i c u l t y i n precise formulation 
of the complexes occurs because of the ease of ionisation 
of the P-Cl bond, and also to the existence of the 
hexachlorophosphate ion. Thus i t i s possible for the 
1:1 complex between phosphorus pentachloride and pyridine 
to have the structures. 
*Cl 5.py, P C l 4 p y + C1-, PCl 4py 2

 +PC1 6~ 
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The structure may also vary i n different phases, or i n 
solution i n different solvents. For instance the parent 
compound, phosphorus pentachloride has a completely molecular 

48 
structure i n non polar solvents , but i n nitrobenzene there 
i s an equilibrium between PC1 5, PCl^PClg", and PC1 4

+C1~ 
49 

species • 
A review of the addition compounds of phosphorus 

i 
pentachloride up to December 1964 i s given by Webster • 
More general reviews of the chemistry of phosphorus halides 

50 51 are given by Payne and Kolditz • 
I f the tetrachlorophosphonium ion i s generated by 

formation of a s a l t with a chloride ion acceptor (e.g. 
PC1 5 + SbCl 5 P C l 4

+ S b C l 6 ~ i t appears that 
complexes of the type PCl 4X 2

+SbClg~ (X =» pyridine, 
tetrahydrothiophene, tetrahydrofuran) may be temporarily 

10 + — stable i n solution • PCl 4phen SbClg has also been 
9 

i s o l a t e d • 
The weak acceptor properties are probably of great 

importance i n organic chemistry where phosphorus pentachloride 
has found considerable use as a chlorinating agent. Many 
of the reactions have been postulated to proceed v i a 
intermediate adducts. Examples of the reactions are given 
below: 

+ 
,0 J) ^ 0 -> PCI. 

( i ) R - C + PCI,. _ ^ R - C ^ v i a R - C . 4 Cl" 
^0R 5 ^ C l "OR 

52 
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,jN + POCl 5via G —> PCI ( i i > + PC1 C CI 
53 

( i i i ) R - OH + PC1 5 Py g^> R - CI v i a P C l 4 p y 2
+ A l C l - 54 

Several factors may contribute to the smaller range of 
phosphorus pentachloride complexes known, compared with, say, 

fluorine i s thought to help charge distribution and also 
to contract high energy vacant o r b i t a l s (probably the 3d 

55 56 o r b i t a l s , although suggestions have been made that 
other o r b i t a l s may be involved) s u f f i c i e n t l y for energetically 
favourable hybridisation to form octahedral complexes. 
Chlorine has a lower electronegativity than fluorine 
but a f a r greater s i z e * The large s i z e of f i v e chlorine 
atoms around a single phosphorus may hinder the formation 
of a s i x t h weak co-ordinate bond ( s t e r i c crowding has been 

57 
proposed with organofluorophosphorane adducts ) • The 
ease of i o n i s a t i o n of phosphorus-chlorine bonds must also 
be considered* Phosphorus(v) chlorine species often 
possess i o n i c structures containing chloride ions (e.g. 
Bu^PCl C l ~ ) . Moreover where molecular structures are 

59 
found (e.g. PhPCl^ ) a chloride ion may be e a s i l y 
removed by very weak acceptors (e.g. chlorine 
Thus the addition of a donor may give a transient 
complex, but P-Cl bond f i s s i o n r e s u l t s giving free 
chloride ions, which are then able to attack the 
ligand. This i s the mechanism suggested for the 

phosphorus pentafluoride. The high electronegativity of 
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conversion of pyridine N-oxides into chloro-pyridines by 
53 

means of phosphorus pentachloride • A f i n a l factor which 
may be involved i s the a b i l i t y of phosphorus pentachloride 
to chlorinate a number of potential ligands. Triphenyl 
phosphine thus r e a c t s 
Ph 3P + 2PC1 5 > Ph 3PCl +PCl g"* + PC1 3

 6 1 

Phosphine oxides behave i n an analogous manner 
Ph3PO + 2PC1 5 > Ph 3PCl +PCl 6~ + P0C1 3

 3 3 

Ligands may also not be used i f they contain N-H 
or 0-H bonds as hydrogen chloride i s immediately liberated. 

c . f . however the proposed complexes with piperidine ' 
24 25 

and N-methyl acet amide ' • 
The acceptor properties of phosphorus pentachloride 

and phosphorus pentafluoride have not been f u l l y investigated, 
and some of the apparent differences between the two systems 
may be due to t h i s reason. 

A number of s i x co-ordinate phosphorus(v) species 
are now knownwhich contain no halide atoms. These are 
l i s t e d i n Appendix I . A l l the complexes so f a r discovered 
contain at l e a s t two bidentate molecules and contain mainly 
P-C or P-0 bonds. The large number of phosphorus complexes 
reported of t h i s type i s due to their ease of detection 

31 
by P n.m.r. techniques. Similar complexes are known 
with other central atoms but have been r e l a t i v e l y l i t t l e 
investigated. 

a:>. ice: OH 
+ PCI PCI + HC1 

OH 
62 

25,32 
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e.g. H£-0 0-CH, 
"A V' ' C H A 6 3 

o o 

2. Present Work 
The purpose of the present work was to investigate 

the acceptor properties of phosphorus pentachloride and 
softie of i t s organic derivatives. Only one well characterised 
example of an organo chloro phosphorus(v) complex was 
previously known 6 4 v i z . 

Me I 
N 

+ / N -
C1C PCL 4 

N 
I 
Me 

I t s 3 1 P n.m.r. s h i f t 6 4 of +202 ppm i s indicative of the 
s i x co-ordinate environment of the phosphorus (see Chapter 1 
section 3(i))« Substituted chlorophosphates have been 

65 67 
postulated from conductance or hydrolysis investigations • 
The proposed species have however, not been further substantiated 
e.g. ref.68. A A p n.m.r. investigation of the tentatively 

69 
proposed mixed phenoxychlorophosphates did not distinguish 
these species from the more l i k e l y hexachlorophosphate 
ion. 
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With s u f f i c i e n t l y strong halide acceptors i t has been 
found that acceptor properties are retained where one or more 
of the halides are replaced by al k y l or a r y l groups. The 
substitution of organic groups progressively decreases the 
Lewis a c i d i t y of the molecule 5 7 » 7 0 * 7 1 . Thus i n the PF g 

s e r i e s , PF g~ 7 2 , MePPg" 7 0 * 7 3
f Me2PF4~ 7 4 but not Me3PP3~ 

are known. S i m i l a r l y PhPF g~ 7 3 » 7 5 and Ph 2PP 4" 7 0 , but not 
76 

Ph 3PP 3~ f have been prepared. PPg. pyridine i s a stable 
57 

complex, but RhPF 4.pyridine i s only p a r t i a l l y associated 
i n solution. I t was therefore interesting to discover whether 
the weak acceptor phosphorus pentachloride retained acceptor 
properties on successive substitution of the chlorines by 
organic groups. The degree of substitution possible whilst 
s t i l l retaining acceptor properties would then r e f l e c t the 
acceptor strength of phosphorus pentachloride. 
Orqano-chloro phosphorus(v) species 

A large number of compounds i s known i n which one or 
more of the chlorines of phosphorus pentachloride have 
been substituted by organic groups (e.g. Ref.77). The 
compounds may have a f i v e co-ordinate molecular structure 
R XPC1 5_ X, or one of the chlorines may be ionised, giving 
a s a l t - l i k e structure ^ R

X
P C 1 4 - X ^ + C 1~« Indeed, i n many 

cases the structure may depend on the physical state of 
the compound as with phosphorus pentachloride i t s e l f . 
Thus methyl tetrachlorophosphorus(v) i s i o n i c i n the 
s o l i d state but i n solution i n polar and non polar 
solvents i s predominantly i f not completely molecular 
(Ref.78: See also Chapter 4 Section 3 ( i i ) ) . 
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Trends i n structure may be found within groups of 
compounds. An i o n i c formulation becomes more l i k e l y as 
more chlorines are replaced by l e s s electronegative organic 
groups. This i s i l l u s t r a t e d by the chloro phenyl phosphorus(v) 
s e r i e s : 

TABLE 2 
STRUCTURES FOUND IN THE SERIES 

P hx P C l5-.x ( X * 1 - 4 ) 

Formula Structure i n 
Solid 

Nitrobenzene solution 

PhPCl 4 PhPCl 4
 5 9 PhPCl 4

 6 0 

Ph 2PCl 3 Ph 2PCl 3
 5 9 Mainly PhgPCl 3

 6 0 

Ph 3PCl 2 Ph 3PCl +CL" 5 9 Ph 3PCl 2 and Ph 3PCl +Cl~ 6 0 ' 5 8 

Ph 4PCl Ph 4P +Cl" 5 9 P h 4 P + C l " 2 3 

Ring s t r a i n e f f e c t s have been postulated as encouraging 
phosphorane structures. Despite attempts at synthesis, 

79 
pentamethyl phosphorane Mê P has not been prepared. 
The compound P.—M« 

79 81 
i s quite stable , however, where the r i n g s t r a i n i s 
thought to be r e l i e v e d by 5 co-ordination. I f the ring 
occupies axial/equatorial positions i n the trigonal 
bipyramid then the preferred C&C angle w i l l be 90 . 
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This i s much closer to the s t e r i c a l l y imposed angle of 
~ 85° than found i n a tetrahedral arrangement where the 
preferred angle i s 109° 28' 8" L. 
Range of Compounds Studied 

The compounds studied were r e s t i c t e d to those with a 
molecular 5 co-ordinate structure, at l e a s t i n solution, 
and to hexachloroantimonate s a l t s of the cations from these 
species. These compounds were thought to be the most l i k e l y 
species to exhibit co-ordination properties. A f i v e co-ordinate 
structure from a molecular o r b i t a l description necessarily 
involves hybridisation u t i l i s i n g higher energy vacant o r b i t a l s . 
I f the o r b i t a l s were of s u f f i c i e n t l y low energy for t h i s to 
occur, i t was thought that l i t t l e further energy would be 
necessary for further hybridisation to form a six-co-ordinate 
adduct. No hybridisation involving high energy vacant 
o r b i t a l s i s necessary to form four co-ordinate structures, 
and these o r b i t a l s might thus be too high i n energy to form 
s i x co-ordinate complexes r e a d i l y . 

The co-ordination properties of phosphorus pentachloride 
were studied i n depth with a variety of ligands. The simple 
substituted derivative, phenyl tetrachlorophosphorane, 
PhPCl 4, was then investigated, as were the catechyl 
derivatives, catechyl phosphorus t r i c h l o r i d e , CgH^OgPCl^ 
and biscatechyl phosphorus monochloride, (C-H.OpKPCl. 

catechyl phosphorus 
t r i c h l o r i d e 

a a pa o ' l x o 
phosphorus biscatechyl phosphorus monochloride 



(The non systematic names for these species are used throughout 
t h i s work i n order to emphasise that they are simple derivatives 
of PC1 5 with two or four of the chlorines replaced by catechyl 
groups* This i s not apparent i n t h e i r systematic nomenclature 
as 1,3,2-benzodioxaphosphole d e r i v a t i v e s ) . 

The t r i s catechyl phosphate ion i s well-known ( c . f . 
Appendix X). By investigating the above compounds i t was 
hoped to produce the intermediate catechyl PC1 4~ and 
c a t e c h y l 2 PC1 2~ ions as well as pyridine, dipyridyl, and 
phenanthroline adducts. 

Other species including methyl tetrachlorophosphorane 
and diphenyltrichlorophosphorane were studied i n l e s s 
d e t a i l to provide comparisons with the above species. 

The cations derived from the above species were also 
studied. As previously mentioned, PC1 4

+ s a l t s may be 
formed by reacting a large number of inorganic chloride 

1 82 
ion acceptors with phosphorus pentachloride ' • Even 
the 1:1 AsClg (AsCl^ + C l 2 ) : P C l g adduct o r i g i n a l l y 
thought to be A s C l 4 PClg"" * has now been shown to be 
PCl 4

+AsClg~ 48,85,86^ I n & g^mi!^ w a v Organo-chlorophosphonium 
s a l t s may be produced from the corresponding phosphorane, 
e.g. Ref.59. 

Hexachloroantimonate s a l t s were chosen for investigation. 
These compounds were r e a d i l y produced by simple addition of 
the components i n methylene chloride solution. Although 
highly insoluble i n non polar solvents they were readily 
soluble i n nitrobenzene. Antimony pentachloride i s an 
extremely strong chloride ion acceptor and formed s a l t s 



with even the catechyl derivatives (See Chapter 5 ) . I n 
10 

addition the work of Beattie, Livingston, and Webster 
on the addition compounds of PC1 4

+ using P C l 4
+ S b C l g ~ could 

be d i r e c t l y confirmed. The species studied were 
P C l 4

+ S b C l 6 " , PhPCl 3
+SbCl 6~, (C 6H 40 2)PCl 2

+SbCl 6"" and 
(C gH 40 2) 2P +SbCl 6"". PhPCl 3

+ was also investigated as i t s 
hexachlorophosphate s a l t PhPCl 3

+PClg~. 
• The preparation of the parent phosphoranes and th e i r 

hexachloroantiraonate s a l t s i s described i n Chapter 2. 
The range of ligands investigated was mainly r e s t r i c t e d 

to those types forming well-characterised compounds with 
phosphorus pentachloride, namely pyridine and simple 
substituted derivatives of i t , bidentate pyridines 1,10 
.phenanthroline and 2,2'-dipyridyl, a9 

1,10-phenanthroline 2,2*-dipyridyl 

as well as chloride ions derived mainly from t e t r a a l k y l 
ammonium chlorides. Tetra-n-pentyl ammonium chloride 
was the most extensively used chloride ion source. The 
large cation made the s a l t soluble i n non polar (e.g. 
carbon tetrachloride) as well as polar solvents. I t 
provided a large cation to help s t a b i l i s e any weakly 
bound large anions formed. I t i s also very easy to 
dry, the lower t e t r a a l k y l ammonium chlorides being 
very d i f f i c u l t to obtain anhydrous (especia l l y 
tetra-n-butyl ammonium chloride). Sometimes 
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tetra-n-propyl ammonium chloride was used, i n addition to a 
number of other chloride ion sources. 

Nitrobenzene was found to be a suitable solvent both 
for molecular and i o n i c complexes and was generally used 
i n t h i s work. The solvent i s known not to react with 

87 
phosphorus pentachloride even at elevated temperatures • 
Methylene chloride was also commonly used for molecular 
complexes but i o n i c species were generally insoluble i n 
t h i s medium. No d i f f i c u l t y was found i n the use of the 
solvent even though methylene bromide and iodide react 

88 
with pyridine under very mild conditions • 
3. Techniques Used 

31 
( i ) P n.m.r. spectroscopy 

a) Solution 
31 

P nuclear magnetic resonance spectroscopy i s i d e a l l y 
suited for the study of changes i n the co-ordination of 

31 
phosphorus(v) compounds. P chemical s h i f t s cover a 

89 
range of greater than 600 ppm • Three co-ordinate 
compounds span the whole range of s h i f t s . Species with 
higher co-ordination numbers do, however, f a l l within 
s p e c i f i c ranges. Within particular classes of compounds 
(e.g. organo chlorophosphorus species) the co-ordination 
number may be deduced from the chemical s h i f t . I n general 
( t h i s i s not e a s i l y applicable to phosphorus ( I I I ) 
compounds where the shielding of the nucleus i s greatly 
affected by bond angles) the greater the co-ordination 
number of the phosphorus the greater i s the nuclear 
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shielding and so the higher i s the chemical s h i f t . The 
chemical s h i f t also increases with increasing negative 
charge on phosphorus. This i s i l l u s t r a t e d by the s h i f t s 
( r e l a t i v e to 85% aqueous phosphoric acid) of phosphorus-
chlorine species, P0C1 3 being included as an example of 
a neutral, four co-ordinate chloro-species. 
PCI3 PC1 4

+ POCI3 PC1 5 PC16"* x 

-219 -86 -2.5 +83 +296 ppm 

Organo chloro-compounds tend to have a smaller range 
of chemical s h i f t s . A value of between -220 and -120 ppm 
may be ascribed to a three co-ordinate species, one between 
about -120 and -20 ppm to a four co-ordinate species, 
between about -10 and +85 ppm to a f i v e co-ordinate 
species and any s h i f t greater than +85 ppm to a s i x co-ordinate 
species. Thus the formation of a s i x co-ordinate adduct i s 
immediately apparent from the chemical s h i f t . PCI,..pyridine, 

23 31 
for instance, has a chemical s h i f t of about + 233 ppm ' • 
With compounds containing oxygen ligands the range of 
s h i f t s i s somewhat compressed, probably due to the 
a b i l i t y of the oxygen ligand to accommodate part of 
the formal charge from phosphorus. Thus the s h i f t of 
f i v e co-ordinate P-0 compounds usually f a l l s between 0 

89 
and + 60 ppm whilst the s h i f t range of 6 co-ordinate 
compounds i s between + 80 and + 110 ppm. 

Mixed species appear to have s h i f t s between the two 
extreme species e.g. the s e r i e s 
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+ 186.6 ppra P:° 
v + 147 

+ 106 ppm + 82 ppm 

31 The' second advantage of P n.m.r. spectroscopy 
for the study of co-ordination i s that hydrolysis or 
oxidation products do not interfere with the observation 
of. the spectra. The signals from these species are usually 
well-removed from areas of i n t e r e s t . Hydrolysis of 
phosphorus(v) chloro-compounds generally proceeds v i a 

90 the oxychloride 
corresponding acid 
e.g. PC1 5 + H20 -

then i n a stepwise manner to the 
91 

P0C1 3 + 2HC1 

H20 

P0C12<0H) 

H20 

POCl(OH), 

H20 

H 3 P 0 4 

( I n the pa r t i c u l a r case of phosphorus pentachloride 
92. pyrophosphoryl chloride, P 2°3 C 14> i s 3 1 3 0 P r o d u c S d 
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When the extent of hydrolysis i s small, as observed i n t h i s 
work, the reaction proceeds only to the oxychloride. These 
species have chemical s h i f t s between about -50 and 0 ppm, 
outside the ranges for s i x co-ordinate products or for 
st a r t i n g materials. N.m.r. data for the main hydrolysis 
products are summarised i n Appendix 2. 

31 
The main disadvantage of P n.nur* spectroscopy i s 

31 
i t s lack of s e n s i t i v i t y . Although the P isotope i n 
phosphorus i s i n 100% natural abundance, the nuclear 

3 l 
properties of phosphorus make P n.m.r* only 6.6% as 
sen s i t i v e as *H n.m.r. spectroscopy for equal numbers of 

31 
n u c l e i . Single P n.m.r. peaks were found i n t h i s work, 
any coupling with n u c l e i i n the organic groups being 
unresolvable. Proton signals are often s p l i t by coupling. 
The signals are, however, generally far sharper than 
phosphorus s i g n a l s . The lack of s e n s i t i v i t y of phosphorus 
may be p a r t i a l l y compensated by u t i l i s i n g 8.5 mm diameter 
n.m.r. tubes, instead of the 5 mm diameter tubes used for 
proton n.m.r., but even so the signal i s often not v i s i b l e 
on a single scan of the spectrum. Signal enhancement can, 
however, be conveniently achieved by signal averaging, using 
a computer of average transients (C.A.T.). 

b) Solid State 
31 

The large s h i f t s found i n P nuclear magnetic resonance 
make feasi b l e the study of co-ordination by s o l i d state n.m.r. 
spectroscopy. Although l i n e s i n so l i d s t ate spectra are 
very broad making peak maxima only measurable to a few 
ppm the large s h i f t on change of co-ordination number 
makes t h i s degree of accuracy s u f f i c i e n t t o discern the 
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state of co-ordination of the species* 
93 94 

Andrew ' showed that the s o l i d state spectrum of 
phosphorus pentachloride consisted of two l i n e s at -91 
and +282 ppm attributable to PC1 4

+ and P C l g ~ respectively. 
A modified broad l i n e spectrometer was used i n which the 
compound was spun at high v e l o c i t y at an angle of 54° 44* 

95 
to the magnetic f i e l d • Under these conditions the 
dipole-dipole interaction i s minimised. Phosphorus 
pentachloride and several other compounds containing 
PC1 4

+, or P B r 4
+ ions were studied by Wieker and Grimmer 

86 96 98 
using a conventional broad l i n e n.m.r. spectrometer 9 " • 
Dillon and Waddington studied a variety of phosphorus 
compounds using a high resolution n.m.r. spectrometer 

99 
with spectrum accumulation • Signals were often 

99 
s u f f i c i e n t l y narrow to observe by t h i s technique , which 
has subsequently been used to characterise the mixed 
P C l

x
B r 4 _ x

+ ions These have also been observed 
101 

with a broad l i n e spectrometer • The paper reporting 
t h i s discusses the r e l a t i v e advantages and disadvantages 

of broad l i n e and high resolution techniques for s o l i d 
31 

state P n.m.r. measurements. The high resolution 
102 

technique has also been applied to R 3 P X 2 s P e c ^ e s 

(X s halogen), to P 2 C l g B r , 1 0 3 and to P0C1 3 adducts 1 0 4 . 
The l i n e s observed are generally broad, widths at 

half-peak height of about 50 ppm (^1200 Hz) being t y p i c a l , 
and symmetrical i n shape. The broadness i s mainly due to 
the ef f e c t of dipole-dipole interactions. With f r e e l y 
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rotating molecules, as i n solutions, these ef f e c t s are 
averaged out producing much sharper l i n e s * Dipolar 
broadening i n the s o l i d state i s generally so great as 
to mask any other e f f e c t s , such as anisotropy of the 

31 

chemical s h i f t tensor. As the chemical s h i f t s i n P 
n.m.r. spectroscopy are very dependent on the environment 
of the phosphorus ( s h i f t s of up to 600 ppm) compared to the 
more commonly used nucleus *H ( s h i f t s o f 25 ppm), under 
c e r t a i n circumstances anisotropic effects may become 
apparent. These would then give the l i n e an unsymmetrical 
appearance and cause further broadening. Although only a 
few instances of spectra showing t h i s effect have been 

105—109 
reported examples are known i n the spectra of 

109 
phosphorus (v) species • The p o s s i b i l i t y must therefore 
be taken into account. 

Consider a single c r y s t a l containing molecules of 
a x i a l symmetry i n unique crystallographic environments. 
Two of the three pr i n c i p l e values of the tensor w i l l be 
equal. g z z 

I f the n.m.r. spectrum of the single c r y s t a l i s observed 

\ 

/ xx / yy 
(«&XX) 

i n the yz plane and the c r y s t a l i s rotated through 360 ,o 

about the x axis, the chemical s h i f t w i l l progress 
slowly from 
,«yy •> 8 zz > *yy ozz —i Syy 
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A similar progression w i l l occur when observed i n the xz 
plane and rotated about the y axis* When observed i n the 
xy plane and rotated about the symmetry (z) axis, however, 
the s h i f t remains at a constant value of # xx • # yy. Such 

13 
an investigation has been undertaken with the C spectrum 
of c a l c i t e 1 0 6 • 

A powder can be considered as a large number of 
randomly orientated molecules, the n.m.r* absorption 
being the sum of the absorptions over a l l possible 
orientations* Theoretical l i n e shapes have been given 

108 
by Andrew and T u n s t a l l • The absorptions are dominated 
by the S xx e S yy s h i f t * 

Theoretxcal 
lineshape 

XX 

Experimental curves have an asymmetric appearance 

Experimental 
lxneshape 

bxx= o fez 
The l i n e i s somewhat broader than expected for an 
i s o t r o p i c s h i f t * The average s h i f t , as found i n 
solution, w i l l not be the absorption maximum, but 
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an average of the principle values 1 0 6 • 
i . e . & soln = 1 ( * zz + 2 * xx) 

This can be s i g n i f i c a n t since the s h i f t difference of the 
109 

components i n , for example, P 4 ° 1 0 i s 265 ppm * . 
Since no non spherically symmetric octahedral complexes 

have been previously studied the size of t h i s effect i s 
unknown. No asymmetry of the signal i s observed with 

23 
related organo chloro-phosphonium ions , however, and 
t h i s effect may therefore be negligible for f a i r l y 
symmetrical species. 
( i i ) Infra-red spectroscopy 

Phosphorus-chlorine stretching frequencies occur i n 
—1 110 1*11 

the infra-red spectrum between 658 and 420 cm A ' . 
They are usually strong absorptions. Their position and 
number depend strongly on the environment of the phosphorus-
chlorine bond and are thus i d e a l for characterisation 
of complexes i n the s o l i d state. In addition the spectra 
of the s t a r t i n g materials are well-known. I n f r a red 
spectroscopy thus provides a quick check on whether 
any start i n g material i s present i n the product. 

TABLE 3 
*• CHARACTERISTIC i . r . FREQUENCIES OF P-Cl 

STARTING MATERIALS AND HYDROLYSIS PRODUCTS 
PC1 4

+ 653 cm"1 Ref.110 
PC1 6" 449 cm"1 Ref.110 
P0C1, 581, 485 cm""1 Ref.112 (581 cm"1 peak i s the 

stronger) 
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Although the region of the i n f r a red spectrum between 
660 and 420 cm i s i n general free from C-H and C-C 
absorptions, bands i n t h i s region may also be found 

113 
from P-Ph groups. Although bands from the complexes 
cannot then be e a s i l y assigned to p a r t i c u l a r vibrations, 
the spectrum i n t h i s region i s s t i l l extremely useful 
for "fingerprinting"• 

Many of the complexes prepared i n t h i s work are ionic, 
and have been synthesised with more than one counter-ion. 
Spectra of the i o n i c species would be expected to be 
quite similar even with different counter ions. The 
i n f r a red spectra then provided a means of confirming 
the presence of si m i l a r species i n the complexes* 

35 
( i i i ) CI Nuclear quadrupole resonance spectroscopy 

35 
The Cl n.q.r. spectra of several of the complexes 

were determined by Dr. R. J . Lynch i n order to obtain 
further information about t h e i r s o l i d state structures. 
N.q.r. signals occur by resonance between the non-degenerate 
energy l e v e l s of a nuclear quadrupole interacting with an 
asymmetric e l e c t r i c f i e l d gradient. Thus for the 
completely symmetrical chloride ion no absorption i s 

35 
found. A chlorine atom produces a CI ( I s 3/2) signal 
at 54.87 MHz. For chlorines within a molecule signals 
are found between 54.87 and 0 MHz, dependent on the 
character of the X-Cl bond. The simplest interpretation 

114 
of the frequency value gives the position by , 
Vmolecule . -
V chlorine atom - ( 1 - S ) c r " % 
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where S i s the amount of S -p hybridisation and c and 
are the r e l a t i v e amounts of the c and characters of the 
X-Cl bond. Each chemically d i s t i n c t chlorine atom w i l l give 
a separate s i g n a l . I n addition crystallographical inequivalencies 
may further s p l i t these l i n e s . Thus i n s o l i d PCl 4

+PClg" 
(at 77K) separate signals are found for P C l 4

+ and P C l g ~ 
115—117 

but each of these signals i s a multiplet . For 
116 

s o l i d , molecular, PCI,, separate signals are found for 
the a x i a l and equatorial chlorines. 

37 
As CI also possesses a nuclear quadrupole ( I e 3/2), 

resonances may also be detected from t h i s nucleus. These 
1 35 

occur at ^,2688 o f ^ n e f r e < l u e n c Y o f the CI l i n e s but 
have only 25% of the i n t e n s i t y . They are thus not used 
for signal detection but are useful i n deciding whether 

35 
a par t i c u l a r resonance i s from CI or from another 
quadrupolar nucleus. L i t t l e ambiguity was found i n t h i s 
work. The other quadrupoles present absorbed i n different 
frequency ranges ( N, Br, Br) or were present i n 
environments d i f f e r i n g only s l i g h t l y from spherical symmetry 
so that the resonance frequencies would be close to zero 
( S b C l g ~ at 77K produces i n many cases a multiplet due 
either to symmetrical SbClg" i n a variety of c r y s t a l s i t e s , 
or to a distorted octahedron. I n t h i s l a t t e r case there 
w i l l be a s l i g h t f i e l d gradient at the 1 2 1 Sb or 1 2 3 Sb 
nucleus). 

I t i s , i n theory, possible to distinguish between 
cer t a i n isomers i n the s o l i d state using n.q.r. techniques. 
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For an octahedral complex C14A2M, when the A atoms are 
trans to each other a l l the chlorines are equivalent. 
One group 

CI 

trans Cl 4A 2M c i s C14A2M 
35 of l i n e s should then be seen i n the CI n.q.r. spectrum* 

I f the A atoms are c i s the chlorines s p l i t into two 
chemically d i s t i n c t p a i r s , depending on whether the 
chlorines are trans to another chlorine or to A, Two 
groups of l i n e s of approximately equal i n t e n s i t y are 
then expected i n the spectrum. An example of such a 
system i s a P C l 4 p y 2

+ species. 
The technique may only be used i n the s o l i d state, 

however, and i s p a r t i c u l a r l y sensitive to imperfections 
115 

or s t r a i n s i n the c r y s t a l structure . I n many compounds 
the technique i s too in s e n s i t i v e to detect signals. Other 
compounds may have to be annealed at jus t below t h e i r 
melting points. Thus, although a potentially extremely 
useful technique, at present i t has severe experimental 
disadvantages i n i t s application as a method of determining 
structures. 
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CHAPTER 2 
EXPERIMENTAL 

1. Methods Used 
( i ) Glove Box Techniques 

A l l reactions were carried out under an atmosphere of 
dry nitrogen, because of the great s e n s i t i v i t y of the 
s t a r t i n g materials and products, p a r t i c u l a r l y i n solution, 
to water. S i m i l a r l y the phosphorus-containing re act ants 
and products were stored under nitrogen i n closed containers. 

Reactions were generally performed i n a glove box 
continuously purged with dry nitrogen. The glove box was 
equipped with two entry ports; a large port and a smaller 
"quick entry" port. The large port was purged with nitrogen 
for at l e a s t 30 minutes before opening to the glove box. 
The "quick entry" port was either evacuated using an external 
water pump, or flushed with nitrogen by means of the excess 
pressure i n the glove box. A large dish of phosphorus 
pentoxide was kept exposed i n the box to remove f i n a l 
t r a c e s of water. The surface of the phosphorus pentoxide 
was reformed each time i t developed a skin. An external 
water pump could be attached to a f i l t e r apparatus inside 
the glove box, so that reactions and product i s o l a t i o n 
could be carried out completely within the box. 

A short vacuum l i n e was sometimes used for drying 
processes. The l i n e was equipped with rotary and mercury 
diff u s i o n pumps. The l a t t e r could be by-passed on the 
l i n e i f required. 
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Moisture-sensitive materials were weighed outside the 
glove box i n stoppered sample tubes. 
( i i ) Preparation of Starting Materials 

a) Phosphorus Pentachloride 
This was purchased from May and Baker Limited and used 

without further p u r i f i c a t i o n . 
b) Phenvltetrachlorophosphorane 

• Phenyltetrachlorophosphorane was prepared by J . Lincoln. 
118 

according to the procedure of Michaelis but with methylene 
chloride added as a diluent. 

Phenyldichlorophosphine was diluted with methylene 
chloride. Chlorine was slowly bubbled into the cooled 
solution u n t i l a s l i g h t excess was present, as shown by 
a yellow colouration i n the solution. The solvent was 
then evaporated under vacuum to produce large white 
moisture-sensitive c r y s t a l s . 

The preparation was repeated several times on scales 
yielding up to 40g product. 

Although phenyltetrachlorophosphorane has a tendency 
"119 £0 

to take up excess chlorine according to the equation ' 
PhPCl 4 + C l 2 » PhPCl 3

 + C l 3 ~ 
31 

no contamination was detected, samples a l l giving P 
n.m.r. s h i f t s i n solution of about + 43 ppm (see Chapter 4 
Section l ( i ) ) . Any contamination by the t r i c h l o r i d e would 
lower the chemical s h i f t 6 0 « The presence of PhPCl^* ions 
i n the s o l i d state was undetectable by i . r . spectroscopy 
(Chapter 4 Section l ( i ) ) . Xt would thus seem that the 
excess chlorine i s removed by pumping. 



Typical analyses: C,28.46; H,2.51; P,12,44; Cl,55.0# 
C gH 5PCl 4 requires: C,28.84; H,2.02; P,12.39; CI,56,8% 

c) Catechvl phosphorus t r i c h l o r i d e 
(2,2,2-trichloro-1,3,2-benzodioxaphosphole) 
Samples of the compound were either obtained commercially 

(Aldrich Chemicals Limited) or were synthesised as below 
(see also Chapter 3 Section 3 ( i ) b ) . 

Typical preparation - 13.129g (75,048 mmole) catechyl 
phosphorus monochloride were mixed with an approximately 
equal volume of methylene chloride, 15.648g (75.124 mmole) 
f i n e l y powdered phosphorus pentachloride were slowly added 
i n portions, dissolving each portion almost completely 
before addition of the next. The res u l t i n g clear yellow 
solution was then evaporated almost to dryness at room 
temperature on a vacuum l i n e . Drying was completed on 
the f i l t e r pump. The s l i g h t l y yellowish white c r y s t a l s 
were not washed as they were found to be extremely soluble 
even i n 30/40 pet ether. Y i e l d » 16.948g = 92.0% as 
C 6H 40 2PC1 3. 

Typical analysis Pound: C,28.67; H,l,72; P,12.66; Cl,43,20 
(C 6H 40 2)PC1 3 requires C,29.24; H,1.64; P,12.98; CI,43.12 

0*-phenylene phosphorochloridite was obtained by the 
water-catalysed reaction of catechol with phosphorus 

120 
t r i c h l o r i d e , and was performed by J . Lincoln. 



d) Biscatechvl phosphorus monochloride 
(2-chloro-2,2lspiro b i (1,3,2-benzodioxaphosphole)) 
This compound was prepared according to the optimum 

62 
procedure of Ramirez . 

Typical preparation - 27.304g (131.19 mmole) phosphorus 
pentachloride were s t i r r e d i n 80ml dry benzene for 20 minutes. 
27.32g (248.1 mmole) catechol ( r e c r y s t a l l i s e d from toluene 
by J . Lincoln) were quickly added i n portions, as a so l i d , 
allowing the reaction to subside between each addition. 
After heating at 60-80° for one hour, the solution was 
transferred to the glove box and the pure-white s o l i d 
f i l t e r e d , washed with diethyl ether and dried at the pump. 
Y i e l d « 30.318g = 86.5% as (C 6H 40 2) 2PC1. 
Typical analyses Pound: C,50.72; H,3.01; P,10.64; CI,12.70. 
( C g H 4 0 2 ) 2 P C l requires C,50.99; H,2.86; P,10.96; CI,12.55. 

Some of the samples were r e c r y s t a l l i s e d from a 50/50 
benzene/hexane mixture i n order to reduce contamination by 
small amounts of impurity, probably (C gH 40 2)POH (see Chapter 5 
Section 4 ( D ) . 

e) Diphenvltrichlorophosphorane 
(See also Chapter 3 Section 3 ( i ) b) 
10.096g (48.462 mmole) powdered phosphorus pentachloride 

were slowly dissolved i n a mixture of about 9ml ( l l . l g 
49.9 mmole) diphenylchlorophosphine and 50ml methylene 
chloride. The solution was s t i r r e d . After about 5 minutes 
a precipitate started to form. After 2 hours the pure 
white s o l i d was f i l t e r e d , washed with a l i t t l e methylene 
chloride, then 30/40 pet ether and dried at the pump and 
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f i n a l l y under vacuum. Y i e l d • 9.506g a 71,7% as Ph 2PCl 3 

Analyses Pound: C.48.03; H,4.16; P,11.10; CI,37.01. 
P h 2 P C l 3 required C,49.43; H,3.46; P,10.62; CI,36.48. 

Ph 3PCl 2 was prepared by J . Lincoln by the chlorination 
121 

of triphenylphosphine i n carbon tetrachloride. 
f ) MePCl 3

+AlCl 4~ and MePCl 4 

The complex MePCl 3
+AlCl 4"" was prepared by J . Lincoln 

from methyl chloride, phosphorus t r i c h l o r i d e and aluminium 
chloride according to the method of Clay 1 2 2 » " 1 2 ^ # This was 
reduced by aluminium powder i n the presence of dry potassium 

124 
chloride to methyldichlorophosphine, which was then 
chlorinated i n methylene chloride solution to give 
methyltetr achloropho sphor ane• 

g) PhPCl 2Br 4 

125 
This preparation followed the procedure of Meisenheimer 

to produce PhPCl 2Br 2. 
2.4ml (7#5g 49 mmole) bromine dissolved i n carbon 

tetrachloride were slowly run into 6.4ml (8.5g 48 mmole) 
PhPCl 2 also i n carbon tetrachloride, the t o t a l volume of 
solvent used being approximately 90ml. At f i r s t a sticky 
s o l i d formed, but as the addition continued t h i s became 
a bright yellow precipit ate. S t i r r i n g was continued for 
several minutes. The s o l i d was then f i l t e r e d , washed 
with 30/40 pet ether, and dried at the pump, and then 
under vacuum. 
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Analyses Pound: C,17.37; H,1.25; P,7.91; CI,13.1; Br,66.54. 
PhPCl 2Br 4 requires C,14.45; H,1.01; P,6.21; CI,14.22; Br,64.10, 

h) Hexachloroantimonate s a l t s 
Each of the s a l t s formed was found to attack Apiezon 

grease. Antimony pentachloride was purchased from Hopkin 
and Williams Limited. 

PC1 4
+ Sba 6" 

This was prepared by the method of Schmidtpeter and 
Brecht 1 2 6 . 

Typical preparation - 8.7ml (20g 67 mmole) antimony 
pentachloride were slowly dripped into 14.163g (67.996 mmole) 
phosphorus pentachloride dissolved i n 170ml methylene chloride. 
This produced a thick white precipitate i n a very exothermic 
reaction. The s o l i d was f i l t e r e d , washed with methylene 
chloride and 30/40 pet ether and dried at the pump. Drying 
was completed on a vacuum l i n e . 

Y ields were quantitative. The preparation was repeated 
many times on scales yielding up to 35g product. With the 
larger scale preparations the solvent began to b o i l due to 
the exothermic nature of the reaction. Although undesirable 
inside a glove box, there was no effect on the product. 

PC1 4
+ SbClg" could be stored i n a stoppered f l a s k , 

under nitrogen, for long periods, i f a l l traces of solvent 
had been removed. 

P h P C l 3
+ SbClg" 

127 
This was prepared according to the method of Ruff . 

One of the two preparations was performed by J . Lincoln. 
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Inside the glove box 9.5ml (22g 74 mmole) antimony 
pentachloride i n 37ml methylene chloride were slowly added 
to 5ml (6.60g 37 mmole) phenyldichlorophosphine i n 55ml 
methylene chloride. The solution was l e f t to stand for 
a few minutes. The precipitate was then f i l t e r e d , washed 
with methylene chloride and 30/40 pet ether, dried at the 
pump and then on a vacuum l i n e , producing fine white c r y s t a l s . 

Y i e l d = 15.30g • 76% as PhPCl 3
+ SbClg" 

Analyses Found: C,12.97; H,1.03; P,5.52; CI,58.2 
P h P C l 3

+ SbClg"* requires C,13.13; H,0.92; P,5.64; CI,58.13 

These were produced from the parent phosphorane and 
antimony pentachloride i n a similar manner to the preparation 
of PC1 4

+ SbClg*". 
The white compounds produced were extremely sensitive 

to moisture, turning yellow within seconds on exposure to 
the glove box atmosphere, then black. Hence they were 
stored i n sealed containers immediately after removal of 
the solvent. Even i n a stoppered container inside the 
glove box the solids could only be stored for a few 
days. The decomposition appeared to be catalysed by 
contact with metal spatulas, glass spatulas being used 
i n the preparations. C,H,N analyses were not attempted 
as these involved use of metal capsules. Since cat 2P +SbClg"" 
attacked gel a t i n , P and Cl analyses were carried out i n 
glass capsules. 
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(a) 3.35ml (7.84g 26.2 mmole) antimony pentachloride 
were added to 6.406g (26.08 mmole) catechyl phosphorus 
t r i c h l o r i d e i n a small quantity of methylene chloride. 

The precipitate was f i l t e r e d and washed with 30/40 pet ether, 
producing a white s o l i d . 
Analyses Pound: P,6.52; Cl,52.37 
(C 6H 40 2)PC1 2

+ SbClg" requires P,5.86; CI,52.00 

(b) 2.31ml (5.41g 18.1 mmole) antimony pentachloride 
mixed with about 7ml methylene chloride were added to 
5.194g (18.38 mmole) biscatechyl phosphorus monochloride 
dissolved i n the minimum quantity of methylene chloride. 
For a few seconds the solution remained yellow, then a 
thick precipitate formed. The s o l i d was quickly isolated 
as i t seemed to decompose i n solution, producing a very 
dark colour i n the l i q u i d . The precipitate was f i l t e r e d , 
washed with 30/40 pet ether, and dried under vacuum to 
produce an off-white, almost fawn s o l i d . 

Y i e l d . 7.684g = 72.9% as c a t 2 P + SbClg" 
Analyses Found: P,5.28; CI,36.8 
c a t 2 P + SbClg" required P,5.62; CI,38.6 

i ) PC1 4
+A1C1 4~ 

The preparation follows the procedure of Petro and 
128 

Shore . 4.25g (20.4 mmole) f i n e l y ground phosphorus 
pentachloride and 2.83g (21.2 mmole) aluminium chloride 
(sublimed under vacuum to produce a l i g h t yellow solid) 



were each dissolved I n the minimum quantity of r e d i s t i l l e d 
grade methylene chloride. The aluminium chloride solution, 
which was dark and contained a small amount of white s o l i d 
(there seemed l i t t l e d i f f i c u l t y i n producing l i g h t coloured 
solutions i n t e s t experiments with reagent grade methylene 
chloride), was added to the phosphorus pentachloride 
solution, producing, after a few seconds, a white 
precipitate. This was f i l t e r e d , washed with methylene 
chloride and 30/40 pet ether and dried at the pump. 

Yi e l d » 4.97g a 71.4% as PC1 4
+A1C1 4". 

Analyses Pound: P,9.16; CI,83.5; Al,7.94 
PC1 4

+A1C1 4~ requires P,7.07; CI,83.0; Al,7.90. 
1) Phosphines 
Triphenylphosphine, purchased from R. Emanuel 

Limited, was r e c r y s t a l l i s e d from acetone by J . Lincoln. 
Phenyldichlorophosphine, purchased from Eastman-

Kodak as a yellowish l i q u i d , was d i s t i l l e d by J . Lincoln 
to produce a colourless l i q u i d . 

Diphenylchlorophosphine (ICN - K and K Labs I n c ) , 
tributylphosphine (Aidrich Chemicals Limited), and 
dimethyloctadecylphosphine (kindly donated by 
Dr. A. F. Childs of Messrs. Albright and Wilson 
Limited) were used without further p u r i f i c a t i o n . 
( i i i ) Ljqands 

The pyridine was Karl Fisher reagent grade (Hopkins 
and Williams Limited) and was used without further drying. 
2,2'»dipyridyl was used as supplied (Koch-Light Limited 
A.R. grade). 1,10-phenanthroline was obtained anhydrous 
(R. Emanuel Limited) but before use was l e f t i n a 



desiccator for several days over concentrated sulphuric 
acid and was stored open inside t h i s desiccator. 

Other pyridines were the best available commercial 
grade and were inspected by i n f r a red spectroscopy to see 
i f they contained excessive amounts of water, which gives 
an absorption at 3200-3500 cm"1. 2-picoline, 2,4,6-collidine 
and 2-chloropyridine were d i s t i l l e d from potassium hydroxide 

129 
p e l l e t s and were subsequently stored under nitrogen. 
The s o l i d pyridines usually contained no detectable moisture. 

Tetra-n-propyl ammonium chloride and tetra-n-pentyl 
ammonium chloride, purchased from Eastman Kodak Limited, 
were dried under vacuum for several hours at 100°C and 
were then stored and handled e n t i r e l y under nitrogen. 
Their i n f r a red spectra showed no trace of water after the 
drying procedure. Tetraethyl ammonium chloride was purchased 
(Schuhardt Limited) as specified to contain 5-7% water. 
( i v ) Adducts 

a) Nitrogen bases 
Reactions and adduct formation were i n i t i a l l y monitored 

31 
i n solution by P nuclear magnetic resonance spectroscopy. 
Once reactions had been established attempts were made to 
i s o l a t e the s o l i d complexes. Although the pyridine adducts 
could probably be precipitated from non polar solvents such 
as carbon disulphide ( c . f . l i t e r a t u r e preparation of PCI,..pyridine ) 
such solvents were not usually employed, because of the 
i n s o l u b i l i t y of l i k e l y contaminants. Any trace of hydrolysis 
of the chlorophosphoranes produces hydrogen chloride which 
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immediately attacks the pyridine to give the corresponding 
pyridinium chloride. This either precipitates as such, or 
i n the case of phosphorus pentachloride at l e a s t , may react 
further to form the corresponding chlorophosphate s a l t , 
e.g. PC1 5 + H20 ^ P 0 C 1 3 + 2 H C 1 

py + HC1 ^ pyH +C1~ 
pyH +C1~ + PC1 5 ^ pyH +PC1 6~ 

' Hydrolysis reactions producing hexachlorophosphates 
were investigated with phosphorus pentachloride and 
2,4,6-collidine (Chapter 3 section l ( i i ) a ) . As the 
hydrolysis contaminants were found to be soluble i n 
polar solvents preparation of the adducbs i n these 
media was attempted. A further advantage was that 
the complexes c r y s t a l l i s e d rather than precipitated 
out of solution, making them l e s s l i k e l y to contain 
impurities, and also giving them a l e s s strained 
c r y s t a l structure which would help n.q.r. investigations. 
Solvents which were not quickly attacked during the 
reaction were limited to nitrobenzene, nitromethane, 
and nitroethane. The l a t t e r two solvents were often 
slowly attacked. I f , however, the solid was removed 
from solution as quickly as possible, there was l i t t l e 
contamination of product. I n a few instances, where any 
i n i t i a l p a r t i a l hydrolysis product could be c l e a r l y 
distinguished from the more slowly precipitating 
adduct (e.g. cat 2Pdipy C l ~ ) , or where solvates were 
formed i n nitrobenzene (e.g. catPCl 2dipy + catPCl 4~) 



reactions were also carried out i n methylene chloride. The 
absence of hydrolysis products i n solids produced was confirmed 

+ 
by the lack of a broad N-H absorption i n t h e i r i . r . spectra. 
Pyridinium chloride, for instance, has two absorptions at 
2840 and 2740 cm"1 1 3 0 . Bis 2,4,6-collidinium chloride 
hexachlorophosphate (Chapter 3 Section l ( i i ) a ) has a broad 
absorption with peaks at about 2560 and 2600 cm"1. 

' Hydrogen chloride tended to build up i n the glove box 
because of hydrolysis of the phosphorus chloro-compounds by 
r e s i d u a l traces of water. This hydrogen chloride immediately 
attacked pyridine to form the corresponding pyridinium 
chloride, which then tended to f i l l the glove box with 
white fumes and also to contaminate the reaction solution. 
Two methods were used to combat t h i s . A few reactions were 
performed under a nitrogen atmosphere outside the glove 
box, and the reaction vessel then transferred inside. This 
was unsatisfactory when using nitromethane or nitroethane 
since the solvent was slowly attacked. Thus transfer had 
to be v i a the quick entry port which r e s t r i c t e d the f l a s k 
to small volumes ( l e s s than about 40ml). Complete handling 
of reactions under nitrogen i n closed systems outside a 
glove box becomes r e l a t i v e l y cumbersome with the quantities 
of materials required. At l e a s t 3g product were necessary 

35 31 for the Cln.q.r. and P n.m.r. s o l i d state investigations, 
and the average y i e l d i n any preparation was only about 60%. 

A technique was l a t e r developed for conducting the 
reaction e n t i r e l y inside a glove box. 



blow-off 

external 
water pump 

pyridine 

reaction 
solution 

Fig 1 Glove box apparatus for 
reactions involving 
liquid pyridines 
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A gas t i g h t system was erected i n s i d e the box (Figure 1) 
using q u i c k f i t apparatus, the p y r i d i n e being introduced i n t o 
the box i n s i d e t h e stoppered dropping f u n n e l . The p y r i d i n e 
was drawn i n t o the r e a c t i o n vessel under reduced pressure 
using s u c t i o n from t h e e x t e r n a l water pump, thus without 
contaminating the glove box atmosphere. A f t e r a l l the 
p y r i d i n e had r e a c t e d t h e apparatus was dismantled and the 
s o l i d i s o l a t e d by conventional glove box techniques* 

The above apparatus was o n l y necessary when handling 
l i q u i d p y r i d i n e s . Reactions i n v o l v i n g s o l i d p y r i d i n e s were 
performed i n stoppered f l a s k s i n the glove box w i t h the 
minimum exposure o f t h e f r e e p y r i d i n e t o t h e box atmosphere. 
Moist s o l i d s c o n t a i n i n g d i p y r i d y l or phenanthroline had t o 
be manipulated by glass spatulas. The l i g a n d s were found t o 
a t t a c k metal s p a t u l a s , producing b r i g h t r e d complexes which 
could contaminate t h e product. 

b) Chloride adducts 
Pew o f t h e above d i f f i c u l t i e s a p p l i e d where c h l o r i d e 

ions were used as l i g a n d s . Non polar as w e l l as polar 
solvents could be used. 

Some o f t h e adducts were p a r t i a l l y d i s s o c i a t e d i n 
s o l u t i o n and would not c r y s t a l l i s e out at room temperature. 
The use o f non p o l a r solvents in-xeased t h e d i s s o c i a t i o n . 
Two techniques were then developed. 

The adduct could be formed by f u s i n g an i n t i m a t e 
mixture o f t h e compounds. I t then contained no phosphorane 

' contaminant but was discoloured by products from organic 
side r e a c t i o n s . The method was u s e f u l i n preparing samples 
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f o r p h y s i c a l i n v e s t i g a t i o n s where the absence o f s t a r t i n g 
m a t e r i a l s was im p o r t a n t . 

A r y l chloro phosphorus(v) species tend t o decompose 
131 

at e l e v a t e d temperatures • By conducting the heating 
and c o o l i n g as q u i c k l y as p o s s i b l e , decomposition was kept 
t o a minimum. The temperature t o which t h e mixtures were 
heated depended on t h e lowest-melting component i n the 
mi x t u r e . 

TABLE 4 
M.pt. AND STABILITY OF VARIOUS STARTING MATERIALS 

Compound m.pt. Thermal s t a b i l i t y 

( C 5 H a l ) 4 N + OT 137° * See below 
C 6H 5PC1 4 

? 3 o 118 Almost no change on 
heating t o 100° 
p a r t i a l decomposition 
at 140 complete when 
heated t o 180° 132. 

(C 6H 5) 2PC1 3 194-200° 1 3 3 133 
Decomposes on melting 

CI 
0 I 0 166-8° 1 3 4 -

•present work 

Quaternary ammonium s a l t s o f t e n show no precise melting 
135 

p o i n t but decompose on heating • 
+ 

e.g. ( E t 2 N Me 2) C l ~ ^ EtgNMe + MeCl 
No study has been made w i t h t e t r a p e n t y l ammonium c h l o r i d e . 
I t was found here t h a t t h e anhydrous s a l t had a sharp 
m e l t i n g p o i n t at 137°C. I n the PhpPCU + p e n t 4 N + C l ~ system 
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(Chapter 4 Section 3 ( i ) ) where no adduct formation occurred, 
t h e quaternary ammonium s a l t was recovered w i t h l i t t l e l o s s . 

Secondly, i f equimolar q u a n t i t i e s o f t h e quaternary 
ammonium s a l t and phosphorane were dissolved i n methylene 
c h l o r i d e , c o o l i n g o f t h e s o l u t i o n could increase t h e extent 
o f adduct f o r m a t i o n by moving the e q u i l i b r i u m 

t o t h e r i g h t . The solvent could then be s l o w l y evaporated 
under vacuum. Although t h i s method was not prone t o side 
r e a c t i o n s , unless t h e c o o l i n g was s u f f i c i e n t and the r a t e 
o f evaporation slow enough, the adduct was l i k e l y t o be 
contaminated w i t h s t a r t i n g m a t e r i a l s . Thus the two methods 
were complementary. 

I n a number o f favourable cases the adducts were i s o l a b l e 
by t h e conventional technique o f mixing the components i n a 
s u i t a b l e solvent at room temperature. 

Preparation o f s p e c i f i c compounds i s described i n more 
d e t a i l i n t h e appropriate chapters, 
( v ) Solvents 
Methylene c h l o r i d e - R e d i s t i l l e d grade (BDH L i m i t e d ) was d r i e d 
and s t o r e d over mesh 4A molecular sieve under n i t r o g e n . 
Nitrobenzene - Analar grade (BDH L i m i t e d ) nitrobenzene 
was d i s t i l l e d from phosphorus pent02d.de and s t o r e d over 
molecular sieve under n i t r o g e n , 

30/40 pet ether - This was used as supplied (A.R. grade 
BDH L i m i t e d ) . The solvent was used t o wash and dry complexes. 
A l l r e a c t a n t s ( w i t h t h e exception o f catechyl phosphorus 
t r i c h l o r i d e ) and complexes were found t o be i n s o l u b l e i n 

RJTC1 + ZrJB 4 R.N" Z..PC1 

http://pent02d.de
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t h i s s o l v e n t . Since 30/40 pet ether i s immiscible w i t h n i t r o -
s o lvents i t proved best t o have the s o l i d as dry as possible 
before washing, or t o give a p r e l i m i n a r y wash w i t h methylene 
c h l o r i d e or benzene. 
Nitromethane - Eastman spectroscopic grade was used. This 
was found t o be more s l o w l y attacked than other grades. The 
solvent was d r i e d and s t o r e d over mesh 4A molecular sieve. 
Nitroethane - This was d r i e d and stored over mesh 4A molecular 
sieve. 

r 

Benzene and d i e t h y l ether were stored over sodium. 
Approximately 24 hours before use f r e s h sodium was added 
t o ensure a completely dry sol v e n t . 
1,2-dichloroethane was d i s t i l l e d from phosphorus pentoxide. 
Carbon t e t r a c h l o r i d e was stored over phosphorus pentoxide. 
A c e t o n i t r i l e was st o r e d over mesh 4A molecular sieve. 
Chloroform was e i t h e r used as reagent grade ( c o n t a i n i n g 
about 1 % ethanol) o r was f r e s h l y d i s t i l l e d from phosphorus 
pentoxide (see t e x t f o r which grade was used i n any p a r t i c u l a r 
experiment)• 
Symtetrachloroethane, t e c h n i c a l grade, was d i s t i l l e d from 

3.36 
calcium sulphate • The col o u r l e s s d i s t i l l a t e t urned 
y e l l o w over a pe r i o d o f days. The t e c h n i c a l grade solvent 
t u r n e d yellow on a d d i t i o n o f p y r i d i n e . This d i d not occur 
a f t e r d i s t i l l a t i o n . 
T etrahydrofuran was supplied f r e s h l y d r i e d as a l a b o r a t o r y 
s e r v i c e . The t e t r a h y d r o f u r a n was stood over potassium 
hydroxide p e l l e t s , and then r e f l u x e d w i t h potassium u n t i l 



t h e a d d i t i o n o f benzophenone produced a permanent blue-purple 
c o l o u r . The l i q u i d was then d i s t i l l e d i n t o a f l a s k containing 
l i t h i u m aluminium hydride and d i s t i l l e d from t h e r e when r e q u i r e d 
f o r use. 

Tetrahydrothiophene was d r i e d by storage over calcium hydride 
c . f . Ref.137. 

Other compounds used i n t h i s work were the best a v a i l a b l e 
commercial grade and were used without f u r t h e r p u r i f i c a t i o n . 
These i n c l u d e d bromine, phosphorus t r i b r o m i d e , cycloheptatriene 
and sodium t e t r a p h e n y l b o r a t e . 
( v i ) Analyses 

Carbon, hydrogen and n i t r o g e n were determined as a 
l a b o r a t o r y s e rvice by micro combust i o n w i t h a Perkin Elmer 240 
Elemental Analyser. The r e l i a b i l i t y o f t h e machine was v a r i a b l e . 
A s a t i s f a c t o r y a n alysis was u s u a l l y considered t o be w i t h i n 
0.5% o f t h e t h e o r e t i c a l a n a l y s i s , together w i t h s a t i s f a c t o r y 
phosphorus and c h l o r i n e analyses. 

The phosphorus and c h l o r i n e analyses were considered more 
r e l i a b l e . These and t h e other analyses below ware performed 
by R. Coult. A sample (about 40mg) weighed i n a g e l a t i n 
capsule was decomposed by heating w i t h sodium peroxide i n 
a n i c k e l Parr bomb. The residue was washed o u t , 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 100ml w i t h 
d i s t i l l e d water. For phosphorus a s u i t a b l e a l i q u o t was 
t r e a t e d w i t h ammonium molybdate - ammonium vanadate reagent 
and t h e absorbance measured at 420 \i using a SP500 spectrophotometer. 
Chlorine was determined by p o t e n t i o m e t r i c t i t r a t i o n . A 
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N 
s u i t a b l e a l i q u o t was t i t r a t e d against**"""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. 

I n t e r f e r e n c e occurred i n the analysis o f a number o f 
2 , 2 , - d i p y r i d y l or 1,10-phenanthroline complexes by the 
formation o f a r e d colour i n t h e s o l u t i o n . This was 
presumably due t o incomplete decomposition o f the l i g a n d 
which t h e n complexed w i t h f r e e metal i o n s . 

D i r e c t e s t i m a t i o n o f 2 , 2 , - d i p y r i d y l was performed f o r 
a number o f samples. The complexes were decomposed by 
d i s s o l v i n g i n water. The d i p y r i d y l was then estimated 
s p e c t r o p h o t o m e t r c i a l l y at 522(x as i t s ferrous s a l t . 

Bromine and i o d i n e 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 o f the 

138 
compound as described by Ingram • Aluminium was 
determined by atomic absorption spectroscopy. 

31 
2. P nuclear magnetic resonance spectroscopy 

31 
P nuclear magnetic resonance spectra were obtained 

using a Perkin Elmer RIO high r e s o l u t i o n n.m.r. spectrometer 
o p e r a t i n g at 24.29 MHz. The spectrometer embodies a 
permanent magnet o f f i e l d 14,000 Gauss (1.4 T e s l a ) . 
I n order t o scan l a r g e r f i e l d s than possible on the conventional 
spectrometer (200 ppra), a m o d i f i c a t i o n had been introduced 
t o extend the maximum sweep width t o 367 ppm. The sweep 
w i t h t h i s m o d i f i c a t i o n was l i n e a r f o r about 70% o f t h e 
range t h e n departed p r o g r e s s i v e l y from l i n e a r i t y . The 
m o d i f i c a t i o n was e s p e c i a l l y u s e f u l i n t h e r e c o r d i n g o f 
spectra o f s o l i d s . 



- 44 -

The computer o f average t r a n s i e n t s (C.A.T.) 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 o f each sweep. 
The s i g n a l from the output a m p l i f i e r was f e d i n t o an analogue/ 
d i g i t a l converter and was accumulated i n the computer. A f t e r 
processing t h e accumulated spectrum was f e d back i n t o the 
RIO and could be p l o t t e d on the chart recorder. Samples were 
enclosed i n 8.5mm outside diameter non spinning tubes, closed 
w i t h neoprene bungs covered w i t h p a r a f f i n f i l m (using " p a r a f i l m " 
t a p e ) . 

Phosphorus t r i o x i d e , P^Og, was used as an e x t e r n a l reference. 
S h i f t s are quoted, however, w i t h respect t o 85% aqueous phosphoric 
a c i d , P 40g then having a s h i f t o f -112.5 ppm 1 3 9 . S h i f t s t o 
lower f i e l d o f H 3 P 0 4 are taken as negative. Allowance was made 
f o r the n o n - l i n e a r i t y o f the wide sweep by recording the 
reference s i g n a l s on e i t h e r side o f the experimental peak 
using t h e f i e l d s h i f t , and c a l c u l a t i n g the experimental 
s h i f t from t h e distance o f the experimental peak from the 
r e f e r e n c e s , and t h e known separation o f the reference peaks, 

b 
i . e . a 

A B 
The s e p a r a t i o n o f t h e reference peaks A and B i s , say 
1 kc/s =, 16.67 ppm 
S h i f t o f experimental peak from A 

a x 16.67 ppm 
b 
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Saturated s o l u t i o n s were g e n e r a l l y used. The n.m.r. 
spectra were normally f i r s t r u n over a l a r g e range covering 
the s i x co-ordinate r e g i o n and, i f p o s s i b l e , the h y d r o l y s i s 
product r e g i o n , using the wide sweep f a c i l i t y , then r un 
over a narrower range (60 or 100 ppm) t o o b t a i n accurate 
s h i f t data. I n favourable circumstances the signals 
appeared e a s i l y on a s i n g l e scan, but w i t h o n l y s l i g h t l y 
soluble complexes up t o about 200 accumulated scans were 
necessary. Spectra were accumulated u n t i l the s i g n a l / 
noise l e v e l was at l e a s t ~15:2. 

Comparison o f the areas o f two peaks was achieved 
e i t h e r by weighing the t r a c e d peaks accurately or by 
comparing the i d e a l areas using a Dupont 310 curve 
analyser. 

S o l i d spectra were obtained by l e a v i n g the spectrometer 
t o accumlate o v e r n i g h t , up t o 1024 scans. Wide sweep was 
u s u a l l y necessary t o show the complete peak. A t y p i c a l 
spectrum i s shown i n Figure 2A. A s i m i l a r radiofrequency 
l e v e l was used as f o r s o l u t i o n s . S o l i d s u s u a l l y had t o 
e q u i l i b r a t e i n the machine f o r about 30 minutes before 
t h e y had s t a b i l i s e d enough t o s t a r t the accumulation. 
I n order t o determine peak maxima two techniques were 
used. The f i r s t consisted o f drawing an " i d e a l * 1 curve 
through t h e spectrum by hand, then determining the peak 
c e n t r o i d by the centre o f the absorption at various 
heights on the peak, measured p a r a l l e l t o the baseline. 
The peak maximum was taken as the average o f a number 



100 200 300 Pp™ 

Fig 2b PQ5.pyridine read out 
at a speed suitable 
for curve-fitting • 



g 
d c 

E 
E 
a 
E 

d c a 

1— 
D 
CJ 

CD C 
d u 
a. 
CO 
cn 

(U CD a. „ a) a; 
i — 

£ =J 
O ( J 
a w 
vl CD 
d " 
E E 
oo 
L_ H— 

d ^ 
d E 
X (D 

E o 
-+-' o 
CL b 
U) O 

(/) Q-C (/) 

XT} 
° 5? 



- 46 -

o f these values. The second technique i n v o l v e d simulating 
the spectrum on the Dupont 310 curve analyser. The maximum 
o f t h i s i d e a l peak was then determined v i s u a l l y . I n order 
t o f i t t h e analyser conveniently the spectrum was recorded 
at -J or -J o f the normal drum speed, making the peak 
sharper (many o f t h e spectra shown i n t h i s work are read 
out at these speeds. The e f f e c t on the spectra can be 
seen by comparing f i g u r e s 2a and b ) . The maximum was then 
marked on the experimental peak. A s i m i l a r p o s i t i o n was 
then marked on a spectrum read out at the normal drum speed 
by comparison o f i t s p o s i t i o n r e l a t i v e t o t h e noise on the 
peak. The s h i f t o f t h e peak was then c a l c u l a t e d , t h i s 
being o n l y possible on a spectrum read out at normal 
speed. This procedure was repeated a number o f times f o r 
each o v e r n i g h t accumulation. 

The above procedure i s exemplified i n Figure 3. 
With t h e exception o f o n l y the sharpest, most d i s t i n c t 

peaks several independent overnight runs were made f o r each 
sample. The e r r o r l i m i t s were determined from t h e spread 
e i t h e r o f the separate c a l c u l a t e d values or o f the average 
values determined from separate runs. The accuracy o f t h e 
determinations depended on the width o f the s i g n a l and 
the s i g n a l / n o i s e r a t i o , and also t o the degree o f slope 
on the b a s e l i n e . A s l o p i n g baseline i s caused by the 
gradual d r i f t i n balance o f the sample during the r u n . 
S l i g h t l y s l o p i n g baselines can be almost completely 
compensated i n both techniques described above, but a 
l a r g e r slope tends t o d i s t o r t the spectrum beyond 



compensation. A p o s i t i v e slope tends t o give a peak w i t h 
an apparent s h i f t higher than i t s t r u e value and a negative 
slope a lower s h i f t . The e f f e c t o f sample d r i f t becomes more 
pronounced the broader t h e s i g n a l , or where there i s only a 
small amount o f phosphorus i n the sample. 

The o p e r a t i n g temperature o f the spectrometer was 
34.2°C. 
3. Other Spectroscopic Techniques 
( i ) I n f r a Red Spectroscopy 

I n f r a r e d spectra o f s o l i d s were r u n as n u j o l mulls 
from 4000 t o 250 cm using a Perkin Elmer 457 g r a t i n g 
spectrometer. The n u j o l was stored over sodium. Phosphorus-
c h l o r i n e compounds were found t o attack unprotected caesium 
i o d i d e p l a t e s which were necessary t o give spectra t o 250 cm" 
M u l l s were r u n i n potassium bromide p l a t e s t o give spectra 
from 4000 t o 650 cm , and then i n caesium i o d i d e plates 

p r o t e c t e d w i t h polythene sheets ( g i v i n g absorptions below 
—1. — 1 1000 cm at 712 and 722 cm ) t o give spectra between 

_ - i 
650 t o 250 cm • Except where otherwise s t a t e d a l l spectra 
were r u n at a medium scan r a t e (18 mins over the range 
4000-250 cm" 1). 

S o l u t i o n i . r . spectra were run i n KBr s o l u t i o n c e l l s 
w i t h a 0.1 mm spacing between the p l a t e s . Saturated, or 
near saturated s o l u t i o n s were used. 

35 
( i i ) CI Nuclear Quadrupole Resonance 

N.q.r. spectra were recorded on a Decca spectrometer 
by Dr. R. J. Lynch. 16mm outside diameter ampoules were 
u s u a l l y used. L i q u i d n i t r o g e n temperatures were necessary 



f o r s i g n a l d e t e c t i o n . A l l spectra quoted i n t h i s work were 
at 77K. Slow o v e r n i g h t scans between about 36 and 23 MHz 
were f i r s t r u n t o detect the signals i n the r e g i o n expected 

35 
f o r Cl resonances o f c h l o r i n e bonded t o phosphorus. 
Narrower scans were then r u n t o give a. more accurate 
s i g n a l p o s i t i o n . Zeeman modulation was used throughout. 
The l i n e shape produced by the spectrometer was a mixture 
o f the f i r s t and second d e r i v a t i v e o f the absorption curve. 
Due t o t h e i r probable thermal i n s t a b i l i t y , annealing o f the 
samples at an e l e v a t e d temperature was not attempted. 
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CHAPTER 3 
PHOSPHORUS PENTACHLORIDE AND ITS DERIVATIVES 

1. PCI,..Pyridine and Related Complexes 
( i ) I n t r o d u c t i o n 

The 1:1 complex between phosphorus pentachloride and 
27 28 p y r i d i n e was f i r s t mentioned by Holmes i n 1953. Gutmann 

i n 1954 also noted i t s f o r m a t i o n . The f i r s t d e t a i l e d account, 
g 

however, was give n by B e a t t i e and Webster i n 1961. E a r l i e r 
work e i t h e r gave r e s u l t s which would not have detected the 
presence o f a d d i t i o n compounds ^ ® or y i e l d e d p y r i d i n i u m 

3 
c h l o r i d e mixtures by p a r t i a l h y d r o l y s i s o f the reac t a n t s • 
The former paper does, however, show t h e great resistance 
o f the p y r i d i n e r i n g t o attack by phosphorus pentachloride, 
heating i n a sealed tube at 210-220° f o r 15-20 hours being 
necessary. R e f l u x i n g i n phosphoryl c h l o r i d e has very l i t t l e 
e f f e c t . 

B e a t t i e and Webster i s o l a t e d the moisture-sensitive 1:1 
Q 

complex from carbon d i s u l p h i d e s o l u t i o n • They measured 
i t s i n f r a r e d and Raman spectra and found i t t o be undissociated 11 29 20 30 i n benzene and a c e t o n i t r i l e ' • Holmes ' measured 
the heat o f r e a c t i o n i n nitrobenzene s o l u t i o n (24.5-26.5 k c a l / 
mole) and, using cryoscopy and c o n d u c t i v i t y measurements, 
suggested t h a t t h e adduct was molecular i n t h a t solvent. 

31 23 31. Latscha and D i l l o n measured the P n.m.r. chemical 
s h i f t o f phosphorus pentachloride i n neat p y r i d i n e s o l u t i o n 
(8 3 1 P + 234, + 233.2 ppm r e s p e c t i v e l y ) a t t r i b u t i n g t h i s 

23 
peak t o the molecular complex. - D i l l o n also found a 
value o f + 232.6 ppm f o r the complex i n dichloroethane 
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and i n v e s t i g a t e d t h e PCl 5/2-chloropyridine and PClg/3-picoline 
systems. The " P C I g . p y r i d i n e " complex o f Wieker, Grimmer and 

141 31 K b l d i t z appears from t h e i r P n.m.r. s h i f t (+ 296 ppm 
s o l i d , + 310 ppm a c e t o n i t r i l e s o l u t i o n ) t o be a hexachlorophosphate 
s a l t , probably p y r i d i n i u m hexachlorophosphate. A c e t o n i t r i l e 

142 
attacks phosphorus pentachloride at room temperature and 
so may also r e a c t w i t h the complex. Other workers,however, 

11 
have found no d i f f i c u l t y i n using a c e t o n i t r i l e s o l u t i o n s - • 

25 32 
R. C. Paul and co-workers ' prepared PClg.pyridine, 

PClg.quinoline, PCl,-.3-picoline and P C l 5 . 4 - p i c o l i n e and 
r e p o r t e d i n f r a r e d and conductance measurements (the l a t t e r 
i n nitrobenzene s o l u t i o n ) . The conductance data suggest t h a t 
the P C l 5 / p y r i d i n e complex i s i o n i c , i n contrast w i t h Holmes* 

20 
conclusions • T h e i r i n f r a r e d spectrum o f PClg.pyridine 

11 
does not agree w i t h t h a t o f B e a t t i e and Webster • 

As has been mentioned i n Chapter 1 s e c t i o n 1, Hensen 
21 

and S a r h o l t z observed the u l t r a v i o l e t spectrum o f 
PCIg.pyridine, comparing i t w i t h other adducts o f p y r i d i n e . 

i 
A s h o r t e r l i s t was also mentioned from the heats o f formation 20 33 o f several p y r i d i n e adducts . Lehr and Schwarz compared 
the r e a c t i v i t y o f ammonium c h l o r i d e w i t h PClg", PCI,., p y r i d i n e , 
PC1 5 and PC1 4

+ and found t h a t r e a c t i v i t y increases w i t h Lewis 
a c i d i t y along t h e s e r i e s , 
PC1 6~ < py.PCl 5 < PC1 5 < PC1 4

+ 

O A 

I n c o n t r a s t Zhivukhin e t a l . found t h a t the r e a c t i v i t y 
o f phosphorus pentachloride w i t h ammonium c h l o r i d e increases 
on a d d i t i o n o f p y r i d i n e . This would suggest the complex t o 
have th e s t r u c t u r e PCl 4py +Cl~. 
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F i n a l l y P C l g . p y r i d i n e has been m e n t i o n e d i n a p a t e n t 
35 

c o n c e r n i n g o £ o l e f i n h o m o p o l y m e r i s a t i o n • 

A 1 : 1 : 1 complex o f phosphorus p e n t a c h l o r i d e w i t h p y r i d i n e 
28 

and p h o s p h o r y l c h l o r i d e i s known • On t h e b a s i s o f c o n d u c t i v i t y 

t i t r a t i o n s i t i s f o r m u l a t e d as C g H g N . P O C l ^ P C l g - . A 5 : 1 

complex o f i s o q u i n o l i n e w i t h phosphorus p e n t a c h l o r i d e has 
143 

been r e p o r t e d . The e l e m e n t a l a n a l y s i s - o f a complex 

o f t h i s s t o i c h i o m e t r y w o u l d be v e r y s i m i l a r , however , t o 

t h a t o f t h e more p r o b a b l e i s o q u i n o l i n e h y d r o c h l o r i d e , f o r m e d 

as a h y d r o l y s i s p r o d u c t . 
9 22 

Deveney and Webster » have i s o l a t e d a 1 : 1 complex o f 

phosphorus p e n t a c h l o r i d e w i t h 1 , 1 0 - p h e n a n t h r o l i n e . From 

c r y o s c o p i c and c o n d u c t i v i t y measurements, and a l s o b y compar i son 
+ 9 22 

o f i t s i n f r a r e d s p e c t r u m w i t h t h a t o f P C l 4 p h e n S b C l g * , 
+ - 23 t h e y f o r m u l a t e d t h e complex as P C l 4 p h e n C I • D i l l o n has 

i s o l a t e d a 1 , 3 3 : 1 complex o f phosphorus p e n t a c h l o r i d e w i t h 
31 

d i p y r i d y l , t h e s o l i d P n . m . r . spec t rum o f w h i c h shows an 
a s y m m e t r i c peak a t + 292 .4 ppm w i t h a p ronounced s h o u l d e r t o 

3 1 

l o w e r f i e l d . T h i s complex g i v e s P n . m . r . peaks i n 

n i t r o b e n z e n e s o l u t i o n a t + 191 .3 ppm and + 299 .0 ppm. The 

l a t t e r i s a t t r i b u t e d t o P C l g ~ and t h e f o r m e r t o t h e P C 1 4

+ 

i o n c o - o r d i n a t e d b y t w o n i t r o g e n atoms, r e n d e r i n g t h e 

complex i o n i c ( c . f . t h e s h i f t o f t h e P C I , . . p y r i d i n e complex 

a t + 233 p p m ) . P C l ^ d i p y has a l s o been m e n t i o n e d as a 

p r i v a t e c o m m u n i c a t i o n by Webster i n r e f e r e n c e 2 9 . 

T h u s , w i t h t h e e x c e p t i o n o f t h e work o f P a u l , Sehgal 
25 32 34 

and Chanda ' and t h a t o f Z h i v u k h i n e t a l , t h e r e s u l t s 
sugges t t h a t P C I , . . p y r i d i n e i s m o l e c u l a r and u n d i s s o c i a t e d 



I 

I 
1 
1 
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b o t h i n t h e s o l i d and a l s o i n s o l u t i o n , w h i l s t adducts w i t h 

b i d e n t a t e p y r i d i n e s appear t o be i o n i c * The e x a c t f o r m u l a t i o n 

o f t h e s e l a t t e r complexes appears t o d i f f e r w i t h d i f f e r i n g 

l i g a n d s however* 

O f t h e complexes o f phosphorus p e n t a c h l o r i d e w i t h o t h e r 
3 1 

d o n o r s , , , Ph 3 PO.PCl t - M appears f r o m i t s P n . m . r . spec t rum 

( S 3 1 P - 6 7 , 2 , + 2 9 7 . 0 ) 3 9 t o be P h 3 P C l + P C l 6 " " . S h i f t s f o r 

t h e Ph^PCl"1" and PClg"* i o n s have been r e p o r t e d as - 6 6 and 

+295 ppm r e s p e c t i v e l y 3 1 » 5 8 . i n d e e d P h 3 P C l + P C l 6 ~ has been 

p r e p a r e d f r o m PI13PO and P C 1 5

 3 3 . S i m i l a r l y " ( n - C 4 H 9 ) 3 PO.PClg" 

( & 3 1 P - 1 0 3 . 5 , +296JD) 3 9 appears t o be ( n - C 4 H 9 ) 3 P C l + P C l g " , 
3 1 58 

t h e s h i f t s o f t h e s e i o n s b e i n g r e p o r t e d as - 1 0 2 and +295 ppm 9 • 
39 

The a n a l y s e s d o , however , c o r r e s p o n d t o t h e adduc ts • 
41 

F r a z e r e t a l . i s o l a t e d t h e complex be tween Ph 3 P0 and PClg 

b u t f r o m i t s i n f r a r e d spec t rum f o r m u l a t e d t h e complex as 

P h 3 P C l 2 » P O C l 3 . I f d i s s o c i a t e d i n s o l u t i o n t h i s w o u l d show 
. go 

s i g n a l s a t t r i b u t a b l e t o PhgPCl ( -66 ppm) and P0C1 3 ( - 2 ppm) 

( i i ) P r e s e n t Work 

a) S o l u t i o n I n v e s t i g a t i o n s 

P C l g . p y r i d i n e i s t h u s w e l l e s t a b l i s h e d . To e x t e n d 

knowledge o f t h i s t y p e o f complex , s o l u t i o n s o f phosphorus 

p e n t a c h l o r i d e w i t h v a r i o u s s u b s t i t u t e d p y r i d i n e s were 
3 1 

i n v e s t i g a t e d u s i n g P n . m . r . t e c h n i q u e s . I t was hoped 

t o d i s c o v e r any change o f b e h a v i o u r w i t h r e s p e c t t o 

s u b s t i t u t i o n , t o g e t h e r w i t h any t r e n d s i n t h e n . m . r . 

s h i f t . The e f f e c t o n adduct f o r m a t i o n o f e i t h e r l o w e r i n g t h e 



b a s i c i t y of t h e p y r i d i n e o r h a v i n g l a r g e oc s u b s t i t u e n t s on t h e 

p y r i d i n e r i n g , was a l s o s t u d i e d , 

A l a r g e v a r i e t y o f s u b s t i t u t e d p y r i d i n e s was i n v e s t g i a t e d 

(see T a b l e 5 ) , f a l l i n g i n t o t h e c a t e g o r i e s o f m e t h y l p y r i d i n e s 

( 2 , 4 , 6 - c o l l i d i n e , 2 - and 3 - p i c o l i n e ) ; s t e r i c a l l y u n h i n d e r e d 

p y r i d i n e s o f weaker b a s i c i t y t h a n p y r i d i n e i t s e l f ( 3 - F , C l , B r , I , C N 

p y r i d i n e , 4-CN , 3 , 5 d i - C l - p y r i d i n e , p y r a z i n e ) ; and h i n d e r e d 

2 - s u b s t i t u t e d p y r i d i n e s o f l o w b a s i c i t y ( 2 - P , C l , B r , C N p y r i d i n e ) . 

I n a d d i t i o n a b i d e n t a t e p y r i d i n e , 1 , 1 0 - p h e n a n t h r o l i n e , was 

i n v e s t i g a t e d . 

S o l u t i o n s were g e n e r a l l y made up w i t h a l a r g e excess o f 

p y r i d i n e i n o r d e r t o i n c r e a s e t h e p o s s i b i l i t y o f complex 

f o r m a t i o n w i t h weak b a s e s . For some l o w b a s i c i t y p y r i d i n e s , 

and f o r t h e 2 - s u b s t i t u t e d m e t h y l p y r i d i n e s s o l u t i o n s were 

a l s o made up c o n t a i n i n g e q u i m o l a r q u a n t i t i e s o f t h e r e a c t a n t s . 

The r e s u l t s a r e shown i n T a b l e 5 . The p y r i d i n e s are 

a r r a n g e d i n o r d e r o f t h e pKa v a l u e s o f t h e i r c o n j u g a t e 

a c i d s . T h i s was u s e d t o g i v e an approx ima te r e l a t i v e 

measure o f b a s i c s t r e n g t h f o r monodentate p y r i d i n e s 

w i t h o u t r e g a r d t o l a r g e r s t e r i c e f f e c t s as e x p e c t e d f o r 

c o m p l e x a t i o n w i t h phosphorus p e n t a c h l o r i d e . 



TABLE 5 

SOLUTION INVESTIGATIONS OF 

PCI,. /PYRIDINE REACTIONS 

pKa 144 S 3 1 P S o l v e n t i 

2 , 4 , 6 - c o l l i d i n e 7 . 4 - 2 1 7 . 0 ( P C 1 3 ) 1 : 1 i n PhN0 2 

3 , 5 - l u t i d i n e 6 . 2 * adduct i n s o l u b l e -
2 - p i c o l i n e 5 .9 - 2 1 7 . 3 (PC1 3 > 1 : 1 i n PhN0 2 

3 - p i c o l i n e 5 .6 +228.0 * nea t 

p y r i d i n e 5 . 2 +228.0 nea t 

1 , 1 0 - p h e n a n t h r o l i n e 4 . 9 +190 .6 +299 .0 s a t PhN0 2 

+193.3 +298 .6 1 :1 i n PhN0 2 

3 - 1 p y r i d i n e 3 .3 +229.7 s a t PhN0 2 

3-P p y r i d i n e 3 .0 +229.3 nea t 

3 - B r p y r i d i n e 2 .9 +228.3 nea t 

3 - C l p y r i d i n e 2 . 8 +228 .6 nea t 

4-CN p y r i d i n e 1.9 +227.5 s a t PhN0 2 

3-CN p y r i d i n e 1.4 + 2 2 8 . 1 s a t PhN0 2 

p y r a z i n e 0 . 8 +224.9 s a t PhN0 2 

+ 2 1 9 . 1 1 :1 i n PhN0 2 

3 , 5 - d i C l p y r i d i n e 0 . 7 * +222 .7 s a t PhN0 2 

+170.2 1 :1 i n PhN0 2 

2 - B r p y r i d i n e 0 . 8 +83.0 nea t 

2 - C l p y r i d i n e 0 . 6 + 1 0 9 . 1 nea t 
+84.8 1 : 1 i n PhN0 2 

2-CN p y r i d i n e • - 0 . 3 +170.8 nea t 
+171.3 1 :1 i n PhN0 2 

2 - F p y r i d i n e . 0 . 4 +184 .7 +296 .7 nea t 
+77.8 1 :1 i n PhN0 2 

Peaks due t o s l i g h t h y d r o l y s i s are n o t t a b u l a t e d . 

i s o l v e n t e i t h e r nea t p y r i d i n e , n i t r o b e n z e n e s a t u r a t e d 

w i t h p y r i d i n e , o r c o n t a i n i n g e q u i m o l a r q u a n t i t i e s o f 

p y r i d i n e and P C 1 5 

t a peak a t - 2 0 3 . 3 ppm s l o w l y appears 

• pKa*s f r o m r e f . 1 4 5 



a) 

— I — 
290 

b) 

Fig 4 s ,Pn.m.r. solution spectra 
a) PCI, in 3-bromopyndine 109 scans 
b) PCI, in nitrobenzene saturated with 

1,10-phenanthroline 87 scans 
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The r e s u l t s compare w e l l w i t h t h e e x i s t i n g v a l u e s . 

TABLE 6 

KNOWN RESULTS FOR PCU/PYRIDINE MIXTURES 

6 3 1 P R e f . 

P C l 5 / 2 - C l p y r i d i n e +97 .2 ppm 23 

P C l 5 / p y r i d i n e +233.2 23 

P C I , . , p y r i d i n e +234 3 1 

P C l 5 / p y r i d i n e i n PhN0 2 +226 .6 23 

P C l 5 / p y r i d i n e i n C2H4C12 +231.5 23 

P C l 5 / 3 - p i c o l i n e i n C 2 H 4 C 1 2 +231.5 23 

P C I 5 / d i p y r i d y l i n P h N 0 2 * +189, . +293- 23 

* The s o l u t i o n was made up b y d i s s o l v i n g t h e s o l i d 

complex- PCI, . 1 # 3 3 > <*ipY 

3 1 

B i d e n t a t e p y r i d i n e s g i v e peaks i n t h e P n . m . r . 

s p e c t r u m a t a round +190 and +296 ppm, b o t h i n t h e 

6 - c o - o r d i n a t e r e g i o n ( F i g . 4 ) . The l a t t e r peak i s 

a t t r i b u t a b l e t o PClg"," w h i l s t t h e lower f i e l d peak i s 

a t t r i b u t a b l e t o P C l 4 d i p y + o r P C l 4 p h e n + , w i t h t h e d i p y r i d y l 
3 1 

and p h e n a n t h r o l i n e a c t i n g as b i d e n t a t e l i g a n d s . The P n . m . r . 

s p e c t r a o f t h e complexes P C l 4 p h e n + SbClg" and P C l 4 d i p y + S b C l 6 " " 

d e s c r i b e d i n Chap te r 3 S e c t i o n 2 ( i i ) a , a l s o show peaks a t 

about +190 ppm a t t r i b u t a b l e t o t h e s e c a t i o n s . The r i g i d 

s t r u c t u r e o f 1 , 1 0 - p h e n a n t h r o l i n e would make monodentate 
c o - o r d i n a t i o n h i g h l y u n l i k e l y . Even w i t h t h e more f l e x i b l e 

t 
2 , 2 - d i p y r i d y l , f e w s t r u c t u r e s have been p roposed where 



o n l y one n i t r o g e n c o - o r d i n a t e s t o a p a r t i c u l a r atom 1 4 6 - 1 5 1 ^ 

and none have been c o n c l u s i v e l y d e t e r m i n e d . 

The r a t i o o f t h e areas u n d e r n e a t h t h e P C l 4 p h e n + and 

P C 1 6 ~ peaks^are a p p r o x i m a t e l y e q u a l b o t h when t h e s o l u t i o n 

c o n t a i n s e q u i m o l a r q u a n t i t i e s o f phosphorus p e n t a c h l o r i d e 

and p h e n a n t h r o l i n e , and when an excess o f p h e n a n t h r o l i n e 

i s p r e s e n t . ^The s p e c i e s p r e s e n t i n s o l u t i o n are t h e n 

P C l 4 p h e n + P C l g " and f r e e p h e n a n t h r o l i n e . The 1 : 1 complex 

i s n o t f o u n d even when f r e e p h e n a n t h r o l i n e i s p r e s e n t . 

D i s p r o p o r t i o n a t i o n was f o u n d t o occu r when complexes o f 

t h e c o m p o s i t i o n P C l 4 p h e n + ( P C l g " ) 1 _ _ x

 C 1 ~ x

 w e r e d i s s o l v e d i n 

n i t r o b e n z e n e , 

P C l 4 p h e n + ( P C l 6 " ) x C l " 1 - x ( l + x ) P C l 4 p h e n + P C l 6 " * + JL-2 P h e " 

T h i s w i l l be d i s c u s s e d more f u l l y i n Chapter 3 s e c t i o n l ( i i ) . 

The c o n c l u s i o n t h a t P C l 4 p h e n + P C l g ~ i s t h e s t a b l e 

s o l u t i o n s p e c i e s c o n t r a s t s w i t h t h e work o f Webster and 
22 

Deveney • They d i s s o l v e d t h e s o l i d 1 :1 complex i n 

n i t r o b e n z e n e and f o u n d t h e s t r u c t u r e t o be P C l 4 p h e n + C l ~ , 

u s i n g m o l e c u l a r w e i g h t , and c ryoscop ic measurements . W i t h 

t h e s e t e c h n i q u e s v e r y d i l u t e s o l u t i o n s must be u sed , whereas 
3 1 

w i t h P n . m . r . s p e c t r o s c o p y v e r y c o n c e n t r a t e d s o l u t i o n s 

a r e r e q u i r e d . The d i s c r e p a n c y c o u l d be e x p l a i n e d b y a 

change i n s t r u c t u r e o n d i l u t i o n , as i s t h e case o f 
49 

phosphorus p e n t a c h l o r i d e i t s e l f • A t v e r y l o w 
c o n c e n t r a t i o n s t h e dominan t e q u i l i b r i u m i s , 

P C 1 5 r = * P C 1 4

+ + C I " 

whereas a t h i g h e r c o n c e n t r a t i o n s 
2 P C 1 5 f = * P C 1 4

+ + P C 1 6 ~ 

p r e d o m i n a t e s . 
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P y r i d i n e . 3-X p y r i d i n e ( X = F . C l . B r . I . C N ) . 4-CN p y r i d i n e 

Phosphorus p e n t a c h l o r i d e w i t h excess o f a monodentate 

p y r i d i n e s u b s t i t u t e d o n l y i n t h e 3 , 4 o r 5 p o s i t i o n gave a 
3 1 

s i n g l e P n . m . r , peak be tween +228.0 and +229 .7 ppm, 

about 38 ppm u p f i e l d f r o m t h e p o s i t i o n s o f P C l 4 d i p y + and 

P C l 4 p h e n + ( F i g u r e 4 ) , The l a r g e p o s i t i v e s h i f t s i n d i c a t e 

t h a t s i x c o - o r d i n a t e s p e c i e s are f o r m e d , w h i l e t h e s h i f t 

d i f f e r e n c e f r o m t h e c a t i o n i c complexes i s c o m p a t i b l e w i t h 

t h e i r f o r m u l a t i o n as m o l e c u l a r compounds e . g . P C l g . p y . 

S i m i l a r s h i f t s f o u n d w i t h t h e s o l i d s t a t e complexes f u r t h e r 

sugges t t h a t t h e peaks are due t o a d i s t i n c t m o l e c u l a r 

f o r m s and n o t t o an e q u i l i b r i u m between say P C l 4 p y g and 

PClg"" (Chap te r 3 s e c t i o n l ( i i ) b ) . I ndeed t h e s o l u t i o n 

peaks a re f o u n d n o t t o exchange w i t h t h e c o r r e s p o n d i n g 

P C l 4 p y 2

+ s p e c i e s ( C h a p t e r 3 s e c t i o n 2 ( i i ) a ) . 

The c h e m i c a l s h i f t seems l i t t l e a f f e c t e d b y t h e 

e l e c t r o n e g a t i v i t y o f t h e p y r i d i n e r i n g . T h e r e i s no 

o b s e r v a b l e t r e n d i n t h e s h i f t s o f t h e P C l g . p y complexes , 

t h e 2 ppm sp read o f s h i f t s b e i n g w i t h i n t h e sum o f 

e x p e r i m e n t a l e r r o r and s o l v e n t e f f e c t s . The c o n s t a n t 

s h i f t o f t h e s p e c i e s a l s o i n d i c a t e s t h a t under t h e s e 

c o n d i t i o n s t h e complexes are c o m p l e t e l y u n d i s s o c i a t e d . 

Any d i s s o c i a t i o n w o u l d l e a d e i t h e r t o t h e appearance o f 
3 1 

a P n . m . r . l i n e a t t r i b u t a b l e t o f r e e P C 1 5 ( m o l e c u l a r 
PCIj . b e i n g t h e e a s i e s t o f t h e phosphorus p e n t a c h l o r i d e 

3 1 

s p e c i e s t o d e t e c t i n n i t r o b e n z e n e s o l u t i o n by P n . m . r . 

s p e c t r o s c o p y ) o r w o u l d move t h e peak d o w n f i e l d f r o m t h e 
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p o s i t i o n o f P C l g . p y as i t exchanges w i t h f r e e PCI , . . The 

n a r r o w r a n g e t o g e t h e r w i t h t h e s i m i l a r i t y o f t h e s h i f t s o f 

P C l 4 d i p y and P C l 4 p h e n suggest t h a t P n . m . r . may be 

used t o d i s t i n g u i s h c l o s e l y r e l a t e d 6 c o - o r d i n a t e s t r u c t u r a l 

t y p e s . 

Where i n v e s t i g a t e d t h e complexes were c o m p l e t e l y a s s o c i a t e d 

even when t h e r e was no excess o f p y r i d i n e , s i m i l a r s h i f t s t o 

t h o s e i n T a b l e 5 b e i n g f o u n d . The s o l u t i o n s were p roduced 

b y t h e e q u i l i b r i u m o f P C l 4 L 2

+ S b C l g " (Chap te r 3 s e c t i o n 2 ( i i ) a ) 

a c c o r d i n g t o t h e e q u a t i o n , 

P C l 4 L 2

+ S b C l ~ 5 = * P C 1 5 . L + S b C l 5 . L 

P C l g . L must be p r o d u c e d w i t h no excess o f l i g a n d , L . S b C l ^ . L 

w o u l d be e x p e c t e d t o be c o m p l e t e l y a s s o c i a t e d , as an t imony 

p e n t a c h l o r i d e i s an e x t r e m e l y s t r o n g L e w i s a c i d • U n f o r t u n a t e l y 

due t o t h e i n s o l u b i l i t y o r l a c k o f f o r m a t i o n o f t h e c o r r e s p o n d i n g 

P C l 4 L 2

+ S b C l g " ~ complex , t h e method c o u l d n o t be used t o gene ra t e 

t h e P C 1 5 . L complex , where L = 3-CN or 4-CN p y r i d i n e . 

When t h e s o l i d P C l ^ . L complex i s d i s s o l v e d i n n i t r o b e n z e n e 

(It rr p y r i d i n e , 3 - C l , 3 -Br p y r i d i n e ) s h i f t s a re f o u n d a t 

about + 230 ppm o r h i g h e r , a g a i n i n d i c a t i n g t h a t no 

d i s s o c i a t i o n i s o c c u r r i n g . T h i s i s d i s c u s s e d more f u l l y 

i n Chap te r 3 s e c t i o n l ( i i ) b . 

The s h i f t o r d e r 
+ 

P C l 4 p y 2 < P C l 5 . p y < P C 1 6 " 

i s c o n s i s t e n t w i t h an i n c r e a s e o f t h e s h i e l d i n g o n phosphorus 

b y an i n c r e a s e i n i t s n e g a t i v e cha rge . 
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The s i m i l a r i t y o f t h e s h i f t s i n n i t r o b e n z e n e s o l u t i o n s 

o f phosphorus p e n t a c h l o r i d e s a t u r a t e d w i t h 3 - and 4 -

c y a n o p y r i d i n e t o t h o s e o f t h e o t h e r u n h i n d e r e d p y r i d i n e s 

i n d i c a t e s t h a t s i m i l a r s p e c i e s are p r e s e n t i n t h e s o l u t i o n 

and t h u s s i m i l a r c o - o r d i n a t i o n i s f o u n d i . e . t h r o u g h t h e 

r i n g n i t r o g e n a t o m . T h i s mode o f c o - o r d i n a t i o n i s g e n e r a l l y 
152 153 

f o u n d » due t o t h e g r e a t e r n u c l e o p h i l i c power o f t h e 
152 

p y r i d i n e n i t r o g e n o v e r t h e cyano n i t r o g e n • F u r t h e r 

c o - o r d i n a t i o n t h r o u g h t h e cyano g roup w o u l d n o t be expec t ed 

due t o t h e l o w a c i d i t y o f phosphorus p e n t a c h l o r i d e and a l s o 

t o t h e excess o f t h e c y a n o p y r i d i n e p r e s e n t . I t i s , however , 

known t o o c c u r w i t h s t r o n g e r a c c e p t o r s , such as t i n t e t r a c h l o r i d e 
153 

i n t h e absence o f excess c y a n o p y r i d i n e • B r i d g i n g 

c y a n o p y r i d i n e s a r e t h e n f o u n d . 

P y r a z i n e : 3.5 d i C I p y r i d i n e 

P y r a z i n e and 3 , 5 - d i c h l o r o p y r i d i n e g i v e s l i g h t l y l o w e r 

s h i f t s w i t h phosphorus p e n t a c h l o r i d e ( + 224.9 + 222 .7 ppm 

r e s p e c t i v e l y ) t h a n t h e p y r i d i n e s p r e v i o u s l y d i s c u s s e d . 

I n o r d e r t o d i s c o v e r whe the r t h e s h i f t s o f t h e complexes 

a r e g e n u i n e l y d i f f e r e n t o r m e r e l y due t o s l i g h t d i s s o c i a t i o n 

o f t h e complexes , s o l u t i o n s c o n t a i n i n g e q u i m o l a r amounts 

o f p y r i d i n e and phosphorus p e n t a c h l o r i d e were made u p . 

I f t h e peak i s due t o an e q u i l i b r i u m t h e n t h e s h i f t 

w i l l be a t much l o w e r f i e l d under t h e s e c o n d i t i o n s . 

W i t h p y r a z i n e a s i n g l e s h a r p l i n e i s f o u n d a t + 2 1 9 . 1 ppm, 

w i t h 3 , 5 - d i c h l o r o p y r i d i n e a t +170 .2 ppm» The l a r g e s h i f t 
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d i f f e r e n c e i n t h i s l a t t e r case i s a lmos t c e r t a i n l y due t o 

exchange be tween f r e e phosphorus p e n t a c h l o r i d e and t h e 

c o m p l e x . I n a 1 : 1 s o l u t i o n o f phosphorus p e n t a c h l o r i d e 

and 3 , 5 - d i c h l o r o p y r i d i n e t h e complex i s t h e n about 60% 

a s s o c i a t e d . The p y r a z i n e sys tem i s more ambiguous . The 

s l i g h t l y l o w e r v a l u e f o r t h e s h i f t may be due t o s l i g h t 

d i s s o c i a t i o n b u t may a l s o be due t o t h e p y r a z i n e b e i n g 

l e s s t h a n 100% p u r e , t h e P C l g / p y r a z i n e r a t i o t h e n becoming 

l e s s t h a n 1 : 1 . The l a t t e r e x p l a n a t i o n i s a lmos t c e r t a i n l y 

v a l i d . P C l g . p y r a z i n e p roduced b y t h e p a r t i a l d e c o m p o s i t i o n 

o f P C l 4 ( p y r a z i n e ) 2 + S b C l g " , t h e r e b y c o n t a i n i n g e q u i m o l a r 

q u a n t i t i e s o f r e a c t a n t s has a s h i f t o f +224 .2 ppm (Chapte r 3 

s e c t i o n 2 ( i i ) a ) . The p y r a z i n e complex may have a s l i g h t l y 

d i f f e r e n t s h i f t compared w i t h o t h e r p y r i d i n e complexes 

because i t has a s l i g h t l y d i f f e r e n t s t r u c t u r e . I t w i l l , 

however , be e x p e c t e d under t h e r e a c t i o n c o n d i t i o n s s t i l l t o 

c o - o r d i n a t e t h r o u g h o n l y one n i t r o g e n . As w i t h t h e 3 - and 4 -

c y a n o p y r i d i n e s , a l t h o u g h c o - o r d i n a t i o n t h r o u g h two as w e l l as 
154 155 

one s i t e i s known 1 t h i s w o u l d n o t be e x p e c t e d w i t h a 

m o l a r r a t i o o f p y r i d i n e : PCI,- o f 1 :1 o r g r e a t e r . 

W i t h b o r o n L e w i s a c i d s a c o r r e l a t i o n has been made between 

t h e "^B n . m . r . s h i f t o f a complex and t h e b a s i c i t y o f t h e 

l i g a n d 1 5 6 » 1 5 7 . i f t h i s c o r r e l a t i o n a l s o h o l d s f o r 3 1 P n . m . r . , 

i t w o u l d e x p l a i n t h e l o w e r s h i f t o f t h e p y r a z i n e complex , b u t 

as no t r e n d s i n s h i f t were f o u n d f o r t h e more b a s i c p y r i d i n e s , 

t h e c o r r e l a t i o n does n o t seem a p p l i c a b l e t o t h e s e sys tems . 
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The l i g a n d s u sed f o r t h e 1 B c o r r e l a t i o n d i d n o t o v e r l a p 

s u f f i c i e n t l y w i t h t h e l i g a n d s used he re f o r a more d i r e c t 

c o m p a r i s o n . 

The 3 , 5 - d i c h l o r o p y r i d i n e l i g a n d has i t s b u l k y s u b s t i t u e n t s 

f a r removed f r o m t h e n i t r o g e n . The p a r t i a l f o r m a t i o n o f t h e 

complex must t h e n be a s c r i b e d t o t h e l o w e r i n g o f t h e b a s i c i t y 

o f t h e n i t r o g e n b y t h e e l e c t r o n w i t h d r a w i n g c a p a c i t y o f t h e 

c h l o r i n e s , and n o t t o t h e i r s t e r i c e f f e c t s . T h i s p r o v i d e s 

t h e o n l y d e f i n i t e example where c o - o r d i n a t i o n i s l o w e r e d b y 

e l e c t r o n i c e f f e c t s , t h e o t h e r systems d e s c r i b e d l a t e r b e i n g 

ambiguous because s t e r i c e f f e c t s may p l a y a l a r g e p a r t . 

3 , 5 - d i c h l o r o p y r i d i n e i s a s l i g h t l y weaker base t o w a r d s 

p r o t o n s t h a n p y r a z i n e , I n 1 : 1 s o l u t i o n s o f t h e p y r i d i n e s 

and phosphorus p e n t a c h l o r i d e , howev-er, t h e p y r a z i n e complex 

i s t h e more c o m p l e t e l y f o r m e d . The d i f f e r e n c e s i n t h e pKa ' s 

o f t h e p y r i d i n e s a r e o n l y s l i g h t , however . 

A l t h o u g h v e r y b r o a d l i n e s a r e f o u n d w i t h o t h e r l o w 

b a s i c i t y p y r i d i n e s and PCI5 i n a 1 :1 mo la r r a t i o , even 

when t h e 3 , 5 - d i c h l o r o p y r i d i n e complex i s a lmos t e n t i r e l y 

f o r m e d and excess p y r i d i n e i s p r e s e n t , a v e r y b r o a d l i n e 

i s p roduced («vl2 ppra w i d t h a t h a l f peak h e i g h t , s e v e r a l 

t i m e s b r o a d e r t h a n n o r m a l l y f o u n d ) . T h i s i s a s c r i b e d t o 

r e l a t i v e l y s l o w exchange between f r e e phosphorus p e n t a c h l o r i d e 

and t h e c o m p l e x . 

2-X P y r i d i n e (X = F . C l . B r . C N ) 

The s h i f t s o f phosphorus p e n t a c h l o r i d e d i s s o l v e d i n 

t h e s e p y r i d i n e s cove r a w ide r ange f r o m + 83 t o + 190 ppm. 



The s h i f t i n 2 - b r o m o p y r i d i n e i s o n l y s l i g h t l y h i g h e r t h a n t h e 

r a n g e o f v a l u e s f o u n d f o r m o l e c u l a r P C 1 5 (+ 80 £ 2 ppm 2 3 > l 5 8 » 1 5 9 ) 

I n 2 - c h l o r o p y r i d i n e a h i g h e r s h i f t o f + 1 0 9 , 1 ppm i s f o u n d , 

whereas t h e s h i f t i n 2 - f l u o r o p y r i d i n e i s about + 185 ppm. 

When s p e c t r a a re r u n w i t h e q u i m o l a r amounts o f phosphorus 

p e n t a c h l o r i d e and t h e p y r i d i n e i n n i t r o b e n z e n e each g i v e s 

a b r o a d peak a t about + 80 ppm. Free PClg appears t o be 

e x c h a n g i n g w i t h t h e complex , 

P C 1 5 + 2 - h a l p y r i d i n e — P C l 5 . 2 - h a l p y r i d i n e 

w i t h t h e complex b e i n g i n c o m p l e t e l y f o r m e d even w i t h a l a r g e 

excess o f p y r i d i n e , and b e i n g f o r m e d t o o n l y a v e r y s m a l l 

e x t e n t w i t h e q u i m o l a r q u a n t i t i e s o f r e a c t a n t s . A l t h o u g h 

t h e peak p o s i t i o n s f r o m t h e 1 :1 mo la r r a t i o s o f t h e r e ac t an t s 

( and a l s o i n nea t 2 - b r o m o p y r i d i n e ) are v e r y c l o s e t o t h a t o f 

f r e e P C 1 5 i n n i t r o b e n z e n e (+ 82 ppm), t h e n , m , r , s i g n a l s 

a r e v e r y b r o a d ( 2 - c h l o r o p y r i d i n e ^ 1 6 ppm, 2 - f l u o r o p y r i d i n e 

-^30 ppm w i d t h a t h a l f peak h e i g h t ) , even b r o a d e r t h a n t h e 

s i g n a l o f m o l e c u l a r P C l ^ i n n i t r o b e n z e n e , ( t h e PClg resonance 

i n n i t r o b e n z e n e i s broadened b y exchange w i t h s m a l l amounts o f 

P C 1 4

+ and P C l g " p r e s e n t i n s o l u t i o n ) . T h i s w o u l d sugges t 

t h a t some i n t e r a c t i o n be tween t h e p y r i d i n e and phosphorus 

p e n t a c h l o r i d e does t a k e p l a c e . W i t h excess p y r i d i n e t h e 

l i n e s a r e n a r r o w e r , e s p e c i a l l y i n t h e 2 - f l u o r o p y r i d i n e 

case , i n d i c a t i n g t h a t t h e exchange r a t e has i n c r e a s e d . The 

d i f f e r e n c e be tween t h e o b s e r v e d v a l u e f o r phosphorus 

p e n t a c h l o r i d e i n 2 - c h l o r o p y r i d i n e (+ 1 0 9 . 1 ppm) and t h a t 
23 

o b t a i n e d b y D i l l o n ( + 97 .2 ppm) can be a t t r i b u t e d t o 

d i f f e r e n t phosphorus p e n t a c h l o r i d e c o n c e n t r a t i o n s i n t h e 

t w o s o l u t i o n s . 
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The r e l a t i v e o r d e r o f t h e c h e m i c a l s h i f t s o f t h e d i f f e r e n t 

2 - h a l o p y r i d i n e s o l u t i o n s i s c o n s i s t e n t w i t h t h e d o m i n a t i n g 

e f f e c t w h i c h i s h i n d e r i n g c o - o r d i n a t i o n b e i n g s t e r i c . The 

h i n d r a n c e t o complex f o r m a t i o n f r o m t h e 2 p o s i t i o n w o u l d be 

g r e a t e s t f o r 2 - b r o m o p y r i d i n e and l e a s t f o r 2 - f l u o r o p y r i d i n e . 

The e l e c t r o n w i t h d r a w i n g e f f e c t s o f t h e h a l i d e atoms seem 

l e s s i m p o r t a n t . 2 - b r o m o p y r i d i n e 3 s a much s t r o n g e r base w i t h 

r e s p e c t t o p r o t o n s t h a n 2 - f l u o r o p y r i d i n e . Thus i f e l e c t r o n i c 

e f f e c t s were dominan t t h e 2 - b r o m o p y r i d i n e complex w o u l d be 

s t r o n g e r , and so more c o m p l e t e l y fo rmed t h a n t h a t w i t h 

2 - f l u o r o p y r i d i n e 

d e c r e a s i n g b a s i c i t y ^ 

P C I 5 . 2 - B r p y r P C I 5 . 2 - C l p y r P C I 5 . 2 - P p y r 

^ i n c r e a s i n g s t e r i c h i n d r a n c e 

^ d e c r e a s i n g complex f o r m a t i o n 

The above arguments assume t h a t , i n nea t p y r i d i n e , t h e 

p y r i d i n e i s i n such an excess t h a t d i f f e r e n c e s i n phosphorus 

p e n t a c h l o r i d e c o n c e n t r a t i o n w i l l have no e f f e c t o n t h e 

r e l a t i v e o r d e r o f t h e s h i f t s f o u n d . 

The 2 - f l u o r o p y r i d i n e s o l u t i o n i n i t i a l l y p r e s e n t e d 

d i f f i c u l t i e s i n i n t e r p r e t a t i o n , due t o p a r t i a l h y d r o l y s i s . 

The s p e c t r u m i s shown i n F i g u r e 5 . The s h i f t o f +185 ppm 

w o u l d seem t o i n d i c a t e a c a t i o n i c spec ies p r e s e n t and 

t h i s w o u l d seem t o be c o n f i r m e d by t h e presence o f P C l g " , 

d e s i g n a t i n g t h e s p e c i e s as P C l 4 ( 2 - F p y r ) g + PClg*". However 

t h e p C l g " s i g n a l i s much l a r g e r t h a n t h e " c a t i o n " peak 

and a l s o i s o f a p p r o x i m a t e l y e q u a l i n t e n s i t y t o peaks 
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a round 0 ppm. The presence o f PClg"* may t h e n be e x p l a i n e d 

as due t o p a r t i a l h y d r o l y s i s f o r m i n g 2 - f l u o r o p y r i d i n i u m 

. h e x a c h l o r o p h o s p h a t e ( c . f . Chapter 2 s e c t i o n l ( i v ) a ) . The 

+185 ppm peak i s c o i n c i d e n t a l L y i n t h e P C l 4 p y 2

+ r e g i o n , as 

i s a l s o shown b y i t s movement t o +77,8 ppm when e q u i m o l a r 

amounts o f r e a c t a n t s a re p r e s e n t . As b e f o r e , t h e peak 

may be a s s i g n e d t o exchange between P C l 5 . 2 - F p y r i d i n e and 

f r e e p C l 5 . As no i n d i c a t i o n o f c a t i o n i c s p e c i e s have been 

f o u n d w i t h n o n - h i n d e r e d monodentate p y r i d i n e s and phosphorus 

p e n t a c h l o r i d e i t i s n o t un reasonab le t o suppose t h a t a n e u t r a l 

s p e c i e s i s p a r t i a l l y f o r m e d h e r e and w i t h t h e o t h e r 

2 - h a l o p y r i d i n e s , The s t e r i c e f f e c t s w o u l d be l a r g e r o n 

f o r m i n g a c a t i o n i c s p e c i e s c o n t a i n i n g two h i n d e r e d p y r i d i n e s 

t h a n w i t h a n e u t r a l complex . Few s t u d i e s have been made 
1 6 0 *163 

c o n c e r n i n g t h e donor p r o p e r t i e s o f 2 - f l u o r o p y r i d i n e 

b u t none w o u l d i n d i c a t e any anomalous p r o p e r t i e s compared 

t o o t h e r p y r i d i n e d o n o r s . 

The second e q u i l i b r a t i n g spec ies w o u l d seem t o be 

m o l e c u l a r PCI , - . I t w o u l d , however , be v e r y d i f f i c u l t 

t o d e c i d e , u s i n g n . m . r . t e c h n i q u e s , whe ther one e q u i v a l e n t 

o f t h e w e a k l y c o - o r d i n a t i n g 2 - h a l o p y r i d i n e suppresses t h e 

p a r t i a l i o n i s a t i o n o f P C 1 5 i n t o P C l 4

+ P C l g ~ w h i c h o c c u r s 
49 

i n n i t r o b e n z e n e s o l u t i o n • W i t h f r e e phosphorus 
p e n t a c h l o r i d e i n n i t r o b e n z e n e i t i s d i f f i c u l t t o d e t e c t 

+ 2 3 - 23 P C 1 4 whereas t h e more e a s i l y d e t e c t a b l e P C l g w i l l 

p r o b a b l y be f o u n d anyway i f a p y r i d i n e i s p r e s e n t , due t o 

s l i g h t h y d r o l y s i s (Chap te r 2 s e c t i o n l ( i v J a ) . 
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2 - c y a n o p y r i d i n e w o u l d a t f i r s t s i g h t f i t i n t o t h e above 

d i s c u s s i o n s i n c e t h e c o m p l e x g i v e s a p e a k a t + 1 7 0 . 8 ppnu 

When t h e p y r i d i n e a n d p h o s p h o r u s p e n t a c h l o r i d e a r e i n 

e q u i m o l a r q u a n t i t i e s i n n i t r o b e n z e n e , h o w e v e r , t h e p e a k 

d o e s n o t move a p p r e c i a b l y . T h e s h i f t i s a l s o v e r y s i m i l a r 

t o t h a t f o u n d when a 1 :2 m o l a r r a t i o o f P C l 4

+ S b C l g ~ a n d 

2 - C N p y r i d i n e i s i n v e s t i g a t e d . Peaks a r e f o u n d a t + 1 8 . 0 , 

+ 1 0 7 . 3 a n d + 1 7 3 . 4 ppm ( C h a p t e r 3 s e c t i o n 2 ( i i ) a ) . T h u s t h e 

p e a k i s due t o a s i n g l e n o n - e q u i l i b r a t i n g s p e c i e s . 

I n t r a n s i t i o n m e t a l c h e m i s t r y 2 - c y a n o p y r i d i n e may 

164 

c o - o r d i n a t e t h r o u g h e i t h e r t h e p y r i d i n e o r t h e c y a n o 

n i t r o g e n » • T h e l a t t e r mode o f c o - o r d i n a t i o n has 

b e e n a s c r i b e d t o s t e r i c f a c t o r s m a k i n g t h e c y a n o n i t r o g e n 

p r e f e r a b l e a l t h o u g h t h e p y r i d i n e n i t r o g e n h a s a g r e a t e r 
152 

n u c l e o p h i l i c p o w e r • E v i d e n c e has b e e n g i v e n t h a t when 
c o - o r d i n a t i o n o c c u r s t h r o u g h t h e p y r i d i n e n i t r o g e n t h e r e 

166 
i s p e r h a p s a l s o 1 1 i n t e r a c t i o n o f t h e c y a n o g r o u p 

tc i n t e r a c t i o n w o u l d , h o w e v e r , n o t be e x p e c t e d w i t h a 

p h o s p h o r u s a c c e p t o r . 

3 1 

T h e P n . m . r . s h i f t o f + 1 7 0 . 8 ppm i n d i c a t e s a 

6 c o - o r d i n a t e s p e c i e s . T h e s h i f t i s , h o w e v e r , v e r y 

d i f f e r e n t f r o m t h a t o f P C l g . p y r i d i n e i n d i c a t i n g a d i f f e r e n t mode 

o f c o - o r d i n a t i o n . T h i s w o u l d s u g g e s t c o - o r d i n a t i o n t h r o u g h t h e 

c y a n o g r o u p , 
P C 1 5 < N ~ C 

t h e o t h e r p e a k s f o u n d w i t h P C l 4

+ t h e n b e i n g 

P C 1 4 <NS? C - ^ ^ ) + a n d P C 1 4 ( N 5 c — ^ ) + 
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H o w e v e r a c e t o n i t r i l e h a s b e e n f o u n d n o t t o c o - o r d i n a t e 

t o p h o s p h o r u s p e n t a c h l o r i d e . A t - 4 0 ° C p h o s p h o r u s p e n t a c h l o r i d e 

"167 
i n t h i s s o l v e n t i s i o n i c a n d u n c o - o r d i n a t e d . A t r o o m 

. 142 

t e m p e r a t u r e t h e y r e a c t , p r o d u c i n g , amongs t o t h e r s p e c i e s , 

P C 1 6 ~ . S o l u t i o n s o f P C l 4

+ S b C l 6 " " i n a c e t o n i t r i l e c o n t a i n 

u n c o - o r d i n a t e d P C 1 4

+ ( C h a p t e r 3 s e c t i o n 2 ) . 

A s s o l u t i o n s o f p h o s p h o r u s p e n t a c h l o r i d e i n 2 - c y a n o p y r i d i n e 

w e r e v e r y d a r k c o l o u r e d , r e a c t i o n r a t h e r t h a n a d d i t i o n may 

h a v e o c c u r r e d , b u t i t i s d i f f i c u l t t o see w h a t 6 c o - o r d i n a t e 

s p e c i e s w o u l d b e p r o d u c e d . R e a c t i o n , r a t h e r t h a n a d d i t i o n 

b e t w e e n p h o s p h o r u s p e n t a c h l o r i d e and c y a n i d e s has b e e n shown t o o c c u r i n c a s e s w h e r e t h e r e i s a h y d r o g e n a t o m a d j a c e n t t o 

th< 

3 1 

142 23 
t h e c y a n o g r o u p • D i l l o n , h o w e v e r , n o t e d p e a k s i n t h e 

P n . m . r . s p e c t r u m o f p h o s p h o r u s p e n t a c h l o r i d e i n b e n z o n i t r i l e 

w h i c h c o u l d b e e x p l a i n e d e i t h e r i n t e r m s o f r e a c t i o n , o r i n 

t e r m s o f p a r t i a l c o - o r d i n a t i o n 

P C 1 4

+ + PhCN P C l 4 . P h C N + 

I n no c a s e r e p o r t e d , h o w e v e r , h a v e a n y s o l u t i o n s t a b l e s i x 

c o - o r d i n a t e s p e c i e s o t h e r t h a n PClg"" b e e n f o u n d , 3 - a n d . 4 -

c y a n o p y r i d i n e s a l s o g i v e no i n d i c a t i o n w h a t s o e v e r o f s i m i l a r 

r e a c t i o n s o c c u r r i n g . 

T h u s , a l t h o u g h t h e r e s u l t s w o u l d s u g g e s t c o - o r d i n a t i o n 

t h r o u g h t h e c y a n i d e g r o u p , s i n c e t h i s mode o f c o - o r d i n a t i o n 

t o p h o s p h o r u s h a s b e e n p r e v i o u s l y u n k n o w n , f u r t h e r c o n f i r m a t i o n 

w o u l d seem t o b e n e c e s s a r y . T h e i s o l a t i o n o f t h e p u r e 

c o m p l e x as a s o l i d w o u l d h e l p b e c a u s e t h e c o m p l e x c o u l d 

t h e n b e c h a r a c t e r i s e d b y a n a l y s i s , a n d i n f r a r e d s p e c t r o s c o p y , 

t h e l a t t e r t e c h n i q u e c o n f i r m i n g t h e mode o f c o - o r d i n a t i o n . 



- 67 -

S o l u t i o n i n f r a r e d s p e c t r o s c o p y was n o t a t t e m p t e d due 

t o t h e p o s s i b i l i t y o f s i d e r e a c t i o n s o t h e r t h a n c o - o r d i n a t i o n 

h a v i n g o c c u r r e d . 

M e t h y l P y r i d i n e s 

T h e m e t h y l p y r i d i n e s d i f f e r i n b e h a v i o u r f r o m t h e o n e s 

d i s c u s s e d a b o v e . W i t h t h e 2 s u b s t i t u t e d m e t h y l p y r i d i n e s 

no a d d u c t f o r m a t i o n i s o b s e r v a b l e , t h e c l e a r y e l l o w s o l u t i o n s 

d a r k e n i n g w i t h i n m i n u t e s . T h e s o l u t i o n s w e r e s t a b l e e i o u g h 

3 1 

t o r u n t h e P n . m . r . s p e c t r u m o n l y a f t e r t h e r e a c t i o n h a d 

s u b s i d e d , t h e o n l y r e a c t i o n p e a k o b s e r v a b l e ( w i t h 2 - p i c o l i n e 

S 3 1 P - 2 1 7 . 3 ; 2 , 4 , 6 - c o l l i d i n e S 3 1 P - 2 1 7 , 0 ) t h e n b e i n g a s c r i b a b l e 

t o p h o s p h o r u s t r i c h l o r i d e . 

S l i g h t l y d i f f e r e n t r e s u l t s a r e o b t a i n e d u s i n g m e t h y l 

p y r i d i n e s s u b s t i t u t e d i n o t h e r t h a n t h e 2 - p o s i t i o n . 

3 , 5 - l u t i d i n e f o r m s a n i n s o l u b l e s t a b l e 1 : 1 a d d u c t w i t h 

p h o s p h o r u s p e n t a c h l o r i d e . 3 - p i c o l i n e d i s s o l v e s p h o s p h o r u s 

p e n t a c h l o r i d e t o f o r m a c l e a r y e l l o w s o l u t i o n w h i c h d a r k e n s 

m o r e s l o w l y t h a n t h a t w i t h 2 - p i c o l i n e . A p e a k a t +228 ppm 

a s c r i b a b l e t o t h e a d d u c t i s , h o w e v e r , f o u n d b u t a p e a k 

s l o w l y a p p e a r s a t - 2 0 3 . 3 ppm. E v e n a f t e r s e v e r a l d a y s , 

h o w e v e r , t h e 6 c o - o r d i n a t e p e a k has n o t c o m p l e t e l y d i s a p p e a r e d . 

T h e . - 2 0 3 . 3 ppm p e a k i s a t t r i b u t a b l e t o s l i g h t c o - o r d i n a t i o n 

o f p h o s p h o r u s t r i c h l o r i d e w i t h e x c e s s 3 - p i c o l i n e . 

P C 1 3 + 3 - p i c o l i n e P C 1 3 < 3 - p i c o l i n e 

T h e e q u i l i b r i u m o c c u r r i n g b e t w e e n p h o s p h o r u s t r i c h l o r i d e 

a n d i t s p y r i d i n e a d d u c t was c o n f i r m e d b y r u n n i n g a s p e c t r u m 

o f p h o s p h o r u s t r i c h l o r i d e i n e x c e s s p y r i d i n e . A p e a k was 

f o u n d o f v a r y i n g s h i f t d e p e n d i n g o n t h e c o n c e n t r a t i o n , b u t 
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o f t h e a b o v e o r d e r o f m a g n i t u d e . The e q u i l i b r a t i o n d i d n o t 

o c c u r w i t h t h e o t h e r s y s t e m s d e s c r i b e d s i n c e no e x c e s s o f 

p y r i d i n e was p r e s e n t . C o m p l e x e s o f p h o s p h o r u s t r i c h l o r i d e 

w i t h p y r i d i n e s a r e k n o w n i n t h e s o l i d s t a t e 3 2 » l 6 8 t 1 6 9 fcUt 

t h e i r s o l u t i o n b e h a v i o u r h a s n o t b e e n i n v e s t i g a t e d . The 

s i m i l a r M e ^ - P C l ^ s y s t e m h a s , h o w e v e r , b e e n i n v e s t i g a t e d b y 

3 1 170 

P n . m . r . s p e c t r o s c o p y , s h i f t s o f u p t o + 3 3 . 8 ppm f r o m 

t h e p o s i t i o n o f P C l 3 t h e n b e i n g f o u n d , a n d t h e f o r m a t i o n o f 

M e 3 N . P C l 3 b e i n g d e d u c e d . 

R e a c t i o n s i n v o l v i n g c h l o r i n a t i o n o f t h e p y r i d i n e seem 

t o h a v e o c c u r r e d . S t e r i c h i n d r a n c e f r o m t h e 2 - s u b s t i t u t e d 

g r o u p a p p e a r s t o w e a k e n t h e P f— N b o n d a n d so l o w e r t h e 

e n e r g y n e e d e d f o r f u r t h e r r e a c t i o n . I f c o m p l e x e s a r e f o r m e d 

w i t h 2 - m e t h y l p y r i d i n e s t h e y q u i c k l y d e c o m p o s e . 

C o m p l i c a t e d r e a c t i o n s o f 2 - ( b u t n o t 4 - ) p i c o l i n e s a r e 

k n o w n t o o c c u r w i t h o t h e r a c c e p t o r m o l e c u l e s , e . g . t r i m e t h y l 

1 7 1 

a l u m i n i u m , b u t w i t h p h o s p h o r u s p e n t a c h l o r i d e c h l o r i n a t i o n 

may a l s o t a k e p l a c e . W i t h t h e much s t r o n g e r a n d l a r g e r L e w i s 

a c i d a n t i m o n y p e n t a c h l o r i d e a 1 : 1 c o m p l e x i s f o r m e d w i t h 

2 - p i c o l i n e b u t t h e h e a t o f f o r m a t i o n i s l o w e r t h a n t h a t o f 
20 

t h e p y r i d i n e a n d 4 - p i c o l i n e a d d u c t s • W i t h l o n g e r c h a i n 
20 

2 - s u b s t i t u t e d p y r i d i n e c o m p l e x e s f u r t h e r r e a c t i o n may o c c u r • S t e r i c e f f e c t s a r e a l s o shown b y p h o s p h o r u s p e n t a f l u o r i d e 

d i : 

76 

o n l y p a r t i a l l y a s s o c i a t i n g w i t h 2 , 4 , 6 - c o l l i d i n e a t 2 5 ° , 

b u t f o r m i n g a s t a b l e c o m p l e x w i t h p y r i d i n e 

T h e r e a c t i o n o f p h o s p h o r u s p e n t a c h l o r i d e w i t h t h e m e t h y l 

p y r i d i n e s i s r a t h e r s u r p r i s i n g i n v i e w o f t h e u s u a l s t a b i l i t y 

140 
o f t h e p y r i d i n e r i n g t o a t t a c k • T h e r i n g i s p r o b a b l y 
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a c t i v a t e d b y t h e e l e c t r o n d o n o r a b i l i t y o f t h e m e t h y l g r o u p s . 

T h e p r e c i s e c o u r s e o f t h e r e a c t i o n was n o t , h o w e v e r , i n v e s t i g a t e d 

f u r t h e r . B e c a u s e o f t h e p o s s i b i l i t y o f p a r t i a l h y d r o l y s i s , 

i t was n o t e a s y t o d i s t i n g u i s h w h e t h e r t h e l a r g e p c l g " " p e a k s , 

o b s e r v a b l e i n many c a s e s , w e r e d u e t o h y d r o g e n c h l o r i d e b e i n g 

p r o d u c e d d u r i n g t h e c o u r s e o f t h e r e a c t i o n , o r b e i n g d u e t o 

p a r t i a l h y d r o l y s i s , 

i . e . v i a R - H + P C 1 5 R - C l + P C 1 3 + H C l 

o r v i a P C 1 5 + H 2 0 - » P 0 C 1 3 + 2HC1 

p y + H C l + P C 1 5 p y H + P C l 6 ~ 

A l t h o u g h i t was d i f f i c u l t t o d r y t h e m e t h y l p y r i d i n e s c o m p l e t e l y 

i n some c a s e s i t was f o u n d t h a t t h e p c l g ~ p e a k was much more 

i n t e n s e t h a n t h e P ° c l 3 p e a k , s u g g e s t i n g t h e f o r m e r m e c h a n i s m . 

D i s c u s s i o n 

A n a l m o s t i d e n t i c a l s e r i e s o f s u b s t i t u t e d p y r i d i n e 

"163 

l i g a n d s h a s b e e n u s e d b y P e r k a m p u s a n d K r u g e r i n 

s t u d y i n g t h e a c c e p t o r p r o p e r t i e s o f B F ^ , A l B r ^ a n d H * . 

B y m o n i t o r i n g t h e p r o t o n n . m . r . s h i f t o f t h e p y r i d i n e 

t h e y w e r e a b l e t o o b s e r v e t h e amount o f c o - o r d i n a t i o n 

o c c u r r i n g . S o l u t i o n s w e r e made u p w i t h a 1:2 m o l a r 

r a t i o o f p y r i d i n e t o L e w i s a c i d . W i t h b o r o n t r i f l u o r i d e , 

c o m p l e x f o r m a t i o n t o o k p l a c e e v e n i n t h e p r e s e n c e o f 

2 s u b s t i t u e n t s ( 2 - P , C l , B r , C N p y r i d i n e ) . W i t h a l u m i n i u m 

t r i b r o m i d e , h o w e v e r , o n l y a s m a l l amoun t o f t h e A l ^ g was 

c o m p l e x e d . T h e e x t e n t o f c o m p l e x f o r m a t i o n was i n t h e 

o r d e r 

CN < C l < P < B r 
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No r e a c t i o n s o t h e r t h a n a d d i t i o n w e r e f o u n d w i t h t h e m e t h y l 

p y r i d i n e s s t u d i e d ( 2 - , 3 - p i c o l i n e ) . W i t h o t h e r n o n - h i n d e r e d 

l i g a n d s ( p y r i d i n e , 4 - C N , 3 - C l , 3 - B r p y r i d i n e ) c o m p l e t e 

f o r m a t i o n o f c o m p l e x e s t o o k p l a c e . 

E x c e p t f o r t h e m e t h y l p y r i d i n e s , and 2 - c y a n o p y r i d i n e , 

p h o s p h o r u s p e n t a c h l o r i d e b e h a v e s i n many ways i n an 

a n a l o g o u s manne r t o a l u m i n i u m t r i b r o m i d e w i t h r e s p e c t t o 

s t e r i c e f f e c t s . B o r o n t r i f l u o r i d e , b e i n g a much s m a l l e r 

m o l e c u l e i s n o t s o p r o n e t o s t e r i c e f f e c t s a n d p r o d u c e s 

s t a b l e c o m p l e x e s w i t h 2 s u b s t i t u t e d p y r i d i n e s , e v e n t h o u g h 

P C l g ( a p p r o x i m a t e l y t h e same a c c e p t o r s t r e n g t h t o w a r d s 

21 

p y r i d i n e o n t h e H e n s e n , S a r h o l t z s c a l e ) a n d A l B r ^ 

( a much b e t t e r a c c e p t o r o n t h e same s c a l e ) do n o t . 

H y d r o l y s i s D i f f i c u l t i e s 

As was d e s c r i b e d i n C h a p t e r 2 s e c t i o n l ( i v ) a h y d r o g e n 

c h l o r i d e p r o d u c e d b y t r a c e s o f h y d r o l y s i s w i l l a d d t o t h e 

p y r i d i n e t o p r o d u c e p y r i d i n i u m c h l o r i d e , o r p y r i d i n i u m 

h e x a c h l o r o p h o s p h a t e . T h e p C l g " ~ was d e t e c t e d i n some 

s p e c t r a as a s m a l l p e a k i n r e l a t i o n t o P C I , . , p y r i d i n e , 

w i t h no o t h e r p e a k o f c o m p a r a b l e i n t e n s i t y a t t r i b u t a b l e 

t o a p h o s p h o r u s - c o n t a i n i n g c a t i o n . I n a number o f s y s t e m s 

s m a l l p e a k s a l s o a p p e a r e d i n t h e s p e c t r u m b e t w e e n - 5 a n d 

+12 ppm e . g . P C 1 5 i n p y r i d i n e ( - 3 . 7 , + 1 0 . 6 p p m ) , P C 1 5 i n 

3 - C l p y r i d i n e ( - 5 . 6 , + 4 . 2 , + 8 . 1 p p m ) , P C 1 5 i n 2 - C 1 p y r i d i n e 

( - 3 . 8 p p m ) . T h e s e , a r e a l m o s t c e r t a i n l y due t o p a r t i a l 

h y d r o l y s i s p r o d u c t s ( A p p e n d i x 2 ) . When e x c e s s p y r i d i n e 

i s u s e d , i f a n y o f t h e s e p e a k s w e r e due t o , s a y , P C l 4 p y + , 

a l a r g e r P C l ^ p y ^ * p e a k w o u l d a l s o b e e x p e c t e d t o a p p e a r , 
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t h i s c a t i o n b e i n g w e l l c h a r a c t e r i s e d w i t h P C l 4

+ S b C l g ~ 

( C h a p t e r 3 s e c t i o n 2 ( i i ) ) . S u c h p e a k s a r e n o t f o u n d . 

T h e a b o v e scheme o f h y d r o l y s i s was i l l u s t r a t e d b y 

i s o l a t i n g 2 , 4 , 6 - c o l l i d i n i u m c h l o r i d e h e x a c h l o r o p h o s p h a t e 

m i x e d s a l t s f r o m P C l ^ a n d 2 , 4 , 6 - c o l l i d . i n e i n u n d r i e d c a r b o n 

t e t r a c h l o r i d e . T h e p r e c i p i t a t i o n was i n s t a n t a n e o u s , t h e 

c o l 3 i d i n e h a v i n g l i t t l e t i m e t o r e a c t w i t h t h e p h o s p h o r u s 

p e n t a c h l o r i d e as f o u n d i n t h e s o l u t i o n w o r k d i s c u s s e d 

e a r l i e r . 

b ) S o l i d S t a t e I n v e s t i g a t i o n s 

Mono d e n t a t e P y r i d i n e s 

29 1 1 T h e s i m i l a r i t y b e t w e e n t h e s o l i d s t a t e a n d s o l u t i o n 

i n f r a r e d s p e c t r a o f P C I , - , p y r i d i n e , as f o u n d b y B e a t t i e e t a l , 

s u g g e s t s t h a t t h e c o m p l e x i s m o l e c u l a r in. t h e s o l i d s t a t e . I n 

o r d e r t o c o n f i r m t h i s , and t o e x t e n d t h e s t r u c t u r a l i n f o r m a t i o n , 

s e v e r a l c o m p l e x e s w e r e i s o l a t e d , n a m e l y P C I , . . p y r i d i n e , P C 1 5 « 

p y r i d i n e . 2 P h N 0 2 , P C 1 5 > 3 - X p y r i d i n e ( X = C l , B r , I ) , a n d 

P C l g , 3 , 5 - l u t i d i n e , D e t a i l s o f t h e p r e p a r a t i o n s and 

a n a l y s e s a r e g i v e n i n C h a p t e r 3 s e c t i o n l C i i ) c , 

C h e m i c a l p r o p e r t i e s a n d s t r u c t u r e 

A l l t h e s o l i d s a n a l y s e d as 1 : 1 c o m p l e x e s , 

P C 1 5 # p y r i d i n e i s a w h i t e m o i s t u r e - s e n s i t i v e c r y s t a l l i n e 

s o l i d ( m , p t 1 9 4 - 2 0 1 ° C ) , m o d e r a t e l y s o l u b l e i n m e t h y l e n e 

c h l o r i d e a n d n i t r o b e n z e n e . T h e c o m p l e x w a s a l s o i s o l a t e d 

as t h e b i s n i t r o b e n z e n e s o l v a t e , a f i n e whdLte p o w d e r , w h e n 
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p r e p a r e d f r o m n i t r o b e n z e n e s o l u t i o n . P h y s i c a l t e c h n i q u e s 

d e s c r i b e d l a t e r show t h e p h o s p h o r u s i s c o - o r d i n a t e d b y t h e 

p y r i d i n e a n d n o t n i t r o b e n z e n e . 

P C 1 5 . 3 - C 1 p y r i d i n e a n d P C 1 5 # 3 - B r p y r i d i n e ( m . p t 1 4 1 - 7 ° ) 

w e r e i s o l a t e d as w h i t e s o l i d s . The 3 - C l p y r i d i n e c o m p l e x 

was m o d e r a t e l y s o l u b l e i n n i t r o b e n z e n e w h e r e a s t h e 3 - B r p y r i d i n e 

c o m p l e x was o n l y s l i g h t l y s o l u b l e . The i n f r a r e d s p e c t r u m o f 

P C l g . 3 - B r p y r i d i n e was u n c h a n g e d a f t e r k e e p i n g a s a m p l e 

u n d e r n i t r o g e n f o r a b o u t 15 m o n t h s , s h o w i n g t h e s t a b i l i t y 

o f t h e c o m p l e x a t r o o m t e m p e r a t u r e . 

P C l g . 3 - 1 p y r i d i n e ( m . p t 1 6 3 - 5 ° ) i s a s l i g h t l y c r e a m 

c o l o u r e d s o l i d . Once i s o l a t e d i t seemed c o m p l e t e l y i n s o l u b l e 

i n n i t r o b e n z e n e . I t h a s , h o w e v e r , b e e n d e t e c t e d i n s o l u t i o n 

3 1 

b y P n . m . r . t e c h n i q u e s w h e n p r o d u c e d i n s i t u ( C h a p t e r 3 

s e c t i o n 2 ( i i ) a ) . T h e c o m p l e x a l s o seems s l i g h t l y s o l u b l e 

i n t h e p r e s e n c e o f e x c e s s 3 - i o d o p y r i d i n e ( C h a p t e r 3 s e c t i o n l ( i i ) a ) 

P C l g . 3 , 5 - l u t i d i n e i s a s t a b l e w h i t e p o w d e r i n s o l u b l e 

i n n i t r o b e n z e n e . I t s s t a b i l i t y as a s o l i d c o n t r a s t s s h a r p l y 

w i t h t h a t o f t h e m e t h y l p y r i d i n e c o m p l e x e s i n s o l u t i o n . 
3 1 

T h e c o m p l e x e s g a v e b r o a d s y m m e t r i c P n . m . r . s o l i d 

s t a t e s i g n a l s ( s e e F i g u r e s 2 a a n d b ) i n t h e r e g i o n b e t w e e n 

+ 2 1 0 a n d +240 ppm ( T a b l e 7 ) . 
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TABLE 7 

3 1 
P n . m . r . SOLID STATE SHIFTS FOR P C l ^ . P Y R I D I N E COMPLEXES 

S 3 1 p 

P C 1 5 . p y r i d i n e + 2 2 4 . 7 + 4 . 1 

P C 1 5 . p y r i d i n e . 2 P h N 0 2 + 2 2 8 . 5 +, 2 

P C 1 5 . 3 , 5 - l u t i d i n e + 2 1 5 . 9 + 1 2 . 9 

P C 1 5 . 3 - C l p y r i d i n e + 2 3 5 . 8 + 7 . 3 

P C 1 5 . 3 - B r p y r i d i n e + 2 3 6 . 2 + 1 0 . 2 

P C l g . 3 - 1 p y r i d i n e 

D i f f i c u l t y was f o u n d w i t h t h e 3 - h a l o p y r i d i n e s i n t h a t 

no s p e c t r a w e r e o b t a i n e d w i t h h o r i z o n t a l b a s e l i n e s b e c a u s e 

o f d r i f t d u r i n g t h e a c c u m u l a t i o n . T h i s e f f e c t was so g r e a t 

w i t h t h e 3 - 1 p y r i d i n e c o m p l e x t h a t no r e l i a b l e s h i f t c o u l d 

b e d e t e r m i n e d . S h i f t s q u o t e d i n T a b l e 7 a r e a v e r a g e d f r o m 

s p e c t r a w i t h t h e m o s t h o r i z o n t a l b a s e l i n e a n d " b e s t s h a p e d " 

G a u s s i a n p e a k . 

T h e s o l i d s h i f t s a r e v e r y s i m i l a r t o t h e c o r r e s p o n d i n g 

s o l u t i o n v a l u e s a n d t h u s show t h a t t h e c o m p l e x e s a r e 

m o l e c u l a r i n t h e s o l i d s t a t e . I f t h e compounds h a d 

t h e s t r u c t u r e P C l 4 p y 2

+ P C l g ~ t h e y w o u l d show a s h a r p 

a s y m m e t r i c p e a k a t a b o u t +296 ppm ( c o m p a r e t h e s p e c t r a 

o f P C l 4 d i p y + P C 1 6 ~ a n d P C l 4 p h e n + P C l g " , F i g u r e s 7 a n d 1 0 ) . 

T h e r e i s no c h a n g e i n s t r u c t u r e b e t w e e n s o l u t i o n a n d t h e 

s o l i d s t a t e as t h e r e i s f o r p h o s p h o r u s p e n t a c h l o r i d e i t s e l f . 

T h e s o l i d s t a t e s p e c t r a o f t h e c o m p l e x e s a r e somewhat b r o a d e r 

t h a n a r e f o u n d w i t h P C l f i " . T h i s may b e a t t r i b u t e d t o a 



j 
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l o w e r i n g o f t h e s y m m e t r y o f t h e s p e c i e s a n d a l s o t h e p r o x i m i t y 

o f t h e n i t r o g e n q u a d r u p o l e t o t h e p h o s p h o r u s a t o m . O t h e r 

e f f e c t s a l t e r i n g t h e l i n e w i d t h may be due t o a s i g n i f i c a n t 

v a r i a t i o n i n t h e i n t e r d i p o l a r d i s t a n c e s . As i n t e r a c t i o n 

s t r e n g t h v a r i e s as t h e c u b e o f t h e i n t e r d i p o l a r d i s t a n c e 

s l i g h t c h a n g e s h a v e a g r e a t e f f e c t . 

T h e s i m i l a r i t y o f t h e s h i f t o f P C l 5 . p y . 2 P h N 0 2 t o t h o s e 

o f t h e o t h e r p y r i d i n e c o m p l e x e s w o u l d s u g g e s t s i m i l a r 

c o - o r d i n a t i o n i . e . b y t h e p y r i d i n e . T h e n i t r o b e n z e n e 

w o u l d t h u s a p p e a r t o b e o n l y l o o s e l y a t t a c h e d i n t h e 

c r y s t a l l a t t i c e , i n t h e f o r m o f m o l e c u l e s o f c r y s t a l l i s a t i o n . 

T h e c o m p l e x e s were d i s s o l v e d i n n i t r o b e n z e n e t o g i v e 

t h e f o l l o w i n g s h i f t s . 

TABLE 8 

CHEMICAL SHIFTS OF REDISSOLVED P C I , . . PYRIDINE COMPLEXES 

S 3 1 P S o l v e n t 8 3 1 P P C 1 5 i n n e a t 
p y r i d i n e ( f r o m 

P C I 5 . p y r i d i n e + 2 3 1 . 5 P h N 0 2 ) 

+ 2 2 9 . 4 C H 2 C 1 2 ) 

T a b l e 5 ) 

+ 2 2 8 . 0 

P C 1 5 . 3 - C 1 p y r i d i n e + 2 4 8 . 1 PhNOg + 2 2 8 . 6 

P C 1 5 . 3 - B r p y r i d i n e + 2 3 4 . 8 P h N 0 2 + 2 2 8 . 3 

P C 1 5 . 3 - 1 p y r i d i n e I n s o l u b l e P h N 0 2 

T h e s h i f t s a r e l a r g e r t h a n i n n e a t p y r i d i n e s o l u t i o n . 

T h e y a r e a l s o l a r g e r t h a n w h e n t h e c o m p l e x e s w e r e p r o d u c e d 

i n n i t r o b e n z e n e s o l u t i o n b y t h e e q u i l i b r i u m f r o m t h e 

P C l 4 p y 2

+ S b C l 6 ~ * c o m p l e x , s h i f t s o f + 2 2 6 . 3 t o + 2 2 9 . 6 ppm 



t h e n b e i n g f o u n d ( C h a p t e r 3 s e c t i o n 2 ( i i ) a ) . T h e s h i f t s o f 

t h e r e d i s s o l v e d p y r i d i n e and 3 - b r o m o p y r i d i n e c o m p l e x e s a r e , 

h o w e v e r , s t i l l w i t h i n t h e r a n g e o f l i t e r a t u r e v a l u e s a l r e a d y 

q u o t e d ( T a b l e 6 ) . T h e 3 - c h l o r o p y r i d i n e c o m p l e x , h o w e v e r , 

g i v e s a h i g h e r v a l u e . T h e l a r g e d i f f e r e n c e may b e due t o t h e 

c o m p l e x b e i n g i n r a p i d e q u i l i b r i u m w i t h a s e c o n d s p e c i e s . 

T h e o n l y o t h e r s p e c i e s p r o b a b l e i n t h i s s y s t e m , h a v i n g a 

g r e a t e r s h i f t t h a n P C l g . 3 - C l p y r i d i n e , i s P C l g ~ ( £ 3 1 P +296 ppm 

P a r t i a l h y d r o l y s i s may t h e r e f o r e have o c c u r r e d i n s o l u t i o n , 

p r o d u c i n g p h o s p h o r y l c h l o r i d e and 3 - c h l o r o p y r i d i n i u m 

h e x a c h l o r o p h o s p h a t e . T h e P C I , . . 3 - C l p y r i d i n e a n d P C l g ~ c o u l d 

t h e n e x c h a n g e . H o w e v e r no l a r g e p h o s p h o r y l c h l o r i d e p e a k 

was f o u n d i n t h e s o l u t i o n . On m a k i n g a t u b e u p o f 

( 2 , 4 , 6 - c o l l i d i n i u m ) 2 C l " * , P C l 6 " " a n d P C l g . p y r i d i n e i n 

n i t r o b e n z e n e t w o s e p a r a t e p e a k s due t o t h e d i f f e r e n t 

p h o s p h o r u s s p e c i e s w e r e f o u n d , s h o w i n g n o r a p i d e q u i l i b r a t i o n 

b e t w e e n t h e s p e c i e s . I f , h o w e v e r , h y d r o g e n c h l o r i d e i s 

b u b b l e d t h r o u g h P C I , . , p y r i d i n e t h e p e a k moves s l o w l y t o 

h i g h e r f i e l d . T h i s i s p r e s u m a b l y due t o a s l o w r e a c t i o n 

t o p r o d u c e p y H + P C l g ~ , b u t t h i s r e a c t i o n i n i t s e l f p r o v i d e s 

d i f f i c u l t i e s , i n t h a t e x c h a n g e m u s t b e r a p i d f o r a s i n g l e 

p e a k t o b e f o r m e d , y e t t h e r e a c t i o n p r o c e e d s v e r y s l o w l y , a 

p e r i o d o f d a y s b e i n g r e q u i r e d t o go e v e n h a l f w a y t o c o m p l e t i o n . 
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I n f r a r e d s p e c t r a 

T h e i . r . s p e c t r a o f t h e c o m p l e x e s b e l o w 650 cm a r e 

g i v e n i n T a b l e 9 . L i n e s i n t h i s r e g i o n a r e m a i n l y due t o 

P - C l ( a n d p e r h a p s P - N ) v i b r a t i o n s . T h e r e a r e l a r g e d i f f e r e n c e s 

f r o m t h e s p e c t r u m o f P C l 4

+ P C l 6 " " ( C h a p t e r 1 s e c t i o n 3 ( i i ) ) . 

T h e a b s o r p t i o n s f o u n d a r e m a i n l y b e l o w 500 cm , i n t h e l o w e r 

e n d o f t h e r e g i o n w h e r e P - C l v i b r a t i o n s a r e f o u n d , i n d i c a t i n g 

w e a k e n i n g o f t h e P - C l b o n d s b y c o - o r d i n a t i o n o f t h e p y r i d i n e . 

T h e i n t e n s e b a n d s a l m o s t c e r t a i n l y o b s c u r e t h e l i g a n d modes 

i n t h i s r e g i o n ( f r e q u e n c i e s o f t h e f r e e l i g a n d s a r e g i v e n 

i n T a b l e 2 4 , C h a p t e r 3 s e c t i o n 2 ( i i ) b ) . 

Weak o r m e d i u m l i n e s a p p e a r w i t h some o f t h e c o m p l e x e s 

i n t h e r e g i o n 6 4 2 - 6 5 4 cm . T h e s e a p p e a r t o b e g e n u i n e and 

+ —1 
n o t due t o P C 1 4 i m p u r i t y . T h e 642 cm l i n e a p p e a r e d i n 

a l l s a m p l e s o f P C I , - , p y r i d i n e a t c o n s t a n t i n t e n s i t y r e l a t i v e 

t o t h e o t h e r l i n e s a n d was a l s o r e p o r t e d b y B e a t t i e a n d 

1 1 
W e b s t e r • S e v e r a l t r a n s i t i o n m e t a l c o m p l e x e s a l s o h a v e 

a b s o r p t i o n s i n t h i s r e g i o n w h i c h h a v e b e e n a t t r i b u t e d t o 

172 
a p y r i d i n e r i n g v i b r a t i o n • 

T h e s p e c t r u m o f P C I ( . . p y r i d i n e i s i n g o o d a g r e e m e n t 

1 1 29 

w i t h t h e s p e c t r u m r e p o r t e d b y B e a t t i e e t a l . 1 . A c c o r d i n g 

t o t h e i r a s s i g n m e n t o f t h e s p e c t r u m t h e i n t e n s e a b s o r p t i o n s 

i n t h e r e g i o n 5 2 0 - 3 5 0 cm a r e m a i n l y d u e t o P - C l v i b r a t i o n s 

w i t h l i t t l e o r no c o n t r i b u t i o n f r o m t h e P - N b o n d . T h e s e 

s p e c t r a do n o t , h o w e v e r , c o r r e s p o n d t o t h a t f o u n d b y 
32 

P a u l , S e h g a l a n d C h a n d a • 
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W i t h t h e e x c e p t i o n o f t h e p e a k s due t o n i t r o b e n z e n e 

t h e s p e c t r u m o f P C l 5 . p y r i d i n e . 2 P h N 0 2 i s v e r y s i m i l a r t o 

t h a t o f P C I , - , p y r i d i n e , e v e n b e l o w 650 cm , s h o w i n g t h a t 

t h e c o - o r d i n a t i o n i s s i m i l a r i n b o t h c o m p l e x e s a n d t h a t 

t h e c o - o r d i n a t e d l i g a n d i s p y r i d i n e . T h e o n l y d i f f e r e n c e 

—1 —1 
b e l o w 650 cm , a s m a l l p e a k a t 398 cm , may b e a t t r i b u t e d 

_-i 

t o n i t r o b e n z e n e . T h r o u g h o u t t h e r a n g e 4 0 0 0 - 2 5 0 cm t h e 

n i t r o b e n z e n e f r e q u e n c i e s w e r e u n p e r t u r b e d f r o m t h o s e f o u n d 

i n f r e e n i t r o b e n z e n e , s h o w i n g t h a t i t i s o n l y v e r y l o o s e l y 

b o u n d , as a s o l v a t e m o l e c u l e . F o r c o - o r d i n a t e d n i t r o b e n z e n e 
173 

i n S b C l 5 . P h N 0 2 , G r o s s m a n f o u n d t h a t o f t h e t w o s t r o n g 
b a n d s a t 1575 ( p r e s u m a b l y a p r i n t i n g m i s t a k e f o r 1525 cm" 

—1 

c . f . r e f s . 1 7 4 , 1 7 5 ) a n d 1340 c m " ( u n s y m m e t r i c a n d s y m m e t r i c 

- N 0 2 s t r e t c h i n g v i b r a t i o n s r e s p e c t i v e l y ) , t h e 1575 cm b a n d 

d i s a p p e a r e d o n c o - o r d i n a t i o n , w h i l s t t h e 1340 cm b a n d 
— 1 176 

moved t o 1335 cm . D r i e s s e n e t a l . s h o w e d t h a t , f o r 
t r a n s i t i o n m e t a l c o m p l e x e s , t h e i n f r a r e d s p e c t r u m o f t h e 

—1 

n i t r o b e n z e n e l i g a n d b e t w e e n 2000 a n d 700 cm was i d e n t i c a l 

w i t h t h a t o f f r e e n i t r o b e n z e n e , w h e r e a s some c h a n g e s a p p e a r e d 

b e l o w t h i s f r e q u e n c y . I n s t e a d o f one b a n d a t 676 cm , 

t w o b a n d s a p p e a r e d a t 682 a n d 669 cm . T h e medium s t r o n g 
—1 1 

b a n d a t 4 2 0 cm was s u b s t i t u t e d b y t w o b a n d s a t 430 cm ( w ) 
l — l 

a n d 413 cm ( m ) . T h e s t r o n g b a n d a t 397 cm d i s a p p e a r s 

—1 
o n c o m p l e x i n g w h i l s t a b a n d a t 365 cm a p p e a r s . T h e b a n d 

—1 —1 a t 532 cm moves 2 - 2 0 cm t o h i g h e r f r e q u e n c y a c c o r d i n g 

t o t h e c o m p l e x . 
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TABLE 10 

SELECTED j . r . PEAKS OF FREE, CO-ORDINATE 

AND SOLVATE NITROBENZENE 

r e e P h M > 2 1 5 7 5 ( 1 5 2 5 ? ) 1340 676 532 420 397 

t r a n s i t i o n m e t a l 682 669 5 3 4 - 5 5 2 430 413 365 
o m p l e x e s 

b C l 5 . P h N 0 2 . - 1335 

C l 5 . p y . 2 P h N 0 2 1525 a a a a 398 

a - o b s c u r e d b y N u j o l , P - C l , o r p y r i d i n e f r e q u e n c i e s . 

U n f o r t u n a t e l y m o s t o f t h e l o w f r e q u e n c y b a n d s a r e o b s c u r e d 

b y t h e P - C l s t r e t c h i n g f r e q u e n c i e s . A s m a l l s h o u l d e r d o e s , 

h o w e v e r , o c c u r a t 398 cm ( c . f . 397 cm o f f r e e n i t r o b e n z e n e ) . 

T h e r e a r e s i m i l a r l y no c h a n g e s i n t h e s p e c t r u m b e t w e e n 

1500 a n d 1600 c m " 1 . 

N i t r o b e n z e n e s o l v a t e s w e r e o f t e n f o u n d i n t h e c o m p l e x e s 

p r e p a r e d i n t h i s w o r k , a n d i n a l l i n s t a n c e s e x c e p t 

P C l 4 ( 4 - C N p y r ) 2

+ S b C l 6 ~ . 2 P h N 0 2 , w h e r e t h e 676 c m " 1 

n i t r o b e n z e n e b a n d s p l i t s i n t o t w o b a n d s a t 676 a n d 

683 c m " 1 ( C h a p t e r 3 s e c t i o n 2 ( i i ) b ) , t h e n i t r o b e n z e n e 

f r e q u e n c i e s a r e u n p e r t u r b e d f r o m t h o s e o f f r e e n i t r o b e n z e n e . 

T h e P - C l s t r e t c h i n g f r e q u e n c i e s i n P C l ^ . p y r i d i n e 

a n d i t s s o l v a t e a r e u n r e s o l v e d d u e t o t h e b r o a d n e s s o f 

t h e l i n e s i n a n u j o l m u l l o f t h e s o l i d . I n t h e s u b s t i t u t e d 

p y r i d i n e c o m p l e x e s , h o w e v e r , t h e l i n e s a r e c o n s i d e r a b l y 

s h a r p e r a l l o w i n g g r e a t e r r e s o l u t i o n . 
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O f t h e l i g a n d v i b r a t i o n s i n p y r i d i n e c o m p l e x e s , t h e 

6 0 1 a n d 4 0 3 ,cm b a n d s h a v e b e e n t h e m o s t u s e d i n 

17? 177 178 

c h a r a c t e r i s a t i o n » » . B o t h t h e s e l i n e s move t o 

h i g h e r f r e q u e n c i e s o n c o m p l e x i n g . U n f o r t u n a t e l y t h e 

4 0 3 cm b a n d i s u n i d e n t i f i a b l e i n P C l g . p y r i d i n e amongs t 
1 1 29 

t h e s t r o n g P - C l s t r e t c h e s , B e a t t i e e t a l * assume 
- 1 - 1 

i t t o b e u n d e r n e a t h t h e b r o a d 4 4 0 cm b a n d . T h e 6 0 1 cm 
—1 — l 

b a n d moves t o 610 cm i n P C l g . p y r i d i n e a n d t o 612 cm 

i n i t s n i t r o b e n z e n e s o l v a t e . T h i s s h i f t i s l o w e r t h a n 

172 

i s f o u n d w i t h t r a n s i t i o n m e t a l c o m p l e x e s . A s e c o n d 

u s e f u l b a n d f o r i d e n t i f i c a t i o n o f c o m p l e x f o r m a t i o n i n 

p h o s p h o r u s c h l o r i d e c o m p l e x e s w o u l d seem t o be t h e s t r o n g 

1583 cm"" 1 b a n d . T h i s moves t o 1610 cm"- 1 i n P C I 5 > p y r i d i n e . 

T h e b a n d i s f o u n d a t 1 6 2 4 cm"" 1 i n B C l g . p y r i d i n e 1 3 0 a n d 
—1 172 1 6 2 5 - 1 6 6 0 cm i n t r a n s i t i o n m e t a l c o m p l e x e s • Once 

a g a i n t h e s h i f t i s s m a l l e r i n t h e PCL5 c o m p l e x . O t h e r 

b a n d s show s h i f t s i n f r e q u e n c i e s g e n e r a l l y s i m i l a r t o 

130 
t h o s e f o u n d w i t h B C l ^ . p y r i d i n e a n d i n mos t c a s e s 

w i t h i n t h e r a n g e o f s h i f t s f o u n d f o r t r a n s i t i o n m e t a l 

172 
p y r i d i n e c o m p l e x e s • 

N . Q . R . S p e c t r a 

35 

T h e C I N . Q . R . s p e c t r a o f a number o f t h e s e c o m p l e x e s 

w e r e r u n b y D r . R . J . L y n c h . T h e s p e c t r a w o u l d b e e x p e c t e d 

t o c o n s i s t o f t w o s e t s o f l i n e s , o f i n t e n s i t y r a t i o 4 : 1 , 

c o r r e s p o n d i n g t o c h l o r i n e s c i s a n d t r a n s t o t h e p y r i d i n e 

l i g a n d . T h e r e s u l t s a r e shown i n T a b l e 1 1 . T h e y r o u g h l y 

a g r e e w i t h t h e a b o v e p r e d i c t i o n . W i t h P C l g . p y r i d i n e , 
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however, the line intensities were only s l i g h t l y different 
from 1:1 (Figure 6), Crystal s p l i t t i n g effects (Chapter 1 
section 3(111)) may be up to 0,5 MHz, spanning almost the 
whole of the spectra found here. The PCl 5.pyridine spectrum 
may then be due to the cis line being s p l i t into two of 
more components, thus masking the weak trans l i n e . I f the 
trans line i s also s p l i t into two or more components the 
lines may be too weak to observe even i f not masked. No 
other line attributable to the trans chlorine was detected 
between 35 and 23,7 MHz, 

TABLE 11 
3 5 CI n.q.r. SPECTRA OF PCI^PYRIDINE COMPLEXES 

MHz Signal/noise Position of chlorine 
relative to pyridine 

lPCl,..3,5-lutidine 30,04 3,5:1 trans 
b 29.70 5,5:1 cis 

l P C l c • pyridine. 2PhN05 29.93 2,2:1 trans 
0 * 30.41 7.2:1 cis 

!PC1R.pyridine(Sample l ) 30.05 4.0:1 
a 30.24 5.3:1 

i P Cle*pyridine (Sample 2) 30.065 5.9:1 
5 30.26 6.1:1 

,PC15.3-Br pyridine 29.94 3.6:1 trans 
30.57 9.4:1 cis 

37 
The Cl lines expected would be i n general very weak 
and were not investigated. 

I f the cis and trans assignments are correct, the 
trans frequency remains approximately constant at about 
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30 MHz with change i n pyridine ligand. There i s a much 
larger change for the cis chlorines, the stronger the 
base, the lower the frequency becomes. Too few samples 
were investigated to discern whether t h i s trend was 
significant. One re l a t i v e l y stationary line and a changing 
line i s also found with (PCl 4<py) 2) + complexes discussed 
i n Chapter 3 section 2 ( i i ) b , but in th i s case interpretation 
i s helped by the larger separation of the lines. 

Whatever the detailed interpretation of the spectrum, 
i t can be seen that there i s only a small difference between 
the cis and trans frequencies and i n turn the signals are 
not shifted significantly from the position of PClg". 

TABLE 12 
3 5 CI n.q.r. FREQUENCIES FOR VARIOUS 

PHOSPHORUS CHLORINE SPECIES 

Species V MHz Av Ref 

PCL 4
+ Pour lines between 32.29 and 32.62 32.44* 117 

PCI 5 29.24, 29.27(ax) 33.75(equat) 116 
PCI 6" Six lines between 28.40 and 30.58 29.88* 117 

•As found i n crystalline PCI +PC1 

In the simplest interpretation of Cl n.q.r. 
114 

frequencies the frequency of a line i s given by 
? molecule = ( i _ s ) o* «. tC V chlorine atom 

as described i n Chapter 1 section 3 ( i i i ) . In a hexaco-ordinate 



phosphorus species a l l the low lying orbitals are used i n 
bonding and so the Tt character of the bond would be expected 
to be very small. The frequency of the line i s thus a 
measure of the & character of the P-Cl bond, which i n turn 
w i l l depend on the cr characteristics of the other bonds 
to phosphorus. Thus the similarity of the frequencies of 
PClg" and PCl,-.py reflects the similarity of the donor 
properties of pyridine and chloride towards PClg. This 
i s chemically not unreasonable, the relative donor properties 
of chloride and pyridine being found to be approximately equal 
the order depending on the particular system studied. In 
some systems pyridine w i l l even displace chlorine from a 
five co-ordinate compound to give a cation of type R4Ppy2+ 

(see Chapter 5 section 3 ( i i ) b ) . 
The spectrum of SbCl^.pyridine was run for comparison 

with the above spectra. The spectrum, however, was very 
weak, showing a single line at 24.85 MHz (signal/noise 2:1). 
The line was of such low intensity that detection of the 
trans line would not be easy. There are signs of a possible 
line near 24.4 MHz. This would indeed indicate only small 
differences between the cis and trans chlorines as found 
with PCIpyridine. 

The only systematic investigation of six co-ordinate 
adducts of a non transition metal chloride has been the 
investigation of t i n tetrachloride adducts (with mainly 
oxygen donors) by Maksyutin et al • Here the cis - trans 
splittings were somewhat larger than found with the 
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phosphorus-chlorine complexes, ranging from 1,5 to 3,0 MHz. 
The cis chlorines occurred at higher frequency than the 
trans chlorine, as found i n two of the three unambiguous 
cases above. Maksyutin found a correlation between the 
s p l i t t i n g of the cis and trans lines and the average shift 
of the lines. No correlation i s found from the limited 
data i n t h i s work, however. The smaller splittings compared 
with the t i n complexes are consistent with the phosphorus 
»being a poorer transmitter of inductive effects than t i n . 
The poor transmission characteristics of phosphorus have 
been previously observed 1 8 0 • 
Bidentate Pyridines 

In order to gain a more complete understanding of the 
complexes formed between phosphorus pentachloride and 
bidentate pyridines attempts were made to isolate several 
of these complexes i n the solid state. 
1.10-Phenanthroline 

As the solution stable species between phosphorus 
pentachloride and phenanthroline i n nitrobenzene i s the 
2:1 complex attempts were made to isolate this species 
by crystallisation from a polar solvent. When phosphorus 
pentachloride and 1,10-phenanthroline are dissolved i n 
nitroethane i n the correct stoichiometric proportions, 
a solid crystallises out of solution which analyses as 

31 
the 2:1 complex. The P n.m.r. solid state spectrum 
shows an asymmetric peak (Figure 7) which can be 
deconvoluted (assuming two peaks present of equal area) 
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to give peaks at +198.7 +_ 10.4 ppm and +298.3 +, 2 ppm. 
This confirms the solid state structure as PCl4phen+PClg"". 
The resolution of the solid state lines i s possible due to 
the large difference i n linewidths between PCl^phen-1* and 
PClg-. Indeed the spectrum i s dominated by the p c l g " peak. 

22 
The li t e r a t u r e preparation to produce the 1:1 

PCl,-/phenanthroline complex was repeated. The complex 
precipitates on mixing the components i n benzene solution. 
An off-white solid was formed, but this did not analyse as 
a 1:1 complex. The formula best corresponding to the 
analytical data (Chapter 3 section 1 ( i i ) c ) was PCl4

+phen 
(PClg~) 0 Cl~ 0 7 8 g . By reversing the order of addition 
of the components so that the phenanthroline was added to the 
phosphorus pentachloride solution, a complex of formula 
PCl4phen+ (PClg-) 0 3 2 4 Cl" Q g 7 g was produced. The solid 

31 
state P n.m.r. spectrum of the former complex indeed 
showed a peak attributable to PClg"~, together with a 
shoulder to lower f i e l d attributable to PCl4phen+. 

The i n f r a red spectra of the PCIj./phenanthroline 
complexes i n the region below 650 cm (Figure 8) consist 
of a broad absorption at 438 cm attributable to the 
PClg" ion, together with other lines at higher frequencies 
ascribed to PCl4phen+. Comparison with the spectrum of 
PCl4phen+SbCl6~ discussed i n Chapter 3 section 2 ( i i ) b 
shows additional lines due to PCl4phen+ to be expected 
i n the same region of the spectrum as the hexachlorophosphate 
l i n e . These lines are p a r t i a l l y resolved i n the l + x : l 
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complexes but are less so i n the 2:1 complex because of the 
greater relative intensity of the PCl g~ peak. The similarity 

— l 
of the spectra below 650 cm to each other and to the spectrum 
of PCl4phen+SbClg~ (after allowance for the different counter 
ions) confirms similar co-ordination of the phosphorus. 

Due to bands from the PCl4phen+ ion being present i n 
the region 460-430 cm , i t i s d i f f i c u l t to deduce from the 22 -published i n f r a red spectra whether PClg i s present 

22 
i n the 1:1 complex of Deveney and Webster • 

TABLE 14 
i . r . SPECTRA OF PCWphen COMPLEXES 550-350 cm"1 

Cl 4phen +Cl" 2 2 532m 503m 480m 460s 450sh 439vs 392vw 
Cl 4phen + 542s 527m 511s 488s 467s 452s 438s 
P C 1 6 50.324 0 1 0.676 

Cl 4phen + 541s 525m 509s 488s 466s 449s 437s 
P C 1 6 *0.214 0 1 0.786 

Cl 4phen +PCl 6~ 539s 525sh 508s 482s (452sh, 438s, 422sh) 

The isolation of the two different phenanthroline complexes 
may be explained by the immediate formation of PCl4phen+Cl~ 
on dissolution of equimolar quantities of reactants and a 
subsequent disproportionation to the 2:1 complex. The 
complexes are so very insoluble i n benzene that they 
precipitate before t h i s process i s complete. Presumably 

22 
Deveney and Webster , using their particular isolation 
techniques, were able to isolate the 1:1 complex before 
disproportionation started. 
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PC15 + phen PCl4phen+Cl" 
v, rapid 

mixture isolated 
from benzene 
solution 

-> i PCl4phen PCl g~ +£ phen 

2:1 complex isolated 
from nitrotethane-
solution 

. In polar solvents, attack may occur directly on the 
PC14

 P C l g present i n solution. The complexes may be 
expected to have at least a slight s o l u b i l i t y i n these 
solvents, and thus have time to disproportionate before 
crystallisation. 

On dissolution of either the non stoichiometric complexes, 
+ - 31 or the PCl4phen PCl g complex, i n nitrobenzene, the P n.m.r. 

spectrum showed peaks of approximately equal intensity 
corresponding to PCl4phen+ and PClg" thus confirming the 
stable solution species to be PCl4phen+ PClg"" even i n the 
presence of excess phenanthroline (Pig. 9). 

TABLE 13 
31 P n.m.r. SHIFTS AND RELATIVE INTENSITIES OF 

MS 
S 3 1 

PCI g./PHENANTHROLINE SYSTEMS IN NITROBENZENE 
System 

excess phen + PClg 
1:1 phen + PClg 
PCl4phen+PCl6~ 
PCl 4phen +(PCl 6-) 0 # 3 2 4 

C l0.676 

PCl 4phen +<PClg-) 0 - 2 1 4 

C l0.786 

+190.6 
+193.3 
+192.7 

+193.4 

+192.4 

+299.0 
+298.6 
+299.1 

+302.2 

+299.2 

Relative area 
1:1.06 
1:0.91 
1:1.03 

1:1.17 

1:0.95 

The accuracy of measurement of relative areas i n these systems 
was sufficient to render these a l l approximately 1:1. 
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A possible explanation for the discrepancy i n solution 
data from that found by Deveney and Webster has already been 
described (Chapter 3 section l ( i i ) a ) . No formulation of 
their complex i n solution other than 1:1, even allowing 
for the p o s s i b i l i t y of contamination by hydrolysis products, 
would give an average molecular weight of 182. Similarly, 
even i f the non stoichiometric solids isolated here were i n 
fact 1:1 complexes, contaminated with phenanthrolinium 
hexachlorophosphate, t h i s would not explain the solution 
formulation as PCl4phen+ with an equimolar amount of PClg". 
Due to the use of non polar solvents i n the preparations the 
pos s i b i l i t y of contamination of the complexes by precipitated 
hydrolysis products (see Chapter 3 section l ( i i ) a ) was checked 
i n the i n f r a red spectrum. In practice none were found. 

The behaviour of the non-stoichiometric phenanthroline 
complexes i s somewhat different from that of the analogous 
( P C l 4 d i p y ) + ( P C l 6 ~ ) 0 > 3 3 C l ~ 0 ^ 6 7 complex of Dillon 2 3 . In 
nitrobenzene solution the peak attributable to p c l g ~ seemed 
somewhat less intense than the PCl 4dipy + peak, indicating 
only slight disproportionation occurred i n solution. Due 
to the low signal/noise r a t i o after 140 scans precise 
relative areas could not be found. The solution was not 
stable i n the n.m.r. probe. Slow disproportionation may 
have been taking place, t h i s being incomplete when the 
spectrum was run. Reactions of bidentate pyridines with 
five and six co-ordinate phosphorus species have indeed 
been found to proceed slowly and may be monitored by 
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P n.m.r. technique (see especially Chapter 5), so this may 
not be unreasonable. 
Hydrolysis Behaviour of PCl4phen+PClg" 

On exposure of PCl4phen+PClg" to the atmosphere there was 
a slight evolution of hydrogen chloride. After leaving exposed 
to the air overnight, however,the compound was s t i l l a powder 
and not a viscous solution of phosphoric acid, as i s generally 
found i n hydrolysis of compounds with phosphorus-chlorine bonds. 
The i n f r a red spectrum showed l i t t l e difference i n the phosphorus 
chlorine region except for the disappearance of the broad band 
at about 435 cm"1 attributable to PCl g" (Pig,8), The 
hexachlorophosphate ion would seem to have hydrolysed 
leaving the cation unaffected, 
PCl4phen+PCl6" ^ s t - > PCl4phen+Cl" + H3P04 + HCl 

—1 
The spectrum below about 650 cm is sharp. Above this value, 

» 

although the peaks may s t i l l be identifiable with the unhydrolysed 
complex they are broadened considerably. I t would thus seem 

that the cation i s p a r t i a l l y attacked. The analogous complex 
PCl4phen+SbClg~ i s completely unaffected by exposure to air 
whereas tetraethylammonium hexachlorophosphate rapidly hydrolyses 
(contrast the slower rate of hydrolysis of tetraalkylammonium 
hexachloroantimonates )• 

t 
2.2 -Dipyridvl 

t 
When phosphorus pentachloride and 2,2 -dipyridyl are 

dissolved i n nitromethane i n the correct stoichiometric r a t i o , 
crystals appear which analyse as the 2:1 complex. The solid 

31 
state P n.m.r. spectrum (Pig. 10) shows a narrow peak at 
+291.9 * 5.1 ppm with a shoulder to lower f i e l d at +181.4 + 6.8 
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(assuming two peaks of equal intensity), Dillon found a 
similar spectrum for PCl 4dipy +(PCl 6~) 0 3 3 Cl" Q g 7. The 
simi l a r i t y i s due to the domination of the spectrum by the 
sharp PClg" peak, even when present i n smaller amounts compared 
to the PCl 4dipy +. 

• + - —1 
The i n f r a red spectrum of PCl 4dipy PCl g below 600 cm 

consisted mainly of a line s l i g h t l y s p l i t into two at 517 
—1 -1 and. 510 cm and a broad absorption at 437 cm • This l a t t e r 

absorption may be attributed to pClg~» Studies of PCl4dipy+SbClg"* 
(Chapter 3 section 2(ii)b> show, however, that there are also 
several less intense lines hidden by this band which, together 
with the 517 and 510 cm absorptions, are attributable to the 
PCl 4dipy + cation. 

c) Experimental 
Preparation of n.m.r. samples 

Solutions of phosphorus pentachloride i n l i q u i d pyridines 
were made up by saturating the pyridine with powdered phosphorus 
pentachloride at room temperature. 2-cyanopyridine was f i r s t 
melted and the phosphorus pentachloride dissolved i n t h i s . 
The solution produced remained l i q u i d at n.m.r. temperature 
(342°C). 

Nitrobenzene solutions containing excess pyridine were 
made up by saturating the nitrobenzene with the pyridine, then 
saturating t h i s solution with phosphorus pentachloride. 
1:1 molar r a t i o solutions were made up by dissolving the 
pyridine i n a l i t t l e nitrobenzene, adding t h i s solution 
to solid phosphorus pentachloride, then adding more nitrobenzene 
with s t i r r i n g u n t i l l i t t l e or no solid remained. 
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The n.m.r. spectra were run as soon as the solutions stabilised 
i n the n.m.r. machine, generally up to about l j hours after 
making up. PC15.pyridine complexes equilibrating with 
P C l4P v2 +' SbClg" i n solution have however, been shown to 
be stable for many months (Chapter 3 section 2 ( i i ) a ) . 

With the exception of the methylpyridine, phenanthroline, 
3-fluoro, and 2-cyanopyridine systems, the solutions were 
yellow. The methyl pyridine solutions turned dark red-brown 
within minutes. Solutions containing excess 1,10-phenanthroline 
and 2-cyanopyridine were dark red coloured, whilst that from 
3-fluoropyridine was almost colourless. The solution containing 
approximately 1:1 2-cyanopyridine and phosphorus pentachloride, 
although o r i g i n a l l y yellow, slowly darkened overnight at n.m.r. 
temperatures, producing a distinct red tinge to the solutions. 

2-picoline and 2,4,6-colline were found to produce 
excessive hydrolysis when phosphorus pentachloride was 
dissolved i n the neat pyridine solution even after the 
pyridines had been d i s t i l l e d from KOH pellets. Solutions 
were then made up i n nitrobenzene solution with equimolar 
amounts of reactants. Significant amounts of hydrolysis 
were s t i l l seen to occur producing n.m.r. peaks at around 
0 ppm along with peaks attributable to the hexachlorophosphate 
ion. The only other case i n which significant amounts of 
hydrolysis were found was with phosphorus pentachloride i n 
neat 2-fluoropyridine, already discussed (Chapter 3 section l ( i i ) a ) 

Molar ratios of pyridine to phosphorus pentachloride 
used i n the stoichiometric solutions were as follows: 
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TABLE 15 

2 , 4 , 6 - c o l l i d i n e ~ 1.01:1 2-C1 p y r i d i n e ~ 1.09:1 
2 - p i c o l i n e A/1.02:1 2-CN p y r i d i n e 1.07:1 

1,10-phenanthroline 1.15:1 2-F p y r i d i n e 1.08:1 
pyrazine 1.01:1 3,5-diCl p y r i d i n e 1.05:1 

The s l i g h t hydrolysis,which always occurs, w i l l decrease 
the r a t i o o f p y r i d i n e t o phosphorus pentachloride. Assuming 
t h a t PClg"* w i l l form p r e f e r e n t i a l l y t o P C 1 5 # p y r i d i n e , one 
equivalent o f water w i l l remove three equivalents o f phosphorus 
pentachloride but o n l y two equivalents o f p y r i d i n e . 

PC1 5 + H20 — » P0C1 3 + 2HC1 
2HC1 + 2PC1 5 + 2py — > 2pyH +PCl 6~ 

31 
The s o l u b i l i t y o f the complexes, as shown by the P n.m.r. 

peak i n t e n s i t y i n saturated s o l u t i o n , v a r i e d g r e a t l y from one 
compound t o another, being v i s i b l e on a s i n g l e scan i n some 
cases (phosphorus pentachloride i n p y r i d i n e ) but needing up 
t o 150 scans i n o t h e r cases e.g. phosphorus pentachloride 
w i t h excess 3-iodo p y r i d i n e . 

Spectra were scanned from about -10 t o +360 ppm, and 
a d d i t i o n a l l y between -300 and +50 ppm i f r e a c t i o n was seen 
t o occur. Narrower sweeps were used (50 or 100 ppm w i t h 
monodentate p y r i d i n e s , 200 ppm w i t h bidentate p y r i d i n e s ) 
f o r accurate s h i f t determination. 
Preparation o f complexes 
P C I 5 . p y r i d i n e . 2PhN02 

Under a continuous stream o f n i t r o g e n 3.41g (16.4 mmole) 

f i n e l y powdered PC1 5 w e r e s t i r r e d i n 14ml nitrobenzene t o form 



- 93 -

a sa t u r a t e d s o l u t i o n c o n t a i n i n g some undissolved PClg. 
1.32 ml (16,4 mmole) p y r i d i n e were slowly added. An 
exothermic r e a c t i o n occurred and a white p r e c i p i t a t e 
immediately formed. S t i r r i n g was continued u n t i l a l l 
the s o l i d PCI,- had reacted (about 10 minutes). The 
s o l u t i o n was then t r a n s f e r r e d t o the glove box, t he 
s o l i d f i l t e r e d and washed w i t h 30/40 pet ether, and dr i e d 
at t h e pump. 

The absence o f PCltj i m p u r i t y was shown by the r e being 
no i n f r a r e d band at 654 cm"1 (PC1 4

+), 
Y i e l d «= 6.36g = 95% based on PC15.C5H5N.2C6H5N02 

A n a l y s i s : Pound C,35,54; H,2.67; N,7.84j P,5.96; Cl,35.8 
PCI 5.pyridine.2PhN0 2 r e q u i r e s C,37.92; H,2,79; N,7.82; 
P,5.77; CI,33.04. 
PCIz»pyridine 

a) Pr e f e r r e d method 
I n the glove box r e a c t i o n apparatus (Chapter 2 s e c t i o n l ( i ) ) 

10.930g (52.4 mmole) PCI,, were s t i r r e d i n 45ml nitromethane 
t o form a satu r a t e d s o l u t i o n containing some undissolved 
PClg. 4.4ml (54.6 mrnole) p y r i d i n e were slowly dripped i n 
under reduced pressure. S t i r r i n g was continued f o r about 
10 minutes t o ensure a l l the PC1 5 had reacted, producing 
a cloudy white p r e c i p i t a t e . A l i t t l e e x t r a p y r i d i n e was 
added t o ensure completion o f r e a c t i o n . Before the s o l u t i o n 
had time t o darken g r e a t l y (due t o attack o f PCI,..pyridine 
on s o l v e n t ) the s o l i d was f i l t e r e d o f f , washed twice w i t h 
small amounts o f benzene, then twice w i t h 30/40 pet ether 
t o produce snowy-white f l a k y c r y s t a l s . The absence o f 
PC1 5 as i m p u r i t y was shown by the r e being no band i n the 
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i n f r a r e d spectrum at 654 cm due t o P C l 4 . 
Y i e l d = 9.67g = 64% based on PC15.C5H5N 

An a l y s i s : Pound C,19.73; H,2.59; N,6.70; P,10.40; CI,61.3; 
PC1 5.pyridine r e q u i r e s C,20.85; H,1.74; N,4.87; P,10.76; 
CI,61.7. 

b) A s a t u r a t e d s o l u t i o n o f PCl^ was made up i n warm 
(«v30°C) nitromethane, i n a tube small enough t o be placed 
i n t h e quick e n t r y p o r t o f t h e glove box. Excess p y r i d i n e 
was added, and t h e s l i g h t p y r i d i n i u m c h l o r i d e fog was blown 
o f f w i t h a corfcinuous stream o f n i t r o g e n . The tube was then 
sealed, t h e stopper covered w i t h "Parafilm" as an added 
p r o t e c t i o n , shaken and cooled under running water. White 
c r y s t a l s came out o f s o l u t i o n . A f t e r the outside o f the 
tube was thoroughly d r i e d , the " p a r a f i l m " was removed and 
the tube t r a n s f e r r e d i n t o t he glove box v i a the quick e n t r y 
p o r t . The white f l a k y s o l i d was then f i l t e r e d and d r i e d at 
the pump. 

Y i e l d = 0.922g = 32.5% based on PClg.Cgiyj 
A n a l y s i s : Pound C,20.74; H,2.09; N,4.56, P,10.36; Cl,60.4 
PC1 5.pyridine r e q u i r e s C,20.85; H,1.74; N,4.87; P,10.76; 
CI,61.7. 

PC1^..3.5~lutidine 
I n t h e glove box r e a c t i o n apparatus 8.302g (39.8 mmole) 

PC1 5 were dissolved i n 120 ml nitrobenzene. 4.27g (39.9 mmole) 
3 , 5 - l u t i d i n e were sl o w l y dripped i n t o the s t i r r e d s o l u t i o n 
under reduced pressure. During the a d d i t i o n a white p r e c i p i t a t e 
formed. The r e a c t i o n was exothermic. S t i r r i n g was continued 
f o r a few minutes, then the s o l u t i o n was l e f t f o r about 



10 minutes t o c o o l . The s o l i d was then f i l t e r e d , washed w i t h 
methylene c h l o r i d e then 30/40 pet ether, and d r i e d at the 
pump. 
Y i e l d « 8.54g = 68.1% based on P C l 5 . 3 , 5 - l u t i d i n e 
A n a l y s i s : Pound C,28.05; H,3.41; N,4.85; P,9.87; CI,55.70; 
P C l 5 . 3 , 5 - l u t i d i n e r e q u i r e s C,26.65; H,2.88; N,4.44; P,9.82; 
CI,55.70. 

PCI 5.3~X p y r i d i n e (X = CI. Br. I ) 

I n s i d e the glove box a saturated s o l u t i o n o f PClg i n the 
r e q u i r e d solvent (see below) was made up i n a tube capable 
o f f i t t i n g i n the quick e n t r y p o r t . The tube was then 
brought out o f the glove box, and approximately the r e q u i s i t e 
amount o f the h a l o p y r i d i n e was added under a continuous 
stream o f n i t r o g e n , e i t h e r as neat l i q u i d (3-chloro, 3-bromo 
p y r i d i n e s ) , or as a saturated s o l u t i o n i n the solvent used 
(3-1 p y r i d i n e ) . The tube was then shaken t o s t a r t r a p i d 
c r y s t a l l i s a t i o n . The tube was t r a n s f e r r e d i n t o the glove box 
v i a t h e quick e n t r y p o r t , and t h e s o l i d f i l t e r e d ! , , washed w i t h 
30/40 pet ether, and l e f t t o dry f o r a few minutes at the 
pump, then d r i e d on a vacuum l i n e f or more than one hour. 
PC1(..3-C1 p y r i d i n e - ''Ltroethane used as solvent 
A n a l y s i s : Pound C,18.69; H,1.38; N,4.34; P,9.61; Cl,65.5; 
PC15.3-C1 p y r i d i n e r e q u i r e s C,l8.66; H,1.26; N,4.35; P,9.63; 
CI,66.1 

PCl 5.3-Br p y r i d i n e - nitroethane used as solvent 
A n a l y s i s : Pound C,17.17; H,1.58; N,3.91; P,8.2} CI,49.3; 
Br,22.1; PCl 5.3-Br p y r i d i n e r e q u i r e s C,16.40; H,1.10; N,3.82; 
P,8.48; Cl,48.4; Br,21.8. 
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PC1 5 #3-I p y r i d i n e - nitromethane used as so l v e n t . 
Analyses: Pound C,14.80; H,1.25; N,3.34; P,7.42; CI,42.40; 
1,30.5; PC1 5.3-I p y r i d i n e r e q u i r e s C,14.53; H,0.98; N,3.39; 
P,7.50; CI,42.90; 1,30.71. 
P C l 4 p h e n + ( P C l 6 - ) x C l - 1 _ x 

1. 2.8l3g (13.5 mmole) f i n e l y powdered PCljj were dissolved 
w i t h s t i r r i n g i n 100ml dry benzene. 2.434g (13.5 mmole) 
phenanthroline were di s s o l v e d i n a few ml o f dry benzene. 
The phenanthroline s o l u t i o n was added t o the PClg s o l u t i o n 
w i t h s t i r r i n g , forming at f i r s t a white p r e c i p i t a t e then a 
y e l l o w i s h suspension. The suspension was f i l t e r e d o f f , 
washed w i t h 30/40 pet ether, then d r i e d on the vacuum l i n e 
f o r about one hour g i v i n g an o f f - w h i t e powder. 

Y i e l d » 3.03g * 68.8% as p C l 4 p h e n + ( P C l 6 ~ ) 0 ^ 3 2 4 C l ~ 0 > 6 7 6 

A n a l y s i s : Pound C,32.63; H,2.59; N,6.50; P,9.21; CI,53.75; 
P C l 4 p h e n + ( P C l 6 " ) 0 ^ 3 2 4

 c l " ~ 0 # 6 7 6 r e q u i r e s C,31.61; H,1.78; 
N,6.15; P,9.00; CI,51.48. 
2. Th i s i s the method used by Deveney and Webster t o produce 
PCl 4phen +Cl~ 2 2 . 

2.78g (13.3 mmole) PClg dissolved i n 79ml benzene was 
added t o 2.42g (13.4 mmole) phenanthroline dissolved i n the 
minimum q u a n t i t y o f benzene. The o f f - w h i t e powder was 
i s o l a t e d as above. 
Y i e l d m 3.64g - 80.9% as P C l 4 p h e n + ( P C l 6 ~ ) 0 ^ 2 1 4 C 1 ~ 0 b 7 8 6 

Analyses: Pound C,34.26; H,1.87; N,5.87; P,8.85; CI,51.58; 
( P C l 4 p h e n + ) ( P C l 6 " " ) 0 < 2 1 4

 c l ~ 0 # 7 8 6 - r e quires C,33.29; H,1.87; 
N,6.47; P,8.68; CI,49.69. 
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PCl 4phen +PCl 6~ 

Saturated s o l u t i o n s o f PCl 5(3.87g; 18.6 mmole) and 
phenanthroline (1.72g; 9.5 mmole) i n nitroethane were made 
up i n the glove box. The PCI,, s o l u t i o n was q u i c k l y added 
t o the phenanthroline s o l u t i o n w i t h s t i r r i n g . The l i g h t 
r e d brown s o l u t i o n was l e f t without s t i r r i n g f o r about 
2 minutes dur i n g which time c r y s t a l s appeared i n the 
s o l u t i o n . The o f f - w h i t e c r y s t a l s were then separated, 
washed w i t h methylene c h l o r i d e , then 30/40 pet ether, and 
d r i e d at the pump. 

Y i e l d = 2.94g « 51.6% as PCl 4phen +PCl 6" 
A n a l y s i s : Pound C,23.92; H,1.37; N,5.10; P,10.21; Cl,59.34; 
PCl 4phen +PCl 6~ r e q u i r e s C,24.15; H,1.35; N,4.70; P,10.38; 
CI,59.42. 
P C l 4 d i p y + P C l 6 " 

I n t h e glove box saturated s o l u t i o n s o f PC1 5 (5.65g; 27.1 
mmole) and d i p y r i d y l (2.11g; 13.5 mmole) were made up i n 
nitromethane. The d i p y r i d y l s o l u t i o n was added t o the PCI 5 
s o l u t i o n w i t h s t i r r i n g . O ff-white c r y s t a l s r a p i d l y formed. 
These were f i l t e r e d o f f , washed w i t h 30/40 pet ether, and 
d r i e d at t h e pump. 
Y i e l d = 3.56g = 55.5% as P C l 4 d i p y + P C l 6 " 
Analyses: Pound C,19.27; H , l c 6 1 ; N,4.59; P,10.31; Cl,60.7; 
d i p y r i d y l , 28.80; P C l 4 d i p y + P C l g " requires C,20.97; H,1.41; 
N,4 089; P,10.82; Cl,61.91; d i p y r i d y l , 27.27. 
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B i s ( 2 . 4 . 6 - G o l l i d i n i u m ) c h l o r i d e hexachlorophosphate 
6.50g (31.2 mmole) PC1 5 were dissolved i n 250ml o f 

undried carbon t e t r a c h l o r i d e . Under a continuous stream o f 
n i t r o g e n , an equimolar q u a n t i t y o f 2 , 4 , 6 - c o l l i d i n e was added 
w i t h s t i r r i n g . A t h i c k white p r e c i p i t a t e almost immediately 
formed i n the s o l u t i o n . This was f i l t e r e d o f f and d r i e d . 
Y i e l d = 6.64g 

Analyses: Pound C,37.17; H,4.94; N,4.97; P,5.25; Cl,46.96; 
( C g H 1 1 N H + ) 2 C1~PC16" r e q u i r e s C,36.7; H,4.58; N,5.36; P,5.92; 
CI,47.4. 

The compound was characterised by i n f r a r e d spectroscopy 
- 1 + 

(one broad P-Cl s t r e t c h at 448 cm ; broad N-H frequency 
— l 3*1 at 2555 cm" ) , and by P n.m.r. i n the s o l i d s t a t e 

( 8 3 1 P 298.7 ppm) and nitrobenzene s o l u t i o n ( S 3 1 P 297.5 ppm), 
these peaks being a t t r i b u t a b l e t o the hexachlorophosphate i o n . 

The analogous compound (pyH ^Cl'PClg has been prepared 
"182 

by B e a t t i e et a l • The exact stoichiometry o f the 
c o l l i d i n i u m s a l t , however, v a r i e d w i t h the conditions o f 
p r e p a r a t i o n . The p r e p a r a t i v e route used here i s s i m i l a r 

183 
t o t h a t used by Van der? Meulen and Hellen t o produce 
pyH + BF4~. 
SbClg » p y r i d i n e 

The p r e p a r a t i o n f o l l o w s the procedure o f Hutton and 
Webb 3 . 

2.0ml (24.8 mmole) p y r i d i n e i n 20ml o f chloroform, 
which had been p r e v i o u s l y d i s t i l l e d from phosphorus 
pentoxide, were s l o w l y added t o a s o l u t i o n o f 4.8ml 
(9.8g, 32.86 mmole) antimony pentachloride i n 50ml of 
chloroform. The o f f white product was f i l t e r e d , washed 
w i t h hot chloroform and d r i e d under vacuum. 
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Y i e l d = 5.65g = 60.2% as SbClg.py 
i . r . spectrum 400-300 cm"1:358 cm"1 s t r , 348 cm"1 s t r . c . f . 
B e a t t i e et a l 1 1 353 vs b r , 344 vs b r . 
Analyses: Pound C,15.1; H,1.84; N,3.35; CI,51.4 SbClg.py 
r e q u i r e s C,15.9; H,1.34; N,3.70; CI,46.9. 

i 
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2. Acceptor Properties of the Tetrachlorophosphonium ion : 
Tetrachlorophosphonium Hexachloroantimonate P C l ^ S b C l g ~ 

( i ) Introduction 
The 1:1 adduct of phosphorus pentachloride and antimony 

1 184 
pentachloride has been long known 9 , and i t s formation 
i n non aqueous solvents investigated using a variety of 
physical techniques ' 9 . The conductivity of the 
complex i n solution and i t s high sublimation temperature 
(321°C) immediately suggested a s a l t - l i k e structure 1 8 7 . 
I t s i . r . and Raman spectra show the formulation of the 
complex to be P C l 4

+ S b C l 6 " i n both s o l i d state ^ t 1 8 8 * 1 8 9 

11 
and solution • 

The complex i s a white s o l i d , r e a d i l y soluble i n 
nitrobenzene, nitromethane and nitroethane but insoluble 
i n methylene chloride. I t does not react with acetonitrile 
I n solution, at l e a s t for many hours, i n marked contrast 

142 31 with phosphorus pentachloride . The s o l i d state P n.m.r. 
99 

spectrum of the complex shows a single peak at -88.3 ppm , 
attributable to PCL 4

+. The s h i f t i s -87.9 ppm i n nitromethane 
or nitroethane S h i f t s of -87.2 i n ac e t o n i t r i l e and 
-85.8 i n nitrobenzene have been found i n t h i s work, v i s i b l e 
on a single scan i n saturated solution. The complex i s then 

35 
completely i o n i c i n solution. The CI n.q.r. spectrum 
at 77K consists of two sets of l i n e s attributable to 
PC1 4

+ and SbCl 6~ 1 1 5 . 
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TABLE 16 

35 
N.q.r. SPECTRUM OF PCI ,+SbCl/" AT 77K 

• 4 •—— 6 " i ' • i • 

CI MHz V 3 7 CI MHz Assignment 
22.80 SbCl 

SbCl 
PCI 
PCI 
PCI 

23.02 
31.87 25.15 
32.35 25.50 
32.51 25.63 

Although thermally stable , the complex i s very 
water s e n s i t i v e . Hydrolysis by traces of moisture was 
found to produce phosphoryl chloride and a black s o l i d . 

The complex may be conveniently prepared by reaction 
of antimony pentachloride with one equivalent of phosphorus 

190 126 11 
pentachloride 9 ' or with half an equivalent of 

127 
phosphorus t r i c h l o r i d e • 

PC1 3 + 2SbCl 5 • P C l 4
+ S b C l 6 ~ + SbCl 3 

The f i r s t method was used i n t h i s work (Chapter 2 
section l ( i i ) h ) . Reviews of the investigations of 
P C l 4

+ S b C l 6 ~ are given by Webster 1 and Kblditz 1 8 7 . 
The acceptor properties of PC1 4

+ i n the complex 
PCl 4

+SbClg~ were demonstrated by Be a t t i e , Livingston 
10 

and Webster . I . r . spectra indicated the formation 
of PCl 4py 2

+SbClg"* i n a c e t o n i t r i l e solution as well as 
for s i milar t et r any dr o fur an and tetrahydrothiophene 
complexes. These temporarily stable complexes could 
not be i s o l a t e d as s o l i d s . A c i s configuration for 
PCIAPYO* was at f i r s t deduced, but i t was l a t e r shown 
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that i n s u f f i c i e n t evidence was available to confirm the 
29 

stereochemistry • No evidence was found for the formation 
of a stable P C l 4 p y + species 1 0 • 

A stable s o l i d PCl 4phen +SbClg" has been prepared 1 0 . 

I t s i . r . spectrum was similar to that of the complex 
+ — 10 22 

PCl 4phen CI ' t showing similar species to be present. 

Other examples of PC1 4
+ acting as an acceptor include 

P C l 4 d i p y + 2 9 , and P C l 4 d i p y + ( P C l 6 - ) 0 > 3 3 < a T ) 0 > 6 7
 2 3. 

The 1:1 adduct of phosphorus pentachloride and aluminium 

t r i c h l o r i d e has an i o n i c formulation, PCl 4
+AlCl 4"",both i n 

the s o l i d state 1 2 8 » 1 8 9 » 1 1 0 and i n solution 1 9 1 . Although 
31 

the f i r s t s o l i d state P n.m.r. spectrum suggested a 
97 

covalent structure , t h i s has since been shown to be 23 31 23 i n error . The s o l i d gives a P n.nur. peak at -87 ppm , 
attributable to p C l 4

+ , whereas the solution spectrum gives 
19T + «. 

a s h i f t at -86.5 ppm . PC1 4 A l C l 4 was used i n t h i s work 

to determine the e f f e c t of the counter ion on the reaction 

between PC1 4
+ and pyridine. The complex was prepared by 

mixing the components i n methylene chloride c.f. r e f . 128. 

I t i s extremely soluble i n nitrobenzene. 

Mixtures of phosphorus pentachloride, aluminium 

t r i c h l o r i d e (or f e r r i c chloride) and pyridine have been 
used to e f f e c t Walden inversion chlorinations i n organic 

54 
compounds • Before the general a v a i l a b i l i t y of physical 

54 
techniques Huckel and Pietrok postulated intermediates such as P C l 4 p y + A l C l 4 ~ and P C ^ p y J c i 



Fig 11 " P n m r solution spectra 

ijoppm too 

a) PCVSbCI / • 2 equivs dipyndyl in nitrobenzene 30scans 

220 200 
b) P C l / S W V • 2 equivs pyridine in nitrobenzene 

5 days after making up 6A scans 
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( i i ) Present Work 

a) Solution investigations 

Reactions of P C l 4
+ S b C l g " with a number of monodentate 

and bidentate pyridines were investigated i n nitrobenzene 
31 

solution by P n.m.r. techniques to determine the precise 
nature of the reaction and the s t a b i l i t y of the cationic 
species P C l 4 L 2 + (L » monodentate pyridine) or PO^L 1 + 

(L m bidentate pyridine). I t was hoped to compare the 
products with the molecular complexes of PCI,- and pyridines 
(Chapter 3 section l ( i i ) ) and thus compare the r e l a t i v e acceptor 
properties of PC1 4

+ and PCI,.. 
A nitrobenzene solution containing equimolar proportions 
• + _ 31 

of 2,2 -dipyridyl and PC1 4 SbCl g gave a single P n.m.r. 
l i n e at +190.5 ppm, similar to the value o f +189 ppm found 
by Dill o n 2 3 for P C l 4 d i p y + i n PCl 4dipy < p C l 6 " ) 0 # 3 3

 cl~o.67» 

and distant from the position of PC l g ~ . The formation of 
PCl 4dipy SbClg i s then confirmed. Solutions containing 
dipyridyl and P C l 4

+ S b C l g ~ i n 1.5:1 and 2:1 proportions 
(Pig. 11) gave s i m i l a r 3 1 P n.m.r. spectra ( f c 3 1 P +190.4, +189.6 ppm 
re s p e c t i v e l y ) , showing that no further dipyridyl co-ordinates 
when excess of the ligand i s present. The solutions showed 
no signs of further reaction over many months, contrasting 
with the slow e q u i l i b r a t i o n found with complexes of monodentate 
pyridines as described below. Solutions containing equimolar 
proportions of phenanthroline and P C l 4

+ S b C l g ~ produced a 
single 3 1 P n.m.r. peak at +191.5 ppm (compare the value 
of +192.7 ppm found with PCl 4phen +PCl g~ i n Chapter 3 
section l ( i i ) b ) attributable to PCl 4phen +. 
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Solutions containing PC1 4 SbClg" and various monodentate 
pyridines were then made up i n a 1:2 molar r a t i o . The range 
of substituted pyridines investigated was i d e n t i c a l with that 
used i n the work on phosphorus pentachloride adducts (Chapter 3 
section l ( i i ) a ) . The r e s u l t s are given i n Table 17. 
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TABLE 17 
RESULTS OP ADDITION OP PYRIDINE TO PCl/ S b C l / " 

p c i 4
+ s b c i 6 -

+ 2 pyridine 
i n nitrobenzene 

c.f. 
PC1 5 + pyridine 
Table 5 

pKa 3 1 P n.rrur. s h i f t 
2,4,6-collidine 7.4 -218.5(PC1 3) -217.0 • 
3,5-lutidine 6.2 adduct insoluble 
2-picoline 5.9 -218.1(PC1 3) -217.3 • 
3-picoline 5.6 adduct sparingly 

soluble 
pyridine 5.2 +180.8 -t-229.6 +228.0 
1,10-phenanthroline * 4.9 +191.5 +193.3 +298.6 
2,2 -dipyridyl 4.4 +190.5 +189 +293.0 
3-1 pyridine 3.3 +188.0 +231.6 +229.7 
3-P pyridine 3.0 +184.0 +225.0 +229.3 
3-Br pyridine 2.9 +184.9 +229.7 +228.3 
3-Cl pyridine 2.8 +182.5 +226.3 +228.6 
4-CN pyridine 1.9 adduct insoluble 
3-CN pyridine 1.4 no 6 co-ordinate 

adduct 
Peaks -6.0, -3.6 

+228.1 

Pyrazine 0.8 +180.7 +224.2 +219.1 • 
3,5-diCl pyridine 0.7 -86.4 (PC1 4

+) +170.2 • 
2-Br pyridine 0.8 -87.1 (PC1 4

+) +83.0 
2-C1 pyridine 0.6 -86.7 (PC1 4

+) +84.8 • 
2-CN pyridine -0.3 +18.0 +107.3 +173.4 +171.3 • 
2-F pyridine -0.4 -86.4 (PC1 4

+) +77.8 • 

• P s h i f t s for equimolar quantities of reactants i n PhNOg 
Others for solutions containing excess pyridine 

* Equimolar quantities of PCL +SbCl andbtdentate pyridine used 
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P y r i d i n e . 3-X p y r i d i n e (X * CI. Br. I ) 

The s o l u t i o n c o n t a i n i n g p y r i d i n e i t s e l f and PCl 4
+SbCl 6~ 

i n a 2:1 molar r a t i o took several hours t o s t a b i l i s e i n the 
n.m.r. spectrometer. Two peaks were t h e n v i s i b l e , at 
+180.8 ppm and +229.6 ppm ( P i g . l l ) . By analogy w i t h the 
s h i f t s o f PCl 4phen + and P C l 4 d i p y + the low f i e l d peak can be 
a t t r i b u t e d t o P C l 4 p y 2

+ , w h i l s t t h e higher f i e l d peak has a 
23 31 

s i m i l a r s h i f t t o t h a t found f o r PClg.py ' \ The appearance 
o f two peaks was also found t o be a general f e a t u r e o f the 
s o l u t i o n s c o n t a i n i n g 3-halopyridines, as was t h e i n s t a b i l i t y 
o f t he s o l u t i o n s i n the n.m.r. machine f o r several hours. 
This i n s t a b i l i t y i s presumably due t o t h e slow r e a c t i o n o f 
the PCL 4py 2

+ species i n i t i a l l y formed t o g i v e PClg.py. 
31 

With 3-iodopyridine the P n.m.r* spectrum was strong 
enough t o be v i s i b l e on a s i n g l e scan, making observation o f 
the spectrum po s s i b l e immediately a f t e r p r e p a r a t i o n o f the 
s o l u t i o n . The spectrum then showed a simgle peak at +188.1 ppm, 
w i t h no peak v i s i b l e at higher f i e l d . A peak at about +230 ppm 
slow l y appeared and grew w i t h respect to t h e PCl 4<3-Ipy> 2

+ 

peak. Over a p e r i o d o f several months tB&e r e a c t i o n proceeded 
no f u r t h e r t h a n t h e two species being present i n approximately 
equal p r o p o r t i o n s ( F i g . 12). An e q u i l i b r i u m thus appears t o be 
e s t a b l i s h e d . The e q u i l i b r a t i o n seemed general w i t h the 
p y r i d i n e s . PCl 4py 2

+SbClg~ i s ' immediately formed but slowly 
e q u i l i b r a t e s w i t h PClg.py and presumably SbClg.py. Antimony 
pentachloride may complex w i t h both p y r i d i n e and nitrobenzene. 
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The p y r i d i n e complex i s much stronger than the nitrobenzene 
complex, however, and may be synthesised i n nitrobenzene 
s o l u t i o n . 

I n order t o determine whether an e q u i l i b r i u m i s r e a l l y 
e s t a b l i s h e d , and t o t e s t the f e a s i b i l i t y o f one product o f 
the e q u i l i b r a t i o n being SbClg.py, a 1.00:1,03 s o l u t i o n o f 
PClg.py and SbCl^.py was made up i n nitrobenzene s o l u t i o n 
( f o r p r e p a r a t i o n o f SbClg.py see Chapter 3 s e c t i o n l ( i i ) c ) . 

31 
Reaction was seen t o occur, the P n.m.r. spectrum a f t e r 
one day showing two l i n e s , at +181.7 ppm and +232.0 ppm, 
a t t r i b u t a b l e t o P C l 4 p y 2

+ and PClg.py r e s p e c t i v e l y ( P i g . 13). 
The r e s u l t i n g spectrum must then be due t o an e q u i l i b r i u m , 
since t h i s has been approached from each d i r e c t i o n i n t u r n . 

P C l 4 p y 2
+ S b C l 6 ~ r=* PCl 5.py + SbClg.py 

To determine the e q u i l i b r i u m p o s i t i o n , the r e l a t i v e 
p r o p o r t i o n s o f PCl^Lg4" and PClg.L were measured by comparing 

31 
the areas o f the P n.m.r. peaks,as given i n Table 18. 

TABLE 18 
RELATIVE AREAS OF PCU.py AND P C 1 4 P V = * 

SPECIES IN VARIOUS SYSTEMS 
a) 1:1 PCl^.py : SbClg.py i n nitrobenzene 
Time a f t e r c*^1 P R e l a t i v e areas 
making up 
1 day +181.7 +232.0 54:46 
1 month +182.4 +231.1 57:43 
b) 2:1 p y r i d i n e : PC1 4

+ SbClg"" i n nitrobenzene 
1 day +180.7 +229.5 59:41 
5 days +181.2 +230.1 44:56 

c) 2:1 3-iodopyridine : PCl 4
+SbCl 6" i n nitrobenzene 

3 days +190.4 +233.8 53:47 

42 days +185.6 +229.3 52:48 
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The e q u i l i b r i u m p o s i t i o n from the PClg.py/SbClg.py 
mixture i s about 57:43 P C l 4 p y 2

+ : PClg.py, agreeing w i t h 
the value from p y r i d i n e and PCl 4

+SbClg~ a f t e r less than 
one day. However, a f t e r 5 days the l a t t e r s o l u t i o n appeared 
t o have re a c t e d f u r t h e r . This seems d i f f i c u l t t o e x p l a i n 
unless h y d r o l y s i s o f one component has occurred, thus 
d i s t u r b i n g the e q u i l i b r i u m p o s i t i o n . 

The 3-iodopyridine e q u i l i b r i u m was i n v e s t i g a t e d only 
from the d i r e c t i o n o f 3-iodopyridine and PCl 4

+SbClg"". The 
e q u i l i b r i u m r a t i o PC1 4(3-I p y r > 2

+ s PC1 5.(3-I pyr) appears 
t o be about 52$48. The d i f f e r e n c e between the r a t i o s i n the 
p y r i d i n e and 3-iodopyridine systems i s probably w i t h i n 
experimental e r r o r . However, f o r the very weak base, 
pyrazine, discussed l a t e r , the P C l 4 p y 2

+ peak was undetectable 
a f t e r several days, the e q u i l i b r i u m being completely over 
t o t h e side o f PCl^.pyrazine. 

Soluti o n s a f t e r the e q u i l i b r i u m between PCl 4py 2
+SbClg~ 

and PClg.py has been e s t a b l i s h e d are s t a b l e over many 
months. The i n s t a b i l i t y o f the PCl 4py 2*SbClg~ s o l u t i o n , 

10 
as found by Be at t i e , L i v i n g s t o n , and Webster , may thus 
have been due t o t h e i r not l e a v i n g s u f f i c i e n t time f o r 
e q u i l i b r i u m t o be a t t a i n e d . Furthermore, the a c e t o n i t r i l e 
used as solvent may at t a c k the r e a c t a n t s . Although PCl 4

+SbClg" 
seems st a b l e at room temperature i n a c e t o n i t r i l e s o l u t i o n , 
t h e r e a c t i o n t o produce the adduct may generate enough energy 
t o cause a t t a c k on the solvent. The complexes are very 
m o i s t u r e - s e n s i t i v e i n s o l u t i o n . Unless water i s thoroughly 
excluded, r e a c t i o n may be due t o . h y d r o l y s i s . This s e n s i t i v i t y 



FigK 3 l P n m r solution spectrum of PCI/AICI*" *2equivs 
pyridine in nitrobenzene 

after 
20 hrs 

39 days 

150 ppm 200 250 300 
L I —I I 
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t o moisture c o n t r a s t s w i t h the r e l a t i v e s t a b i l i t y o f the s o l i d 
complexes towards moisture, as discussed i n Chapter 3 s e c t i o n 
2 ( i i ) b . 

A nitrobenzene s o l u t i o n containing P C l 4
+ A l C l 4 ~ and p y r i d i n e 

i n a 1:2 molar r a t i o a f t e r a few hours showed l i t t l e sign o f a 
peak a t t r i b u t a b l e t o PCI,., p y r i d i n e , although the peak due t o 
P C 1 4 P V 2 + w a s c l e a r l y v i s i b l e . A f t e r one day two peaks 
corresponding t o p c l 4 P y 2 + 3 1 1 ( 1 p cl5«PY were found ( o 3 1 P +182.2, 
+230.4), The c a t i o n peak slowly l o s t i n t e n s i t y w i t h respect 
t o t h e n e u t r a l peak, however, u n t i l i t had disappeared 
completely ( P i g . 14), Thus th e r e a c t i o n 

P C l 4 p y 2
+ A l C l 4 - ¥ PCl 5.py.+ A l C l 3 . p y 

apparently proceeds t o completion. The p o s i t i o n o f the 
e q u i l i b r i u m between P C l 4 p y 2

+ and PClg.py thus appears t o 
depend on the nature o f the anion. With a s u i t a b l e anion 
t h e o r i g i n a l adduct may p o s s i b l y be completely s t a b l e , 
perhaps w i t h a non c h l o r i n e containing anion such as PFg", 
or w i t h an i o n such as C104~*. 

The species present i n the s o l u t i o n s used by HUckel 
54 

and P i e t r o k t o e f f e c t Walden i n v e r s i o n s , f o r f r e s h l y 
mixed reagents at l e a s t , are thus P C l 4 p y 2

+ A l C l 4 ~ together 
w i t h PClg.py and A l C l j . p y . 
3-CN p y r i d i n e . 4-CN p y r i d i n e , pyrazine 

When 4-cyanopyridine was used as l i g a n d the solvated 
adduct P C l 4 ( 4 - C N p y r ) 2

+ SbCl g", 2PhN02 immediately p r e c i p i t a t e d . 
Hence no s o l u t i o n data on t h e complex could be obtained. The 
s o l u t i o n c o n t a i n i n g 3-cyanopyridine and PCl 4

+SbClg"" i n a 
2:1 molar r a t i o was found t o contain no s i x co-ordinate 

31 
species. Reproducible P n,m,r, peaks were found at 
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-6,0 and -3.6 ppra, u n f o r t u n a t e l y i n the h y d r o l y s i s product 
r e g i o n o f the spectrum. The 3-cyanopyridine was shown by 
i n f r a r e d spectroscopy t o c o n t a i n no detectable moisture. 
Indeed no d i f f i c u l t y was found w i t h h y d r o l y s i s i n the system 
PClg/3-CN p y r i d i n e (excess) i n nitrobenzene (Chapter 3 
s e c t i o n l ( i i ) a ) . The peak at -3.6 ppm i s very close t o 

89 
the p o s i t i o n o f phosphoryl c h l o r i d e (-2.2 ppm) . The 
peak at -6.0 ppm i s more d i f f i c u l t t o e x p l a i n . This may 
be due t o a genuine f i v e co-ordinate adduct, PCl 4(3-CNpy) + , 
although no conclusive evidence has been found i n other systems 
f o r f o r m a t i o n o f such species. 

Pyrazine behaves i n a s i m i l a r f a s h i o n t o the 3-halo p y r i d i n e s 
i n showing both c a t i o n i c and n e u t r a l peaks i n i t i a l l y . The 
c a t i o n peak was very broad, however, probably because o f slow 
exchange w i t h PC1 4

+, and a f t e r several days had disappeared 
completely, l e a v i n g o n l y the resonance a t t r i b u t a b l e t o 
PCI j . . pyr azine • 
3 . 5 - d i c h l o r o p v r i d i n e 

A 2:1 3 , 5 - d i c h l o r o p y r i d i n e / P C l 4
+ S b C l 6 " s o l u t i o n shows a 

s i n g l e peak at -86.4 ppm assigned t o unco-ordinated PC1 4
+. 

I n order t o make sure t h a t the P C l 4
+ i o n was not i n e q u i l i b r i u m 

w i t h a small amount o f t h e co-ordinated form t h e high f i e l d 
r e g i o n was accumulated f o r aboit 240 scans. No peak was, 
however, d i s c e r n i b l e . This contrasts sharply w i t h the 1:1 
3,5-dichloropyridine/PCl,. s o l u t i o n i n nitrobenzene where 
the adduct i s about 60% associated (Chapter 3 s e c t i o n l ( i i ) a ) . 
I t provides t h e o n l y evidence found f o r d i f f e r e n c e s i n the 
acceptor p r o p e r t i e s o f PC1 5 and P C I * and suggests PC1 5 i s a 
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s l i g h t l y b e t t e r acceptor than PC1 4
+. As the su b s t i t u e n t s are 

i n the 3 and 5 r i n g p o s i t i o n s s t e r i c e f f e c t s are minimal. The 
d i f f e r e n c e i n acceptor p r o p e r t i e s may be a t t r i b u t a b l e t o the 
e x t r a o r b i t a l h y b r i d i s a t i o n energy needed f o r co-ordination i n 
the case o f PC1 4

+. For a c o v a l e n t l y bonded PC1 5 t r i g o n a l 
bipyramid h y b r i d i s a t i o n i n c l u d i n g d o r b i t a l s must be postulated. 
With f o u r co-ordinate PC1 4

+, however, no d o r b i t a l p a r t i c i p a t i o n 
3 

i s necessary, since sp h y b r i d i s a t i o n alone would produce a 
t e t r a h e d r a l molecule, d o r b i t a l c o n t r i b u t i o n s may o f course 
s t i l l occur, i f t h i s i s e n e r g e t i c a l l y worthwhile i n the 
system. 

Unlike the s o l u t i o n s i n which c o - o r d i n a t i o n occurs, 
PCl 4

+SbClg~/2 x 3,5-dichloropyridine i s stable i n nitrobenzene. 
I t has no tendency t o form the phosphorus pentachloride adduct. 
For t h e e q u i l i b r i u m w i t h the PCI,, adduct t o be established i t 
would thus seem t h a t a PC1 4

+ adduct needs f i r s t t o be formed. 
+ S b C l 6 ~ + 2(3,5-diClpyr) ^ PClg.(3,5-diClpyr) + SbClg.(3,5-diClpyr) 

11 
PC1 5 + 3,5-diClpyr 

For the r e a c t i o n t o the PClg complex t o be favourable the 
energy gained from formation o f the adducts must compensate 
f o r the d i s s o c i a t i o n o f PCl 4

+SbCl 6~, 
+ S b C l 6 " — > [ PC1 5 + S b C l 5 ] 2 p Y > PClg.py + SbCl 5py 

This r e a c t i o n may not be e n e r g e t i c a l l y favourable w i t h 
very low b a s i c i t y p y r i d i n e s . This explanation does not, 
however, show t h e d i f f e r e n c e i n ' r e a c t i v i t y between pyrazine 
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and 3 , 5 - d i c h l o r o p y r i d i n e . As a P C l 4 p y 2
+ S b C l g ~ adduct i s 

produced w i t h t h e former base i t would perhaps be expected 
t h a t the d i s s o c i a t i o n r e a c t i o n would be less worthwhile. 

Despite t h e l a c k o f formation i n s o l u t i o n , s o l i d 
PC1 4 (3,5-diCl p y r i d i n e ) 2

 + SbClg" i s i s o l a b l e from 
nitrobenzene s o l u t i o n s c o n t a i n i n g an excess o f 3,5-dichloropyridine 
(Chapter 3 s e c t i o n 2 ( i i ) b ) . 

Although 3 , 5 - d i c h l o r o p y r i d i n e i s a very s l i g h t l y stronger 
144 145 

base than pyrazine ' , pyrazine i s found t o co-ordinate 
t o PCl 4

+SbClg"* i n s o l u t i o n , whereas 3,5-dichloropyridine does 
no t . This r e v e r s a l o f the c o - o r d i n a t i o n p r o p e r t i e s from the 
order expected from t h e b a s i c i t i e s i s also found w i t h the 
phosphorus pentachloride adducts. The l i m i t i n g p o i n t o f 
c o - o r d i n a t i o n , however, i n the absence o f s t e r i c hindrance, 
appears t o be around t h i s pKa. 
2-X p y r i d i n e (X • CL. Br. I . CN) 

The 2-halopyridines a l l show no detectable adduct 
for m a t i o n i n s o l u t i o n s c o n t a i n i n g a 2:1 molar r a t i o o f 
the p y r i d i n e t o PCl 4

+SbClg". This i s s i m i l a r t o the 
c o - o r d i n a t i o n p r o p e r t i e s o f phosphorus pentachloride 
where 1:1 s o l u t i o n s o f phosphorus pentachloride and the 
2-halopyridine have l i t t l e tendency t o form complexes. 
Phosphorus pentachloride dissolved i n neat 2-halopyridine 
does, however, show some complex formation. I t was not 
possible t o simulate these conditions w i t h PCl 4

+SbClg~, 
since the i o n i c adducts PCl 4py 2

+SbClg~" were found t o be 
i n s o l u b l e i n t h e neat p y r i d i n e . No s i x co-ordinate 
3 i 

P n.m.r. peaks were v i s i b l e a f t e r accumulation when 
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attempts were made t o di s s o l v e PCl 4
+SbClg~ i n 2-chloropyridine. 

When PCl 4
+SbCl g"" was dissolved i n p y r i d i n e or 3-bromopyridine 

peaks were observed at +227,8 and +228,4 ppm r e s p e c t i v e l y , 
a t t r i b u t a b l e t o t h e molecular PClg.py adduct. No s i x co-ordinate 
peaks were found w i t h PCl 4

+SbClg"" i n neat 3-chloropyridine. 
The non-formation o f t h e molecular complex w i t h 2-chloropyridine 
may be due t o t h e non formation o f PC1 4 (2-Clpyr) 2

+SbClg", 
A s i m i l a r e x p l a n a t i o n cannot be used f o r the 3-chloropyridine 
s o l u t i o n as c o - o r d i n a t i o n o f 3-chloropyridine t o PCl 4

+SbClg"" 
has been p r e v i o u s l y shown t o be possible i n nitrobenzene 
s o l u t i o n . Perhaps i n t h i s case the s o l u t i o n has not been 
mixed s u f f i c i e n t l y f o r the s o l i d s t a t e / s o l u t i o n r e a c t i o n t o 
proceed, 
PCl 4

+SbClg~ ( i n s o l ) + 2 py > PCl 4py 2
+SbCl ~ ( i n s o l ) I ' 

P C l 5 . p y ( s o l ) + SbClg.py 

The 2:1 2-cyanopyridine and PCl 4
+SbClg~ s o l u t i o n i n nitrobenzene 

shows t h r e e peaks above 0 ppm at +18,0, +107,3, and +173.4 ppm. 
The resonance a t highest f i e l d i s i n the same p o s i t i o n as i n 
the analogous phosphorus pentachloride system. As p r e v i o u s l y 
shown (Chapter 3 s e c t i o n l ( i i ) a ) possible assignments o f these 
peaks are P C 1 4 « - N 2 C p y r ) + , P C l 4 ( < - N 5 C p y r > 2

+ , and 
PCLg. «— N s C pyr r e s p e c t i v e l y , by analogy w i t h the 
r e l a t i v e order o f chemical s h i f t s i n other PCl 4

+SbClg*" / 
p y r i d i n e systems. This assignment explains the two lower 
f i e l d peaks being found o n l y w i t h the PCl 4

+SbClg~ system. 
Much more evidence would, however, be needed t o confirm t h i s 
hypothesiso 
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Methyl p y r i d i n e s 
S i m i l a r l y t o phosphorus pentachloride (Chapter 3 s e c t i o n l ( i i ) a ) 

PCl 4
+SbClg~ does not form st a b l e adducts w i t h the hindered 

2 - s u b s t i t u t e d methyl p y r i d i n e s , 2 , 4 , 6 - c o l l i d i n e and 2 - p i c o l i n e , 
c 31 

but r e a c t s forming phosphorus t r i c h l o r i d e , ( o P found 
-218,5, -218,1 ppm r e s p e c t i v e l y ) . The r e a c t i o n product from 
the hexachloroantimonate anion was not determined. Unfortunately 
both the unhindered methyl p y r i d i n e s used, namely 3 , 5 - l u t i d i n e 
and 3-picoline,formed adducts i n s o l u b l e i n nitrobenzene. The 
s o l u t i o n from which t h e 3 - p i c o l i n e complex p r e c i p i t a t e s slowly 
t u r n s dark brown, which may i n d i c a t e r e a c t i o n o f the small 
amount o f complex l e f t i n s o l u t i o n . 
P o s s i b i l i t y o f PCl^pv* species 

10 
. B e a t t i e and Webster found no evidence f o r the presence o f 

f i v e co-ordinate species i n PCl 4
+SbClg~ / p y r i d i n e systems. The 

i , r , spectrum o f a s o l u t i o n c o n t a i n i n g PCl 4
+SbClg"" and p y r i d i n e 

10 
i n a 1:2 molar r a t i o showed no t r a c e o f a f r e e p y r i d i n e band — 1 + at 403 cm • The presence o f f i v e co-ordinate PCl 4py species 

31 
would be d i f f i c u l t t o determine unambiguously using P n.m.r. 
techniques. The s h i f t o f P C l 4py + would be expected t o be 
between PC1 4* (-85,8 ppm) and PCI,. (+82 ppm) and probably i n 
th e r e g i o n o f 0 ppm. Un f o r t u n a t e l y t h i s i s also the h y d r o l y s i s 
product r e g i o n (Appendix 2 ) , With the 1:2 s o l u t i o n s i n 
nitrobenzene o f PCl 4

+SbClg~ and various p y r i d i n e s one or more 
small peaks were g e n e r a l l y found i n the r e g i o n o f 0 ppm. 

\ 
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Examples are 
P C l 4

+ S b C l 6 ~ i n 3-bromopyridine -1.6, +12.0 
P C l 4

+ S b C l 6 " i n 3-chloropyridine -4.9, +5.2, +9. 
P C l 4

+ S b C l g ~ i n p y r i d i n e +9.3 
1:2 P C l 4

+ S b C l 5 " /3-Br p y r i d i n e i n PhN02 -2.3 
1:1 P C l 4

+ S b C l 6 " / d i p y r i d y l i n PhN02 -2.5 

I t i s not po s s i b l e t o determine whether a l l the peaks are 
due t o h y d r o l y s i s o r whether PCl 4py + species are present i n 
some o f the systems. 

An equimolar s o l u t i o n o f PCl 4
+SbClg"" and 3-iodopyridine 
31 

i n nitrobenzene gave no observable P n.m.r. peak even a f t e r 
150 scans w h i l s t t h e 1:2 s o l u t i o n showed peaks c l e a r l y v i s i b l e 
a f t e r about 30 scans. The lac k o f s i g n a l i n the 1:1 s o l u t i o n 
probably i n d i c a t e s t h a t the peaks present (PC1 4

+, PC1 4 ( 3 - I p y > 2
+ , 

PClg. 3-Ipy and perhaps P C l 4 ( 3 - I p y ) + ) were broadened beyond 
d e t e c t i o n by mutual exchange. The p o s s i b i l i t y o f formation o f 
PCl 4py i n t h e PC1 4 SbClg" /3-cyanopyridine system has been 
discussed p r e v i o u s l y . 
Stereo chemi s t r v 

Octahedral c o - o r d i n a t i o n o f phosphorus i s expected i n 
P C l 4 p y 2

+ . The p y r i d i n e s can then occupy c i s or t r a n s p o s i t i o n s 
r e l a t i v e t o each other (Chapter 1 s e c t i o n 3(iii))« L i t t l e , 
however, can be deduced about the c o n f i g u r a t i o n o f the complexes 

31 
from t h e P n.m.r. s o l u t i o n spectra alone. I n some systems 
discussed l a t e r d i s t i n c t s i g n a l s from the isomeric forms can 
be found. (See Chapter 4 s e c t i o n l ( i v ) . Here o n l y one s i g n a l 
a t t r i b u t a b l e t o P C l 4 p y 2

+ i s found. This s i g n a l may be due 
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e i t h e r t o one isomeric form i n s o l u t i o n , or t o a r a p i d 
e q u i l i b r i u m between two isomeric forms. PCl 4phen + and 
P C l 4 d i p y + must have c i s c o n f i g u r a t i o n s . The s h i f t s o f 
these species are at l e a s t 5 ppm higher than are found 
f o r t h e monodentate p y r i d i n e s ( w i t h t h e exception o f 
3 - i o d o p y r i d i n e ) . This s h i f t d i f f e r e n c e could be due t o 
a d i f f e r e n c e i n c o n f i g u r a t i o n , the m a j o r i t y o f monodentate 
p y r i d i n e s then being t r a n s i n s o l u t i o n , but the d i f f e r e n c e 
may j u s t r e f l e c t t he spread i n n.m.r. s h i f t s f o r the 
d i f f e r e n t PC1 4X 2

+ species. Stereochemical evidence from 
other p h y s i c a l techniques i s given i n Chapter 3 s e c t i o n 2 ( i i ) b , 

b ) S o l i d I n v e s t i g a t i o n s 
Over a p e r i o d o f days s o l u t i o n s o f PCL 4py 2

+SbClg*" 
e q u i l i b r a t e w i t h PClg.py and SbClg.py. By choice o f a 
solvent so t h a t c r y s t a l l i s a t i o n i s very r a p i d , however, 
t h e adducts may be separated. The complexes i s o l a t e d were 
P C 1 4 L 2 + S b C 1 6 ~ w n e r e L ° 3- p i c o l i n e ; 3 , 5 - l u t i d i n e ; p y r i d i n e ; 
3( h a l ) p y r i d i n e ( h a l » CI, Br, I ) ; 4-cyanopyridine; 
3 , 5 - d i c h l o r o p y r i d i n e and PC1 4(L-L) + SbClg" where L-L 8 

1,10-phenanthroline or 2 , 2 , - d i p y r i d y l . The adduct w i t h 
4-cyanopyridine was also i s o l a t e d as i t s bisnitrobenzene 
s o l v a t e , P C l 4 ( 4 - C N p y r ) 2

+ SbClg". 2PhN02. I n a d d i t i o n the 
complex P C l 4 p y 2

+ A l C l 4 was prepared, and t h e r e were i n d i c a t i o n s 
t h a t PCl 4py 2

+BPh 4" could be i s o l a t e d . One sample o f PC1 4 

( 3 , 5 - d i C l p y r ) 2
+ SbClg" was prepared by J* L i n c o l n . 
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Properties 

A l l complexes o f monodentate p y r i d i n e s • analysed (Chapter 
s e c t i o n 2 ( i i ) c ) as 1:1:2 PClg/SbClg/pyridine, whereas those 
w i t h b i d e n t a t e p y r i d i n e s analysed as 1:1:1 PClg/SbClg/pyr. 
Spectroscopic data described l a t e r i n d i c a t e the s t r u c t u r e s 
t o be P C l 4 L 2

+ S b C l 6 " and PC l 4 ( L - L ) + S b C l 6 ~ . 
A l a c k o f change i n the i . r . spectrum o f PCl 4py 2

+SbClg~ 
a f t e r 11 months shows t h a t no e q u i l i b r a t i o n w i t h PCl^.py and 
SbClg.py takes place i n the s o l i d s t a t e . With the exception 
o f the 4~cyanopyridine and 3-iodopyridine complexes, the 
other complexes appear also t o be s t a b l e . Although the 
4-cyano, 3-chloro and 3-bromopyridine complexes change 
colour over a p e r i o d o f months the i . r . spectrum o f the 
l a t t e r two remained unchanged. Presumably t h e i r colour 
change i s due t o s l i g h t changes i n the c r y s t a l l a t t i c e 
which d i d not have time t o form i d e a l l y during the r a p i d 
c r y s t a l l i s a t i o n . 

The s o l i d s are markedly stable t o moist a i r . The 
p y r i d i n e , phenahthroline, and 3-bromopyridine complexes 
were exposed t o the atmosphere overnight and showed no 
change i n t h e i r i . r . spectra, apart from a change i n 
i n t e n s i t y o f two minor peaks at 1534 and 1418 cm w i t h 
the phenanthroline complex. Indeed the p y r i d i n e and 
phenanthroline complexes showed no signs o f decomposition 
a f t e r several weeks exposure or a f t e r a d d i t i o n o f water, 
The p a r t i c l e s o f the phenanthroline complex coalesced 
i n t o loose globules i n d i c a t i n g i t s s t r o n g l y hydrophobic 
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nature. Although c o - o r d i n a t i o n s a t u r a t i o n may be p a r t l y 
r esponsible f o r t h e r e s i s t a n c e t o h y d r o l y s i s the i n s o l u b i l i t y 
o f the s a l t - l i k e s t r u c t u r e must c o n t r i b u t e g r e a t l y , c f . the 
ease o f h y d r o l y s i s o f s o l i d PClg,pyridine. The resistance i s 
also dependent on the s t a b i l i t y o f the anion, PCl 4phen +PClg~ 
r a p i d l y hydrolyses w i t h at l e a s t s l i g h t a t t a c k on the c a t i o n . 
No such change occurs w i t h PCl 4phen +SbClg~. 

P C l 4 P Y 2 + S b C 1 6 " " 3 1 1 ( 1 P cl 4Pken +SbClg~ are white c r y s t a l l i n e 
s o l i d s , t h e l a t t e r o n l y s l i g h t y soluble i n nitrobenzene, 
PCl 4phen +SbClg~ has been p r e v i o u s l y described as a pale 
yellow s o l i d when i s o l a t e d from a c e t o n i t r i l e s o l u t i o n , not 

10 
r e a d i l y hydrolysable i n the s o l i d s t a t e , The re p o r t e d i , r , 

10 
spectrum agrees o n l y approximately w i t h t h i s work, 

TABLE 19 
i . r . SPECTRUM OF PCl 4phen*SbCl c~ 

Ref,10 564vw, 534s, 506s, 468sbr, 445m, 334m, 277m 
Present Work 572w, 539s, 528m, 512s, 4 8 l s , 474sh, 452m, 

358sh, 342s, 332s, 302w, 278w 

PCl 4phen +PClg~ 572w, 539s, 525sh, 508s, 482s, (452sh, 438s, 422sh)i 
338w, 302w, 282w 

( ) Mainly PCl ~ 

PCl 4dipy +SbClg"* i s a pale yellow s o l i d which i s very 
s o l u b l e i n nitrobenzene, nitromethane and ni t r o e t h a n e . With 
t h e exception o f bands a t t r i b u t a b l e t o the anions present the 
i , r 0 spectra o f PCl 4dipy +SbClg~ and PCl 4dipy +PClg"" were i d e n t i c a l , 
showing t h e presence o f i d e n t i c a l c a t i o n s . 
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TABLE 20 
I . r . SPECTRA OF P C l 1 d i p y + SALTS 660-250 cm' - 1 

P C l 4 d i p y + S b C l 6 ~ 658m, 512s, 502s, 
342s,• 306w, 280w, 
653m, 620w, 590w, 517s, 
428sh,• 354w, 298w, 

461s, 4l7w, 398w, 
258m, 

PCl 4dipy +PCl 6"" 510s, 460sh,* 438s," 
288w, 270m, 

* Mainly PCI ~ or SbCl ~ 

P C l 4 < 3 , 5 - l u t i d i n e ) 2
+ SbClg" and P C l 4 < 3 - p i c o l i n e ) 2

+ SbClg" 
are both s t a b l e white s o l i d s . Their s t a b i l i t y compares w i t h 
t h a t o f s o l i d PClg. 3 , 5 - l u t i d i n e . The 3-pi c o l i n e complex 
seems s l i g h t l y s o l u b l e , and the 3 , 5 - l u t i d i n e complex 
i n s o l u b l e i n nitrobenzene. 

The 3-halopyridine complexes P C l 4 ( 3 - h a l p y r ) 2
+ S b C l g ~ 

( h a l = CI, Br, I ) are soluble i n nitrobenzene. The white 
3-chloro and 3-bromopyridine complexes t u r n fawn coloured 
over several weeks. The yellow 3-iodopyridine complex 
undergoes no colour change. As the i . r . spectrum o f 
P C l 4 ( 3 - I p y r ) 2

+ S b C l g ~ a f t e r several months showed a peak 
which may be a t t r i b u t e d t o phosphoryl c h l o r i d e , i t could 
not be determined whether changes i n other p a r t s o f the 
spectrum were due t o h y d r o l y s i s or t o s o l i d s t a t e r e a c t i o n . 

P C l 4 ( 4 - C N p y r ) 2
+ SbCl g~ and i t s bisnitrobenzene solvate 

are white s o l i d s . Both t u r n brown over a period o f weeks 
at room temperature* Their i . r . spectra a f t e r t h i s p e riod 
showed d i s t i n c t d i f f e r e n c e s which may be a t t r i b u t e d t o 
form a t i o n o f PC15.(4-CN p y r i d i n e ) and presumably also 
SbCl 5.(4-CN p y r i d i n e ) . Although the PCI- adduct has not 
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been previously i s o l a t e d , the new i . r . l i n e s are i n very 
similar positions to those found with other PCI,., pyridine 
complexes. Even after 8 months at 35°C however, the s o l i d 
state reaction had not proceeded to completion. 
PCl 4(4-CNpyr) 2

+ SbClg". 2PhN02 seems i n d e f i n i t e l y stable at 
-15°C. 

TABLE 21 
i . r . SPECTRUM PC1 4(4-CNpyr) 2

+SbCl f 
650-250 cm"1 

New 570s, 552m, 522m, 
507s, 420w, 390s, 360s, 340s, 

8 months 630s, 588s, 572sh, 554m, 537w, 524w, 
508m, 470m, 445m, 392m, 343s, 
330sh, 274w 

Unfortunately co-ordination decreased the intensity 
of the - C = N stretching vibration to below detection, so 
the effect of co-ordination on the frequency of t h i s l i n e 
could not be observed. The nitrobenzene i n the l a t t i c e 
was detected by elemental analyses and by i t s c h a r a c t e r i s t i c 
i n f r a red frequencies, p a r t i c u l a r l y at 1521, 1347 and 852 cm" . 
The 676 cm nitrobenzene l i n e appears to s p l i t into two l i n e s 

1 1 at 676 cm and 683 cm"* , similar to i t s behaviour i n 
176 

t r a n s i t i o n metal complexes • No s p l i t t i n g i s detectable 
i n solvates of the other adducts studied i n t h i s work. 

PCl 4(3,5-dichloropyridine) 2 SbClg i s a white, stable 
s o l i d . No evidence has been found for i t s existence i n 
solution. 
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p C l 4 p y 2
+ A1C1 4~ i s a white s o l i d . I t s i . r . spectrum, 

with the exception of the anion bands, corresponded to that 
of P C l 4 p y 2

+ S b C l 6 ~ , 
TABLE 22 

i . r . SPECTRA OF P C 1 4 p v 2 * SALTS 660-340 cm"1 

P C l 4 p y 2
+ S b C l 6 ~ 6l2w, 536s, 447s, 410s, 340*s 
A1C1 4~ 610w, 535sh, 528s, 496*s, 450m, 

410m, 
BPh 4~ 658s, 627«m, 6l6«m, 608»m, 527s, 

487*w, 458m, 408s, 348w 

•Bands due to anion 

When f r e s h l y made up nitromethane solutions of 
P C l 4 P Y 2 + S b C 1 6 * ~ and Na+BPh4"" were mixed, a yellow precipitate 
immediately appeared. The i . r . spectrum of t h i s s o l i d did 
not show the large band expected for SbClg"" (the weak 348 cm" 
peak may be due to t h i s i n very small amounts) but showed 
peaks attributable to both P C l 4 p y 2

+ and BPh 4"(Pig.15). 
+ - 192 

Presumably the antimony remained i n solution as Na SbCl g 

or as SbClg, precipitating sodium chloride. The analysis 
of the compound (see Chapter 3 section 2 ( i i ) c ) did not 
f i t the above formulation, but no extra peaks were found 
i n the i . r . spectrum of the material. The s o l i d decomposed 
quickly at 35°C and over periods of days at room temperature. 
One sample showed the presence of P C l 4 p y 2

+ i n the i . r . 
spectrum even after one year. The BPh 4" frequencies had 
altered, however. 

j 
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The p o s s i b i l i t y of i s o l a t i o n of the tetraphenylborate 
shows the marked lowering of the r e a c t i v i t y of PC1 4

+ by 
co-ordination. An attempt was made to produce PCl 4

+BPh 4~ 
from PC1 5 and NaBPh4 by evaporating a nitromethane solution 
of the components under reduced pressure. Although PC1 4

+ 

was shown to be present i n the i n f r a red spectrum of the 
remaining brown s o l i d , the other l i n e s did not correspond 
to those of the tetraphenylborate anion. Indeed very few 
s a l t s of the tetrachlorophosphonium ion are known, except 
with halide or complex halide anions • These include 
PC1 4

+C10 4~ 1 2 6 , PC1 4
+S0 3P" 1 9 3 , and PC1 4

+S0 3C1" 1 9 4 ~ 6
# 

The l a t t e r s a l t was unstable at room temperature. Other 
10 

attempts to produce the perchlorate, nitrate , difluoroborate 
197 198 

and fluorosulphate ' s a l t s have f a i l e d . However the 
p c l 4 P Y 2 + cation can be isolated with as potentially reactive 
an anion as tetraphenylborate. By protecting the PC1 4

+ cation 
a whole range of s a l t s may i n future be formed, 
3 1 P n.m.r. spectra 

The complexes gave broad but well-defined resonances 
at about +190 ppm, indicative of the s i x co-ordinate cationic 
species. The b i s nitrobenzene 4-cyanopyridine complex did 
not stabilise i n the spectrometer, presumably due to i t s 
slow d i s s o c i a t i o n . One sample showed a l i q u i d peak i n the 
s o l i d at +232,3 ppm, confirming the dissociation to 
PC1 5. 4-CNpyr and SbClg. 4-CNpyr, 
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TABLE 23 
3 1 P n.m.r. SOLID SHIFTS OF PCl 4(pyr )„* SbClg" COMPLEXES 

Complex 

P C l 4 p y 2
+ S b C l 6 ~ 188.2+3.8 

PCl 4phen +SbCl 6"" 184.6 + 2.2 
P C l 4 d i p y + S b C l 6 ~ 191.2+3.3 
P C l 4 ( 3 , 5 - l u t i d i n e ) 2

+ S b C l 6 " 176.4 +3.6 
P a 4 ( 3 - p i c o l i n e ) 2

+ S b C l 6 " 187.3 + 5.7 
P C l 4 ( 3 - C l p y r ) 2

+ S b C l 6 ~ 184.0 +6.5 
PC1 4(3-Brpyr) 2

+SbCl g" 
P C l 4 ( 3 - I p y r ) 2

+ S b C l 6 " 189.5 + 12 
PC1 4(3,5-diClpyr) 2

+SbCl g~ 
PCl 4(4-CNpyr) 2

+SbCl 6~ 182.9 +2.2 

The s h i f t s are within experimental error of the solution 
values, and distant from those of the molecular complexes, 
PCl^.pyr. Spectrometer d r i f t , leading to sloping baselines 
i s r e f l e c t e d i n the large error spread with P C l 4 ( 3 - I p y r ) 2

+ S b C l g " 
and the i n a b i l i t y to determine a reproducible s h i f t for the 
3-bromopyridine complex. 

No signal could be found from P C l 4 ( 3 , 5 - d i C l p y r ) 2
+ S b C l g ~ . 

I n f r a red spectra 
The complexes show a number of intense bands below 

660 cm which are not present i n the starting materials, 
—1 + and the l i n e at 654 cm expected for PC1 4 i s absent. 

Bach complex has an intense band between 335 and 350 cm 
11 — 

which may be attributed to SbCl g . For monodentate 
pyridine complexes the l i n e positions below 660 cm are 
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different from those found i n the corresponding PClg/pyridine 
complex (Chapter 3 section l ( i i ) b ) whilst for bidentate 
pyridines the l i n e s i n t h i s region (apart from those 
attributable to PClg"" or SbCl g~) are very similar 
(Tables 19 and 20), The p a r t i a l hydrolysis product, 
pyridinium hexachloroantimonate (see Chapter 3 section 2 ( i i ) c ) 
i s expected to have no intense l i n e s below 660 cm , except 

_ —1 for SbClg . I n addition to a peak at about 449 cm due to 
PClg", a complex of the alternative formulation SbCl 4py 2

+ PClg" 
11 12 

would be expected to have intense bands only i n the region ' 
_ \ 

below about 370 cm • Thus the i . r . spectra are e n t i r e l y 
consistent with the formulation of the complexes as 
P C 1 4 L 2 + S b C l 6 ~ f o r L = m o n o d e n t a t e pyridine, or P C l 4 ( L - L ) + S b C l 6 ~ 
for L-L si bidentate pyridine. The spectra of the s o l i d 
complexes below 660 cm are given i n Table 24. 
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Beattie et a l reported the spectrum of PCl 4py 2
+SbCl 6"* 

i n a c e t o n i t r i l e . Their r e s u l t s bear l i t t l e resemblence to 
the spectrum of the s o l i d reported here. I n order to c l a r i f y 
the s i t u a t i o n P C l 4 p y 2

+ S b C l 6 ~ was dissolved i n a c e t o n i t r i l e and 
the i . r . spectrum run immediately after dissolution. The 
spectrum (Table 25) was very similar to that of the s o l i d . 
The spectrum was also investigated i n nitrobenzene. 
Nitrobenzene, which has been shown not to be attacked by the 
complex (Chapter 3 section 2 ( i i ) a ) i s not too suitable for 
i . r . investigations since i t has absorptions at 612 (w), 
536 ( s ) , 426 (w), and 398 (s) cm""1. This leaves an effective 
window only between 400 and 525 cm . The i n i t i a l spectrum 
i n t h i s region i s a single peak at 449 cm with very weak 
shoulders at ~500 and 489 cm . The peak i n the region of 
530 cm i s far more intense than found with neat nitrobenzene, 
suggesting the presence of a strong peak from the complex 
( c . f . a c e t o n i t r i l e solution and s o l i d state spectra). The 

-1 
l i n e s between 500 and 450 cm rapidly increase i n intensity 
(Fig.17), slowing down after about 20 minutes. These l i n e s 
(at 502 and 489 cm ) are i n the same position as those found 

•4 
with PClg.pyridine i n nitrobenzene solution (502 and 488 cm : 
c.f. 495 and 483 asT i n benzene ref.29). Both PClg.py and 

+ — —1 P C l4PY2 SbClg have absorptions at 448 cm , hence the lack 
of change i n t h i s l i n e . The shoulder at 458 cm i n the i n i t i a l 
spectrum may be due to the resolution of the l i n e into i t s 
two components. Alternatively the absorption of P C l 4 p y 2

+ 

i n t h i s region may i t s e l f consist of two components. Thus 
31 

the solution data are e n t i r e l y consistent with the P n.m.r. 
r e s u l t s , the complex rapidly equilibrating with PClg.py and 
SbCl,..py 
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PCl 4py 2
+SbCl 6"" 5 = * PCl 5.py + SbClg.py 

I t would also appear that the bands at 499(s) and 488(s) cm"1 

10 
reported by Beattie et al are due to PCI 5.pyridine. The 
assignment of the 568 cm l i n e i s not clear, however. 

I n p r i n c i p l e , from the i . r . spectrum, i t should be possible 
to determine the configuration of the P C l 4 p y 2

+ species, a trans 
substituted cation showing only one major P-Cl absorption at 

10 
high frequencies , whilst a c i s substituted species would 

10 
show three • I f the P-N force constant has a particular 

29c f 199 
value * * , however, the three l i n e s of the c i s complex 
w i l l occur at the same frequency. Other complications may arise 
because of an additional band i n the P-Cl region due to a P-N 
stretch, and also because of possible s p l i t t i n g of the P-Cl 
stretching vibration. These have been discussed by Beattie, 

29 
Gilson and Ozin for the i s o e l e c t r o n i c S i C l 4 . p y 2 complex. 
Even with a f u l l normal co-ordinate analysis from complete 
i . r . and Raman data they were unable to distinguish whether 
the complex was c i s or trans. Beattie, Livingston, and Webster 
had o r i g i n a l l y suggested a c i s configuration for P C 1 4 P Y 2 + i n 

solution, from t h e i r i . r . spectra. Beattie l a t e r acknowledged 
29 

that t h e i r evidence was inconclusive • This conclusion 
i s not altered by correcting the positions of the l i n e s to 
those found i n t h i s work. 

Due to the equilibration i n solution, the complexes with 
monodentate pyridines could not be purified by re c r y s t a l l i s a t i o n , 
i n order to obtain d e f i n i t i v e s o l i d state spectra. Furthermore, 
complete solution spectra without interference from the other 
species present could not be recorded. An assignment of the 

10 
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stereochemistry of the complexes on the basis of i . r . (together 
with Raman) data was thus not attempted. 

The i . r . spectrum of the bispyridine adduct below 650 cm"1, 
excluding the l i n e from SbCl g~ at 340 cm"1, consists of l i n e s 
at 612(w), 536(s b r ) , 447(s sharp), and 410(s) cm"1. The 
spectrum of P C l 4 p y 2

+ A l C l 4 " shows an additional weak l i n e at 
—1 — 

325 cm which would be hidden underneath the SbCl g l i n e i n 
PCl 4py 2

+SbCl g"". T h e 6 1 2 c™" 1 l i n e i s equivalent to the 605 cm"1 

l i n e i n pyridine which has moved to higher f i e l d on co-ordination, 
130 172 —1 as i s generally found » . The sharp absorption at 447 cm 

_ - i 

i s probably due to the pyridine ligand, having moved from 412 cm . 
This leaves two strong l i n e s i n the i . r . spectrum below 650 cm , 
attributable to P-Cl stretches, fewer than the three l i n e s expected 

10 
for c i s co-ordination • The spectrum may be deceptively simple, 
however, as shown by that of PCl 4dipy +SbCl g", where the bidentate 
ligand must occupy c i s positions. I t s i . r . spectrum includes 

—1 —1 
two strong l i n e s at 517-510 cm and 461 cm , the higher f i e l d 
l i n e being s l i g h t l y s p l i t into two peaks. The two weak bands 

_ -i 
between 390 and 420 cm can be attributed to ligand modes. 

—1 
The width of the combined 517-510 cm l i n e i s approximately 

— l 
the same width as the 536 cm" l i n e i n the pyridine adduct. 
(In a c e t o n i t r i l e solution of P C l 4 p y 2

+ S b C l g ~ t h i s l i n e i s 
considerably narrowed but s t i l l shows no sign of resolution). 
Other l i n e s below 350 cm may e a s i l y be l o s t i f of s l i g h t l y 
lower i n t e n s i t y . Thus the situa t i o n a r i s e s where, although 
the spectrum of P C l 4 p y 2

+ i s very simple, analogous c i s adducts 
give almost i d e n t i c a l spectra. 

The n.q.r. r e s u l t s discussed i n the next section are 
consistent with a trans configuration for the pyridine complex 
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and a c i s configuration for those of the other pyridines, although 
i t i s d i f f i c u l t to see why the pyridine case would be exceptional. 
The i . r . spectra of the substituted pyridine complexes are even 
more d i f f i c u l t to interpret i n t h i s region since a number of 
extra ligand modes are generally present (Table 24). The 
spectrum of the pyridine complex i n t h i s region does, however, 
appear to be simpler than those of complexes with ligands of 
the same r i n g symmetry. 

The spectra of the complexes of the 3-halopyridines are 
very s i m i l a r . This i s not unexpected since they d i f f e r only 
by a change of the r e l a t i v e l y distant 3-halogen, and the 
b a s i c i t i e s of the ligands are very similar. 
N.Q.R. spectra 

As discussed i n Chapter 1 section 3 ( i i i ) , i n the absence 
of c r y s t a l e f f e c t s , a trans P C l 4 p y 2

+ species would have a 
single l i n e n.q.r. spectrum, whilst a c i s P C l 4 p y 2

+ species 
would show two l i n e s of equal i n t e n s i t y . 

The spectra of the complexes are shown i n Table 26. 
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TABLE 26 

N.Q.R. RESULTS FOR PCI.X^ +ShCl~~ SPECIES 

X 

Pyridine 

3-Brpyridine 

3-Clpyridine 

V 3 5 (CI) MHz Signal/noise 
30.35 

30.79 

{ 
( 
29.98 

30.20 

30.92 

31.22 

30.045 

31.13 

4-CNpyridine. 31.11 
2PhN02 

3-picoline 30.15 

30.80 

i 1,10-phenanthroline ( 29.97 

30.09 

.30.22 

' 30.48 

30.80 

31.07 

6:1 

5:1 

2:1 

2:1 

2:1 

3:1 

4:1 

4.5:1 

2:1 

4:1 
3.5:1 

2:1 

3:1 
3.5:1 
3.5:1 

4:1 

3:1 

Other l i n e s 
23.90 ( 3 7 Cl?) 

23.93 ( 3 7 Cl?) 

24.19 multiplet 

24.38 

24.50 

23.1 

23.65 ( 3 7 Cl?) 

24.7 ( 3 7 a ? ) 

25.5 

37.18 4.5:1 

29.30 2:1 ( 3 7 Cl 

23.34 

23.73 5 

24.16 

24.83 

24.6(7) 

24.07 (S/N a l l 
1.5:1) 

24.36 

24.47 ( 3 7 Cl?) 

24.70 

24.98 

25.30 



Fig 19 35Cl n.q.r. frequency vs. basicity of 
pyridine .for PCl4

+ adducts 

310 -h 

30-8 

v (35Cl) 
MHz 

30-6 

30-4-
O 

30-2 

30-0' 
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Table 26 cont. 

No signals were found when 
X m 3,5 dichloropyridine; £ 2,2'-bipyridyl; 3,5-lutidine 
or with P C l 4 p y 2

+ BPh 4~ 

Except where stated a l l the other frequencies are attributable 
35 -to the C l resonances of SbCl g . 

1. Line dueto chlorine from pyridine r i n g . 

I n a l l cases where absorptions are found, except for 
PCl 4(4-CNpyr) 2

+Sb C l g ~ . 2PhN02, two or more l i n e s are found 
i n the spectrum attributable to PCl^X,,-1" species* Where more 
than two l i n e s are found, e.g. PCl 4phen +, they can usually be 
separated into two d i s t i n c t groups. The frequency difference 
between the two groups of l i n e s ranges between 0*45 and 1.1 MHz* 
I n the lower part of t h i s range the difference i s only of the 
order of crystallographic s p l i t t i n g . I f the group average 
l i n e frequencies are plotted against b a s i c i t y of the pyridine 
a l i n e a r v a r i a t i o n of the frequencies i s found, with the 
exception of the frequencies of P C l 4 p y 2

+ (Fig.19). Included 
i n t h i s plot are the r e s u l t s for PCl 4phen +, which must 
have a c i s configuration but gives a s p l i t t i n g of only 
0.69 MHz between the two types of chlorine (the spectrum 
was run over the range 23-45 MHz to detect any distant 
frequencies). A smooth change i n the l i n e position with 
change i n donor strength of the pyridine i s reasonable, 
since t h i s w i l l affect the i o n i c character of the P-Cl bond. 



- 133 -

I t would thus not be unreasonable to deduce that the pyridines 
which obey t h i s l i n e a r relationship have a similar ( i . e . c i s ) 
conf igur at ion. 

With P C l 4 p y 2
+ the higher frequency l i n e l i e s along the 

plot, but the lower frequency l i n e i s about 0.2 MHz above 
the plot. A tentative explanation i s that P C l 4 p y 2

+ has a 
trans configuration i n the s o l i d state, the two l i n e s being 
caused by c r y s t a l s p l i t t i n g . A s p l i t t i n g of 0.43 MHz i s 
within the range quite generally found for c r y s t a l s p l i t t i n g s 
(up to about 0.5 MHz). The reason for the apparent difference 
between P C l 4 p y 2

+ and the substituted pyridine complexes i s 
not c l e a r . PCl 4(4-CNpyr) 2

+ gave only one n.q.r. l i n e i n t h i s 
region. The i n t e n s i t y of t h i s spectrum was so weak (si g n a l / 
noise 2 : l ) , however, that a second l i n e could e a s i l y have been 
missed. 

A second method of interpreting n.q.r. spectra does not 
+ ai 
179 

show any cl e a r difference between the data for P C l 4 p y 2
+ and 

those of the other pyridine species. Maksyutin et a l 
suggested that for t i n tetrachloride adducts the average 
35 

Cl frequencies for c i s and trans isomers should be 
d i f f e r e n t . Thus, i f the average frequencies for the supposed 
c i s isomers l a y on a straight l i n e , then, i f P C l 4 p y 2

+ were 
c i s , i t s frequency would be expected to l i e on the l i n e , 
whereas i f i t were trans, the frequency would l i e o f f the 
l i n e . When the average values are calculated, the PCl^phen* 
value l i e s as far o f f the best straight l i n e as that of 
P C l 4 p y 2

+ . 
From F i g . 19 i t i s seen that a change i n the b a s i c i t y 

of the pyridine has a greater effect on the high frequency 
than on the low frequency l i n e . As the two sets of l i n e s 
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are of equal i n t e n s i t y the d e f i n i t e assignments of the l i n e s to 
chlorines trans to pyridines, or trans to chlorines cannot be 
made i n the absence of crystallographic data. With t i n 

179 
tetrachloride complexes the high frequency l i n e was 
assigned to chlorines trans to the ligand. I f t h i s holds 
for the PC1 4

+ complexes the chlorines trans to pyridine 
undergo the greatest change i n frequency, whereas i n the 
PCl^.py complexes the mutually trans chlorines show the 
greatest change. With both PCl,-.py and PCl^pyg species, 
however, a change i n the b a s i c i t y of the ligand has a large 
effect on only one of the types of chlorine present. The 
frequency of the remaining chlorines i s only s l i g h t l y 
removed from that of PClg". The lower the b a s i c i t y of 
the pyridine i n PCI pvg*, the more the high frequency 
chlorines become l i k e those i n unco-ordinated PC1 4

+. 
Both 3 5 Cl signals of SbCl 6~ 5 9 and 3 7 CI signals of 

PC1 4X 2
+ occur i n the region of 24-25 MHz. SbClg" at 77K 

59 115 
often gives a complex multiplet of l i n e s * • Due to 
the m u l t i p l i c i t y , the individual l i n e i n t e n s i t i e s are not 
very high and so SbClg" i s sometimes very d i f f i c u l t to 
detect. 

The average frequency for PC1 4
+ i n P C l 4

+ S b C l g " i s 
32.43 MHz, whilst the frequency for an isolated chlorine 
atom i s 54.87 MHz. Using the formula described i n Chapter 1 
section 3 ( i i i ) , assuming no chlorine sp hybridisation and 
no TC character of the P-Cl bond, the charge residing on the 
chlorine atoms i n PC1 4

+ i s calculated as 0.409e. I f 
a s i m i l a r treatment i s applied to the n.q.r. frequencies 
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i n PC1 4 (3-C1 p y r i d i n e ) 2
+ SbCl g~ 30,045 MHz s 0.452e and 

31.13 MHz s 0.433 e. The t o t a l charge on the chlorines 
i n PC1 4X 2

+ i s then (2 x 0.452 + 2 x 0.433)e * 1.770e, 
compared with 4 x 0.409e = 1.636e i n PC1 4

+. The net transfer 
of charge to the chlorines on co-ordination i s then0.134e. 
When the same treatment i s used for the chlorine i n the 
pyridine r i n g , which drops from 37.18 2 0 0 to 35.24 MHz on 
co-ordination, the decrease i n charge on complex formation i s 
found to be 0.0353. i . e . about £ of the electron charge 
transfer to the chlorines attached to phosphorus has come 
from each of the r i n g chlorines by inductive e f f e c t s . This 
agrees with the concept of acceptor-donor complexes, where 
charge i s transferred from the acceptor to the donor molecule. 
The assumption that there i s no change i n the TC interaction 
between the ri n g chlorine and the ring i s reasonable, since 
the only change i n bonding at t h i s s i t e i s through inductive 

+ 59 
e f f e c t s . The neglect of Xbonding i n PC1 4 i s not j u s t i f i e d , 
and w i l l tend to underestimate the charge transfer on complexing. 

c) Experimental 
Preparation of n.itur. solution samples 

A saturated solution of PCl 4
+SbClg~ i n nitrobenzene was 

prepared and two equivalents of the l i q u i d pyridines were then 
d i r e c t l y added. For s o l i d pyridines, two equivalents (one 
equivalent for bidentate pyridines) were ei t h e r dissolved 
i n the minimum quantity of nitrobenzene, and the solution 
added, or e l s e dissolved d i r e c t l y i n the nitrobenzene containing 
the PCl 4

+SbClg~. 2-cyanopyridine was melted, then added as a 
l i q u i d . The solutions were generally yellow. Solutions containing 
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2-cyanopyridine, 2,4,6-collidine and 2-picoline slowly turned 
dark red* 

The molar r a t i o s of pyridine to PCl 4
+SbClg~ used are shown 

below* I n a number of cases the adducts p a r t i a l l y c r y s t a l l i s e d 
from solution, however. The solutions were either decanted 
off, or more nitrobenzene was added to redissolve the s o l i d , 

TABLE 27 
MOLAR RATIOS PYiaDINE/PCl *SbCl ~ USED 

2,4,6-collidine 2.04:1 3-chloropyridine 2,06:1 
2-picoline 2.04:1 3-cyanopyridine ( i ) 2.00:1 

( i i ) 2.02:1 
Pyridine 1.97:1 Pyrazine 2.05:1 
1,10-phenanthroline 1.01:1 3,5-dichloropyridine 2.12:1 
2,2»-dipyridyl 0.997:1 2-bromopyridine 2.03:1 
3-Iodopyridine 2.00:1 2-chloropyridine 2.00:1 
3-f luoropyridine 1.92:1 2-cyanopyridine 2.26:1 
3-bromopyridine 2:1 2-fluoropyri dine 2.02:1 

The i n i t i a l hydrolysis product (besides POCI3 which was often 
detected) is pyridinium hexachloroantimonate. 
P C l 4

+ S b C l 6 ~ + H20 + 2py -» pyH +SbCl 6~ + P0C1 3 + pyH +Cl" 

The spectra were scanned from about -10 to +360 ppm to determine 
the species present, then over a shorter range for accurate 
s h i f t determination. With low b a s i c i t y pyridines the spectra 
were i n i t i a l l y scanned from about -100 to +267 ppm. Where 
reaction was seen to occur or where no four or s i x co-ordinate 
peaks could be found, additional scans were made over the low 
f i e l d region from about -300 to +50 ppm to detect any three 

co-ordinate products. 
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Preparation of Solids 

The complexes were synthesised by direct addition of the 
pyridine, or a solution of the pyridine, to P C l 4

+ S b C l g ~ i n 
solution. By suitable choice of solvent the solids c r y s t a l l i s e d 
as soon as the components were mixed. Absence of contamination 
by PClg.py or SbClg.py species was confirmed by the lack of 
c h a r a c t e r i s t i c absorptions of the PCl^.py complexes i n the 
i . r . spectrum. Only solutions of pure PCl 4

+SbClg~ were used, 
as shown by i t s solution i n r e d i s t i l l e d nitrobenzene being 
golden-yellow. S l i g h t l y decomposed samples gave brownish 
solutions. I n general, absolutely saturated solutions of 
the s t a r t i n g materials were necessary because many of the 
complexes are only s l i g h t l y l e s s soluble than t h e i r 
components. PCl 4dipy +SbClg~ could not be isolated by mixing 
the components i n any solvent t r i e d and was is o l a t e d by 
evaporating a nitrobenzene solution at elevated temperatures 
under reduced pressure. This method i s possible because of 
the resistance of nitrobenzene to attack and the lack of 
equil i b r a t i o n of bidentate pyridine complexes i n solution. 
P c i 4 p y 2

+ S b c i 6 -

I n the glove box apparatus (Chapter 2 section l ( i i ) ) 
15.438g (30.252 mmole) PCl 4

+SbClg~ were dissolved i n the 
minimum quantity of nitroethane forming a clear solution. 
4.89 ml (4.80g 60.7 mmole) pyridine were slowly dripped 
into the s t i r r e d solution under reduced pressure. There 
was an immediate white precipitate. After f i v e minutes 
the s o l i d was f i l t e r e d , washed with methylene chloride 
then dried at the pump and f i n a l l y on the vacuum l i n e . 
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The solvent used rapidly darkened. 
Y i e l d = 7.20g = 35.5% based on P C l 4 p y 2

+ S b C l 6 ~ 
Analyses: Pound C,17.27; H,l.l9; N,5.08; P,4.35; Cl,53.38 
P C l 4 p y 2

+ S b C l 6 ~ requires C,18.04; H,1.52; N,4.21; P,4.66; 
CI,53.28 
PC1 4(3,5-lutidine) 2

+SbClg" 

I n the glove box apparatus 7.135g (14.06 mmole) PCl 4
+SbClg~ 

were dissolved i n the minimum quantity of nitrobenzene. 
1.602ml (14.04 mmole) 3,5-lutidine were slowly dripped into 
the s t i r r e d solution under reduced pressure. A white precipitate 
was forned i n a yellow solution. This solution did not appear 
to darken. S t i r r i n g was continued for a few minutes. The 
s o l i d was then f i l t e r e d off, washed with methylene chloride 
and 30/40 pet ether, and dried at the pump. 
Yi e l d =» 4.30g = 84.9% based on PC1 4 ( 3 , 5 - l u t i d i n e ) 2

+ SbCl g" 
Analyses: Pound C,23.59; H,2.84; N,3.76; P,4.08; Cl,48.94 
PC1 4 ( 3 , 5 - l u t i d i n e ) 2

+ SbClg" requires C,23.30; H,2.52; N,3.88; 
P,4.29; CI,49.14 
PC1 4 ( 3 - p i c o l i n e ) 2

+ S b C l 6 " 

I n the glove box apparatus 7.946g (15.66 mmole) 
PCl 4

+SbClg~ were dissolved i n the minimum quantity of 
nitrobenzene. 3.3ml (3.2g 34 mmole) 3-picoline were slowly 
dripped into the s t i r r e d solution under reduced pressure. 
Too rapid addition l e d to a red colour i n the solution. 
On slow addition the solution remained yellow. The thick 
yellowish precipitate was f i l t e r e d from the warm solution 
after s t i r r i n g for one minute, (the reaction being exothermic). 
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On washing with methylene chloride and 30/40 pet ether, and 
then drying at the pump a pure-white s o l i d was produced. 
Y i e l d = 5.99g m 55.2% based on PC1 4 ( 3 - p i c o l i n e ) 2

+ SbClg"" 
Analyses Pound C,19.96; H,2.66; N,4.48; P,4.33; CI,50.85 
PC1 4 ( 3 - p i c o l i n e ) 2

+ SbCl g" requires C,20.78; H,2.04; N,4.04; 
P,4.47; CI,51.12. 
PCl^ ( 3 - C l p y r ) 2

+ SbClg" 

Inside the glove box 3.754g (7.399 mmole) PCI + SbCl " 
4 6 

were dissolved i n the minimum amount of nitroethane. With 
s t i r r i n g , 1.685g (16.93 mmole) 3-chloropyridine were slowly 
dripped into the solution. A thick white c r y s t a l l i n e 
precipitate formed i n a yellow solution. S t i r r i n g was 
continued for one to two minutes. The c r y s t a l s were f i l t e r e d , 
washed with methylene chloride, then 30/40 petroleum ether, 
and dried at the pump. 
Yi e l d « 3.644g = 69.7% based on P C l 4 ( 3 - C l p y r ) 2

+ SbClg*" 
Analyses: Found C,16.35; H,1.09; N,4.13; P,4.05; CI,58.8 
PC1 4 ( 3 - C l p y r ) 2

+ SbClg" required C,16.35; H,1.10; N,3.82; 
P,4.22; CI,57.94. 
P C l ( 3 - B r p y r ) 2

+ SbClg** N 

I n the glove box apparatus 5.833g (11.50 mmole) 
PC1 4

+ SbClg"" were dissolved i n the minimum amount of 
nitroethane. 2.4ml (3.9g 24 mmole) 3-bromopyridine were 
dripped into the solution. This produced a white precipitate 
i n a bright yellow solution. After leaving for fiv e minutes, 
during which time the solvent showed l i t t l e sign of darkening, 
the s o l i d was f i l t e r e d , washed with methylene chloride, 30/40 
pet; ether and dried at the pump, then on the vacuum l i n e . 
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Yi e l d m 5.52g » 58.3% based on PC1 4 ( 3 - B r p y r ) 2
+ SbClg" 

AnaVses: Pound C,14.38; H,l.l8; N,3.42; P,3.77; CI,42.66 
Br, 19.72. PC1 4 <3-.Brpyr) 2

+ SbClg"" requires C, 14.59; H,0.98; 
N,3.40; P,3.76; Cl,43.07; Br,19.41. 
PC1 4 ( 3 - I p y r ) 2

+ SbCl 6-

1.958g (3.859 mmole) PCl 4
+SbClg" and 1.580g (8.282 mmole) 

3- iodopyridine were each separately dissolved i n the minimum 
quantity of nitromethane. The two solutions were then mixed 
with s t i r r i n g . There was an immediate precipitate. This 
precipitate was f i l t e r e d , washed, and dried at the pump to 
produce a fine l i g h t yellow powder. 
Y i e l d m 0.90lg = 26.3% based on PC1 4 ( 3 - I p y r ) 2

+ SbClg" 
Analyses: Pound C,13.14; H,0.92; N,3.4l} P,3.14; Cl,37.77; 
1,35.31. PC1 4 ( 3 - I p y r ) 2

+ SbClg requires C,13.09; H,0.88; 
N,3.05; P,3.38; Cl,38.65; 1,27.67. 
The high iodine analysis i s unlikely to be due to interference 

204 
from the chlorine present • I t i s d i f f i c u l t to explain, 
however, as the other elemental analyses are i n very good 
agreement with the the o r e t i c a l values. 
PC1 4 (4-CNpyr) 2

+ SbClg". 2PhN02 

3.656g (7.206 mmole) PC1 4
+ SbClg" and 1.506g (7.232 mmole) 

4- cyanopyridine were each separately dissolved i n the minimum 
quantity of nitrobenzene. The 4-cyanopyridine solution was 
slowly dripped into the PCl 4

+SbClg"" solution. A thick 
precipitate quickly formed. After s t i r r i n g for two minutes 
the precipitate was f i l t e r e d at the pump, and, after leaving 
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u n t i l the s o l i d was almost dry, washed with 30/40 pet ether 
and dried at the pump. This produced a white powder. 
Y i e l d = 4.964g s 71.7% based on PC1 4 (4-CNpyr) 2

+ SbCl 6.2PhN0 2. 
Analyses: Pound C,28.2l; H,1.83; N,8.52; P,3.07; Cl,37.2. 
PC1 4 (4-CNpyr) 2

+ SbCl ~. 2PhN02 requires C,29.95; H,1.89; 
N,8.74; P,3.22; CI,36.9. 
PCI <4-CNpyr)+ SbCl ~ 

3.9llg (7.709 mmole) PC1 4
+ SbClg" and 1.600g (7.683 mmole) 

4-cyanopyridine were each separately dissolved i n the minimum 
quantity of nitroethane. The two solutions were then mixed 
with s t i r r i n g . A white precipitate immediately formed i n a 
yellow solution. The precipitate was f i l t e r e d , washed with 
methylene chloride, then dried at the pump to give an extremely 
fine off-white powder. 

Y i e l d = 2.72g » 49.3% based on PC1 4 (4-CNpyr) 2
+ SbCl". 

Analyses: Pound C, 16.11; H,0.97; N,7.62; P,4.62; CI,52.36. 
PC1 4 (4-CNpyr) 2

+ SbCl g~ requires C,20.61; H,1.18; N,4.09; 
P,4.53; Cl,51.80. The reason for the low carbon and high 
nitrogen analyses i s not cl e a r . 
PC1 4 ( 3 , 5 - d i C l p y r ) 2

+ SbClg -

A saturated solution of 3,5-dichloropyridine was made 
up i n nitrobenzene. Small amounts of PC1 4

+ SbClg** were 
added to the solution with s t i r r i n g u n t i l there was a sudden 
thickening of the s o l i d remaining. The product was then 
f i l t e r e d , washed and dried at the pump, to produce a 
white s o l i d . 
Analyses: C,15.75; H,1.10; N,4.89; P,3.5; Cl,60.4 
PC1 4 ( 3 , 5 - d i C l p y r ) 2

+ SbClg*"requires C,14.95; H,0.75; 
N,3.49; P,3.86; C1,61.8. 
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PCl 4phen + SbClg" 

6.169g (12.12 ramole) PCl 4
+SbClg" and 2.200g (12.21 mmole) 

phenanthroline were each separately dissolved i n the minimum 
quantity of nitrobenzene. With s t i r r i n g the phenanthroline 
solution was added to the PC1 4

+ SbClg"" solution. A white 
precipitate was formed i n the bright yellow solution i n an 
exothermic reaction. After leaving for 5-10 minutes the 
precipitate was f i l t e r e d , washed with methylene chloride and 
30/40 pet ether and dried at the pump, and then on the vacuum 
l i n e . This gave a very fine s l i g h t l y off-white powder. 
Yi e l d = 4.70g = 56.1% based on PCl 4phen + SbClg". 
Analyses: Pound C,20.67; H,1.28; N,3.92; P,4.43; Cl,51.74 
PCl 4phen + SbClg" requires C,20.96; H,l.l8; N,4.08; P,4.5l; 
Cl,51.57. 
P C l 4 d i p y + SbClg" 

Inside the glove box 6.260g (12.34 mmole) P C l 4
+ S b C l g ~ 

and 1.923g (12.31 mmole) dipyridyl were each separately 
dissolved i n nitrobenzene and the solutions were mixed i n 
a round bottomed f l a s k . The stoppered flask was removed 
from the glove box, and, with continuous flushing of dry 
nitrogen over the solution, connected to a vacuum d i s t i l l a t i o n 
apparatus* Nitrobenzene was rapidly d i s t i l l e d from the 
solution at 110°C or below u n t i l the solution contained a 
large amount of s o l i d . The fl a s k was then allowed to 
cool and was retransferred into the glove box. The s o l i d 
was f i l t e r e d , washed with 30/40 pet ether, and dried at the 
pump to produce pale yellow c r y s t a l s . 
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Yie l d = 5.391g » 66.0% based on PCl 4dipy + SbClg*\ 
Analyses: C,18.00; H,l.21; N,4.l6; P,4.32; Cl,53.00 
P C l 4 d i p y + SbCl 6~ requires C,18.10; H,1.22; N,4.22; P,4.67; 
Cl,53.44. 
P C l 4 p y 2

+ A1C1 4" 

0.5l9g (1.52 mmole) PC1 4
+ A1C14" was dissolved i n a 

small quantity of nitrobenzene producing an extremely viscous 
solution. Approx. 0.25ml (0.25g 3.1 mmole) pyridine was then 
added, with s t i r r i n g , into the solution together with a l i t t l e 
extra nitrobenzene. After a few moments there was a thick 
white p r e c i p i t a t e . This was f i l t e r e d , washed and dried at 
the pump with 30/40 pet ether. 
Y i e l d = 0.4lg = 54% based on P C l 4 p y 2

+ A1C14~. 
Analyses: Pound C,23.62; H,1.87; N,6.58; P,5.79; Cl,55.5. 
P C l 4 p y 2

+ A1C1 4~ requires C,24.03; H,2.02; N,5.61; P,6.20; 
Cl,56.75. 
PCl 4py 2

+BPh 4" 

1.392g (2.091 mmole) P C l 4 p y 2
+ SbClg"" and 0.716g (2.07 mmole) 

Na + BPh 4~ were each separately dissolved i n the minimum quantity 
of nitromethane. Immediately afterwards, to prevent the 
equili b r a t i o n of P C l 4 p y 2

+ SbClg" being established (see Chapter 3 
section 2 ( i i ) a ) , the PCl 4py 2

+SbClg~ solution was slowly dripped 
into the Na + BPh4~" solution. A yellow precipitate immediately 
appeared. After s t i r r i n g for a few minutes the precipitate 
was f i l t e r e d , l e f t to dry, then washed with 30/40 pet ether, 
and dried at the pump (the compound appeared to be s l i g h t l y 
soluble i n methylene chloride). 
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Yi e l d a 1.351g - 99.8% based on P C l 4 p y 2
+ BPh 4~ (see, however, 

analyses below). 
Analyses: Pound C,53.74; H,3.85; N,8.13. P C l 4 p y 2

+ BPh4~ 
requires C,64.60; H,1.92; N,4.43. 
The compound had decomposed before the P and Cl analyses 
could be attempted. Despite the poor analyses the i n f r a 
red spectrum was e n t i r e l y consistent with the formula 
P C l 4 p y 2

+ BPh4"*. 
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3. The Hexachlorophosphate Ion 
( i ) Phosphorus pentachloride as a chlorinating agent 

(a) Introduction 
Phosphorus pentachloride was investigated as a reagent for 

the one step synthesis of pentavalent phosphorus compounds, and 
t h e i r hexachlorophosphate s a l t s from organic phosphines. 

77 202 203 
Although phosphorus pentachloride has been widely used ' ' 
for reactions of the type 

R 3P0 + PC1 5 > R 3 P C 1 2 + P 0 C 1 3 
and, i n a few instances, with the further r e a c t i o n 2 0 4 " 2 ^ 6 , 

R 3PC1 2 + PC1 5 > R 3PC1 + PC1 6~ 
there i s only one report of. the chlorination of t e r t i a r y 

61 
phosphines • 

Ph 3P + 2PC15 ¥ Ph 3PCl + PC16~ + PC1 3 

The reaction was investigated i n t h i s work to discover 
i t s scope, and to determine whether the reaction could be 
stopped before addition of the second molecule of phosphorus 
pentachloride to form the hexachlorophosphate. Phosphorus 
pentachloride could then be used as an alternative chlorinating 
agent to chlorine. The analogous reactions with antimony 

127 
pentachloride cannot, however, be stopped at the 
intermediate stage. 

Chlorination of the phenylchlorophosphines, Ph PCI,, 
(x =s 1-3), was studied i n particular. The known compounds 
Ph P C l 3

+ PC1 6~ 1 1 9 » 2 0 4 and P h 2 P C l 2
+ P C l g " 2 0 5 are formed by 

the abstraction of a chloride ion by phosphorus pentachloride 
23 59 60 

from mainly covalent molecules » » (See also Chapter 4 ) . 
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Phosphorus pentachloride i s a very weak chloride ion 
acceptor 1 9 > 2 0 7 > 2 0 8 . W i t h t h e exception of Ph 3C + PClg" 1 9 

+ — — "18 and (CrjHj ) 2 CI p c l g ~ » a l l known hexachlorophosphates 
are derived from s a l t s containing free chloride ions. Even 
Ph 3C CI and C 7H ?C1 3 1 are unionised only i n certain 
c i r cumst ance s • 

PhgPCl4" PClg" has been previously prepared by the above 
route as well as from triphenylphosphine oxide . I t 

— 33 
has been used as a source of PClg ions , being very soluble 
even i n methylene chloride. P h 2 P C l 2

+ P C l g ~ 2 0 5 and PhPCl 3
+ PClg" 

have been prepared from PhgPOCl and PhPOCl 2 respectively, 
and also by direct reaction of the parent phosphoranes with 
phosphorus pentachloride 3 1 * 1 1 9 ^ 

Some doubt has been expressed recently about the existence 
207 

of hexachlorophosphate s a l t s of the above type , due to 
the apparent i n s t a b i l i t y of the hexachlorophosphate ion. The 
complete characterisation of the s a l t s would then confirm 
t h e i r existence. 

b) Present Work 
Solution Investigations 

Phosphorus pentachloride was investigated as a reagent 
for the oxidative chlorination of the chlorophenylphosphines 
P h

x
P C 1 3 _ x (x a 1 - 3 ) , tributylphosphine, Bu 3P, 

dimethyloctadecylphosphine, MegPC^gH^, and 
o*-phenylenepho sphoro chlor i d i t e 

o > C 1 
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I n a number o f ins tances the use o f PCl 4

+SbClg"~ as a reagent 
was a l so i n v e s t i g a t e d . 

The chemical s h i f t s o f t he s t a r t i n g ma te r i a l s and poss ib le 

products are g i v e n i n Table 28, Reactions were, i n general , 

c a r r i e d ou t i n methylene c h l o r i d e s o l u t i o n , a l l s t a r t i n g m a t e r i a l s 

and p roduc t s , w i t h t he excep t ion o f P h 2 P C l 3 , P h 2 P C l 2

+ PClg" 

and P h P C l 3

+ P C l 6 ~ being ve ry so lub le i n t h i s s o l v e n t . 

TABLE 28 

STRUCTURE AND 3 1 P n . m . r . SHIFTS OF VARIOUS 
R 3 PC1 2 SPECIES AND THEIR DERIVATIVES 

Phosphine 
R 3 P 

S t r u c t u r e o f R 3 PC1 2 

i n s o l u t i o n Solvent S 3 1 P 
R 3 P C 1 2 R 3 PC1 + 

$ > 3 l P 
R 3P ppm 

Ph 3P P h 3 P C l + C l ~ CH 2 C1 2 - - 6 5 . 0 * a +6 d 

PhPCl 2 PhPCl 4 CH 2 C1 2 + 4 4 . 3 ° - I 0 3 * a -163 d 

Bu 3P B u 3 P C l + Cl~* PhN02 

MeCN — 

-104 b 

-106 b 

+33 d 

M e 2 P C l 8 H 3 7 +53.1 C 

0 0 - " 
CH 2 C1 2 +26.3 c *c 

- 7 7 . 1 C -173.0 e 

* measured as t he hexachloroantimonate s a l t 

a. Ref.126 d . Ref.89 

b . Ref . 58 e. Ref.210 

c . Present work 
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The r e s u l t s are g iven i n Table 29. A l l phosphines 

i n v e s t i g a t e d were o x i d i s e d t o the corresponding phosphorus(v) 

species w i t h t h e concomitant r e d u c t i o n o f PC1 5 t o PC1 3» With 

t he excep t ion o f a-phenylene phosphoroch lo r id i t e r epor ted i n 

Ref.210 hexachlorophosphate s a l t s are formed w i t h excess 

phosphorus p e n t a c h l o r i d e . With the excep t ion o f PhPCl 4 

the phosphine d i c h l o r i d e s R 3 PC1 2 were obta ined d i r e c t l y 

f rom equimolar q u a n t i t i e s o f t h e phosphine and phosphorus 

pent a c h l o r i d e • 

Al though severa l s ide r eac t i ons are t h e o r e t i c a l l y pos s ib l e , 

a l l r e a c t i o n s appeared t o proceed q u a n t i t a t i v e l y , w i t h i n 

minutes , and w i t h l i t t l e o r no s ign o f the i n t e r f e r e n c e 

(no l a r g e unassigned n . m . r . s o l u t i o n peaks or h i g h l y 

i n s o l u b l e p r e c i p i t a t e s ) . Phosphorus t r i c h l o r i d e and t e r t i a r y 
211 212 

phosphines r eac t » according t o 

3R3P + 2PC1 3 > 3 R 3 P C 1 2 + 2 " P " 

The "phosphorus" forms as an orange s o l i d but i s found 
212 

t o be o n l y 80-90% pure . I t ds thought t o cons i s t o f a 

t h r ee dimensional framework o f phosphorus atoms te rmina ted 
213 

by a l k y l groups and c h l o r i n e atoms. Challenger and Pr icha rd 

r e p o r t e d the f o r m a t i o n o f a y e l l o w f l o c c u l e n t p r e c i p i t a t e on 

mix ing t r i p h e n y l phosphine and phosphorus t r i c h l o r i d e . They 

a t t r i b u t e t h i s t o a "decomposit ion product o f phosphorus 
214 

s u b c h l o r i d e , P 2

C 1 4 M » A l i found evidence f o r species 

o f t he t ype ( P h 3 P ) C l + C l ~ f rom a 1:2 molar r a t i o o f t x i p h e n y l 

phosphine t o c h l o r i n e . Various a d d i t i o n products between 
215 

two phosphines have also been found which decompose, on 

warming, t o cyclopolyphosphines 

e . g . PhPCl 2 + P E t 3 — - » PhPCl 2 . P E t 3 5PhPCl 2 . PE t 3 > <C 6 H 5 P) 5 + 5 E t 3 P C l 2 
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T h i s t ype o f r e a c t i o n has n o t , however, been repor ted w i t h 

phosphorus t r i c h l o r i d e as one o f the components. 

The r e a c t i o n s o f i n d i v i d u a l phosphines are discussed below. 

The i s o l a t i o n and c h a r a c t e r i s a t i o n o f P h

x

P C 1 4 . x

+ P C 1 6"~ * x B 1 _ " 3 ^ 

s a l t s i s descr ibed i n Chapter 3 sec t ion 3 ( i i ) whereas the 

p r e p a r a t i o n o f PhgPClg and ca techy l phbsphorus t r i c h l o r i d e 

by t h i s r o u t e i s descr ibed i n Chapter 2 s e c t i o n 1 , 

T r i phe ny1pho sphine 
61 

The r e a c t i o n descr ibed by Rozinov, Grechkin and Kalabina 

was repea ted , u s i n g va r ious molar r a t i o s o f phosphorus 

pen t ach lo r ide t o phosphine. With equimolar q u a n t i t i e s two 
31 

peaks were found i n the P n . m . r . spectrum, a t -216,0 ppm 

and - 5 4 . 9 ppm, corresponding t o PC1 3 and P h 3 P C l + . When two 

e q u i v a l e n t s o f phosphorus pen tach lor ide were used, peaks 

corresponding t o P C 1 3 , Ph^PCl* and PClg" were found 

( 8 3 1 P - 2 1 7 . 9 , - 6 3 . 6 , +297.5 ppm). Thus t h i s r e a c t i o n 

proceeds i n a stepwise manner. 

Ph 3P + PC1 5 > P h 3 P C l + C l ~ + P C I 3 

P h 3 P C l + C l ~ + PC1 5 —* Ph 3 PCl + PC1 6 " 

The s h i f t o f P h 3 P C l + C l " i n the 1:1 s o l u t i o n i s a 

l i t t l e h igher t han i s found w i t h the f r e e i o n and corresponds 

t o t he i o n i c species i n e q u i l i b r i u m w i t h a smal l amount o f 

the cova len t fo rm P h 3 P C l 2 . 

To extend t h e scope o f t h e r e a c t i o n , P C 1 4

+ SbClg" 
31 

was r eac t ed w i t h t r i p h e n y l p h o s p h i n e . P n . m . r . peaks 

corresponding t o PC1 3 and Ph 3 PCl + ( & 3 1 P - 2 1 7 . 2 , -63 .3 ppm) 

were f o u n d , showing the r e a c t i o n t o be 

Ph 3P + P C 1 4

+ SbClg"" » Ph 3 PCl + SbClg" + PC1 3 
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T r i b u t y l p h o s p h i n e 

Prom equimolar q u a n t i t i e s o f t r i b u t y l p h o s p h i n e and 

phosphorus pen t ach lo r ide i n methylene c h l o r i d e , peaks o f 

approximate ly equal i n t e n s i t y were found at -209,0 (PCl^) and 

-102.7 ( B u 3 P C l + ) ( F i g . 2 0 ) . B u 3 P C l 2 thus appears t o be i o n i c 

as has a l so been found i n ni trobenzene and a c e t o n i t r i l e 
58 

s o l u t i o n s • When two moles o f phosphorus pen tach lor ide 

were added, peaks were found at -218.8 (PC1 3 ) , -100.7 ( B u 3 P C l + ) , 

+297.4 ( P C l g " ) , the l a s t two be ing o f equal i n t e n s i t y and the 

PC1 3 be ing s l i g h t l y less i n t e n s e . A t h i r d , much smal ler peak 

was observed a t -36 .5 ppm a f t e r accumulation o f the spectrum, 

presumably due t o Bu 3 P0. The s h i f t , however, i s s l i g h t l y 
89 

removed f r o m the l i t e r a t u r e values o f -43 .2 and-45.8 . The 

PClg" s i g n a l i n t h i s s o l u t i o n was very sharp w i t h a l i n e w id th 

a t h a l f peak he igh t o f about 0.7 ppm. I n the 1:1 s o l u t i o n 

the s h i f t o f PC1 3 was about 10 ppm higher than i s normal 
89 

(-215 t o -220 ppm ) and appeared t o be r e p r o d u c i b l e . 

Such a h i g h s h i f t was not observed w i t h any other phosphine 

s o l u t i o n s . The s h i f t cannot be accounted f o r by c o - o r d i n a t i o n 

o f any excess t r i b u t y l p h o s p h i n e w i t h phosphorus t r i c h l o r i d e 
212 

s ince these are known t o r eac t under s i m i l a r cond i t i ons • 

Indeed t h e s l i g h t l y low i n t e n s i t y o f the PC1 3 peak i n the 

2 : 1 s o l u t i o n may i n d i c a t e a smal l amount o f r e a c t i o n according 

t o 

Bu 3P + PC1 3 > B u 3 P C l 2 + P 

a l though no phosphorus was p r e c i p i t a t e d . 
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T r i b u t y l p h o s p h i n e reac ted w i t h P C 1 4

+ SbClg"" i n methylene 

c h l o r i d e t o g ive the expected peaks at -216,6 ppm ( P C l j ) and 

103,9 ppm ( B u 3 P C l + ) showing the f o r m a t i o n o f B u 3 P C l + SbClg"". 

Bu 3P + P C 1 4

+ SbClg" > B u 3 P C l + SbClg" + PC1 3 

Dimethyloctadecylphosphine 
2*16 

M e 2 P C l 8 H 3 7 a P P e a r s o n l y once i n the l i t e r a t u r e , A 

sample was k i n d l y donated by D r . A . P. Ch i lds o f Messrs. 

A l b r i g h t and Wi lson L i m i t e d . Two equ iva len t s o f phosphorus 

pen tach lo r ide c h l o r i n a t e d the phosphine, l e a v i n g no r e s i d u a l 
31 

s t a r t i n g m a t e r i a l . The A P n . m . r . spectrum appeared t o 
i n d i c a t e o n l y MegPC^gH^Cl"'" and phosphorus t r i c h l o r i d e 

e 31 

( o P - 9 4 , 7 , - 2 1 9 , 1 ) , however. On spectrum accumulation 

a ve ry broad hexachlorophosphate peak was found at +283.1 ppm, 

s l i g h t l y lower than u s u a l . The peak w i d t h at h a l f he ight was 

6 ppm ( c . f . PClg" i n B u 3 P C l + PClg"*). The low s h i f t and 

broadness o f t he s i g n a l are c h a r a c t e r i s t i c o f an exchanging 

system i n which PClg"" i s i ncomple te ly formed. The 

hexachlorophosphate i o n thus appears t o be r e l a t i v e l y unstable 
31 

towards d i s s o c i a t i o n i n t h i s system. The P n . m . r . spectrum 

o f t he r e a c t i o n s o l u t i o n o f the phosphine and P C 1 4

+ SbClg"" 

( J> A P - 2 1 8 . 9 , -92 .5 ppm) shows the r e a c t i o n t o be 

Me2P ( C l 8 H 3 ? ) + P C 1 4

+ SbClg"" » M e 2 P ( C l 8 H 3 7 ) C l + SbClg"* + PC1 3 

U n f o r t u n a t e l y the sample o f the phosphine o x i d i s e d before the 

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 o f the phosphine 

and phosphorus pen tach lo r ide was made up . Two peaks o f 

approximate ly equal i n t e n s i t y were found i n t h i s s o l u t i o n 

a t - 9 5 . 2 and +0.2 ppm, as expected f o r t h e r e a c t i o n 

Me 2P(G) C l 8 H 3 ? + PC1 5 — » Me2P ( C l 8 H 3 7 ) C l + C l " + P0C1 3 
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M e 2 P C l 8 H 3 7 C 1 2 t h u s a P P e a r s t o be i o n i c i n methylene c h l o r i d e 

s o l u t i o n , as expected f o r a species c o n t a i n i n g t h r e e 

e l e c t r o n - d o n a t i n g a l i p h a t i c groups ( c . f . B u 3 P C l + C l ~ ) . 

o-phenylene p h o s p h o r o c h l o r i d i t e (catechvlphosphorus monochloride) 

Catechyl phosphorus t r i c h l o r i d e (catPCl^) i s molecular 

i n methylene c h l o r i d e s o l u t i o n (see Chapter 5 ) . I t has been 
210 

r e p o r t e d not t o r e a c t w i t h excess phosphorus pen tach lor ide , 

comparing w i t h t h e i n s t a b i l i t y o f the hexachloroantimonate 

s a l t (Chapter 5 s e c t i o n 2 ) . 

When approximate ly equimolar amounts o f the monochloride 

and phosphorus pen tach lo r ide were mixed peaks o f equal i n t e n s i t y 
31 

were found i n the P n . m . r . spectrum at -219.4 (PCl^) and 

+26.4 ppm (ca t PC1 3) toge the r w i t h a smal l peak corresponding 

t o the s l i g h t excess o f monochloride r e a c t a n t . Over a pe r i od 

o f hours t h i s l a t t e r s i g n a l disappeared w h i l s t a peak at 

+9.5 ppm appeared. The new peak may be a t t r i b u t e d t o 
210 

b i s c a t e c h y l phosphorus monochloride . 
CI 

+ PCI 1 

Thi s deduc t ion was conf i rmed by s tudying the behaviour 
• 

o f an equimolar m i x t u r e o f ca t echy l phosphorus monochloride 

and t r i c h l o r i d e . A smooth r e a c t i o n took p l ace . Over a 

p e r i o d o f hours s i gna l s o f approximately equal i n t e n s i t y 

appeared a t -219.5 ppm (PC13> and +9.6 ppm ( b i s ca techy l phosphorus 

monochloride) ( P i g . 2 1 ) . Th i s presents a novel method o f 

p r epa r ing pure b i s c a t e c h y l phosphorus monochloride, which 

s l o w l y c r y s t a l l i s e s out o f s o l u t i o n . A s i m i l a r r e a c t i o n 
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has been shown t o occur between ca techy l phosphorus monobromide 
217 

and c a t e c h y l phosphorus t r i b r o m i d e . Using s u b s t i t u t e d 

ca t echy l p h o s p h o r u s ( I I I ) compounds t h i s type o f r e a c t i o n may 

be u s e f u l as a rou t e t o new phosphorus(v) compounds. 

Phenyldichloropho sphine 

Phenyl te t rachlorophosphorane has a molecular s t r u c t u r e 

both i n t h e s o l i d s t a t e , and i n s o l u t i o n (Chapter 4 sec t ion l ( i i ) ) . 

When" phosphorus pen tach lo r ide was d i s so lved i n neat 

phenyld ich lorophosphine , peaks o f equal i n t e n s i t y were 

found at - 2 1 8 . 1 ppm and +46.7 ppm ( together w i t h the solvent 

peak a t -159 .4 ppm), showing the f o r m a t i o n o f PhPCl 4 and PCl^ . 

A smal l peak was a l so present at -32.8 ppm due t o PhPOClg, the 

o x i d a t i o n product o f the s o l v e n t . 

When two equ iva l en t s o f phosphorus pen tach lo r ide were 

added t o phenyldichlorophosphine i n methylene c h l o r i d e , the 

s a l t PhPCl^-1" PClg~" immediate ly c r y s t a l l i s e d f rom s o l u t i o n . 

When equimolar amounts o f the s t a r t i n g m a t e r i a l s were used, 

however, PhPCl^PClg" was s t i l l the p roduc t , not the expected 

phosphorane. I n order t o observe the r e a c t i o n i n s o l u t i o n 

the r e a c t i o n was repeated i n n i t robenzene . When equimolar 

amounts o f the reagents were mixed a wh i t e s o l i d p r e c i p i t a t e d . 

A sample o f the remain ing s o l u t i o n d i d not s t a b i l i s e i n t he 

n . m . r . machine f o r severa l hours , i n d i c a t i v e o f the r e a c t i o n 

s t i l l p roceeding . A f t e r 20 minutes , peaks o f approximately 

equal i n t e n s i t y corresponding t o phosphorus t r i c h l o r i d e 

and phenyldichlorophosphine were found , toge the r w i t h a 

peak o f about h a l f t he i n t e n s i t y at +28.4 ppm. A f t e r 

about 50 minutes the phosphorus t r i c h l o r i d e peak had 

doubled i n i n t e n s i t y w h i l s t the PhPCl- peak had decreased 
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t o h a l f . The t h i r d peak had doubled i n i n t e n s i t y and moved t o 

+35.9 ppm. A f t e r about 2 hours the PC1 3 had become more in tense 

and the PhPCl 2 peak d imin ished w i t h t he t h i r d peak moving t o 

+39.6 ppm. The i n i t i a l r e a c t i o n produces t h e hexachlorophosphat 

PhPCl 3

+ PClg"~, g i v i n g a s o l u t i o n which contains equimolar 

amounts o f PhPCl 2 and PC1 3 p lus a much smaller low f i e l d peak 

due t o P h P C l 3

+ f r o m PhPCl 3

+ PClg~ sa tura ted i n ni t robenzene, 

the m a j o r i t y o f t h i s p r e c i p i t a t i n g . The hexachlorophosphate 

immedia te ly s t a r t s t o r e a c t w i t h PhPCl 2 t o produce PhPCl 4 and 

P C 1 3 . The PhPCl 4 and P h P C l 3

+ f o r m a r a p i d l y exchanging system, 
60 

g i v i n g a s i n g l e peak • Even when a smal l amount o f t he 

PhPCl 3

+ PClg~ has r e a c t e d the exchange peak i s w e l l over t o 

the s ide o f PhPCl A because o f the much lower s o l u b i l i t y o f 

T h i s i s the s i t u a t i o n a f t e r 20 minutes . The r e a c t i o n 

proceeds f u r t h e r , i n c r e a s i n g the concen t ra t ion o f PCI- w h i l s t 

peak moves t o h igher f i e l d due t o the inc reas ing amount o f 

PhPCl 4 p r e sen t . 

The sample was t h e n r e t u r n e d t o the b u l k o f the s o l u t i o n 

which was t h e n shaken f o r severa l days. The great m a j o r i t y 
31 

o f t h e s o l i d r e d i s s o l v e d . The P n . m . r . spectrum o f t h e 

s t a b l e s o l u t i o n conta ined l i n e s o f approximately equal 

4 
PhPCU'PCl 

+ 2PC1 2PhPCl PhPCl "PCI + PhPCl „ + PCI 6 

V 
2PhPCl 4 + PC1 3 

The PhPCUVPhPCl decreasing the c o n c e n t r a t i o n o f PhPCl 4 
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i n t e n s i t y a t -219 .0 (PC1 3) and +19.8 ppm (PhPCl 3

+ PhPCl4> 

p lus much smal le r ones due t o PhPOClg and PClg" (+295.4 ppm). 

The r e a c t i o n has now proceeded as f a r as poss ib le t o fo rm 

PhPCl 4 . I t cannot go t o complet ion because o f a smal l amount 

o f o x i d a t i o n o f PhPCl 2 t o PhPOCl2 which lowered the r e l a t i v e 

amount o f PhPCl 2 . PhP0Cl 2 does not r eac t f u r t h e r w i t h PhPCl 3

+PClg" 

under these c o n d i t i o n s al though r eac t i ons o f t h i s type are known 

at e l eva ted temperatures 202,205^ 

The r e s u l t s are thus exp la ined by the r a p i d p r e c i p i t a t i o n 

o f PhPCl 3

+ PClg~ which t h e n s l o w l y r ed i s so lves and r e a c t s . This 

does not occur w i t h t he other systems s tud ied since the 

hexachlorophosphate s a l t s are more soluble and any formed 

would remain i n s o l u t i o n and immediately r e a c t . 

Analogous r e a c t i o n systems us ing antimony pentach lor ide 
127 

i n s t e a d o f phosphorus pen tach lo r ide have been s tud i ed by R u f f • 

He was unable t o i s o l a t e f r e e phosphoranes f rom the systems, 

always o b t a i n i n g the hexachloroantimonate s a l t . I n order t o 

c o n f i r m these r e s u l t s , the r e a c t i o n between equimolar amounts 

o f antimony pen t ach lo r ide and phenyldichlorophosphine was 

i n v e s t i g a t e d i n n i t robenzene . A whi te p r e c i p i t a t e o f the 
31 

hexachloroantimonate s a l t immediately formed. The P n . m . r . 

spectrum o f t he s o l u t i o n con t a in ing a l i t t l e o f t ie s o l i d 

showed a l a r g e peak due t o unreacted PhPCl 2 toge ther w i t h 
+ — 

a smal ler peak due t o a sa tu ra ted s o l u t i o n o f PhPCl 3 SbClg 

i n n i t robenzene . The s o l u t i o n was s tab le i n t he n . m . r . machine, 

showing t h a t no f u r t h e r r e a c t i o n was t a k i n g p l ace . Moreover 

t he s h i f t o f P h P C l 3

+ ( -99.7 ppm)- suggests t h a t almost no 

PhPCl 4 i s p resen t . Thus, at room temperature, P h P C l 3

+ SbClg" 

i s s t ab l e t o a t t a c k by PhPCl,,. The d i f f e r e n c e i n r e a c t i o n 
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between antimony pen tach lo r ide and phosphorus pentach lor ide 

can be a t t r i b u t e d t o t h i s s t a b i l i t y . 

P h P C l 3

+ P C l 6 " was used i n i n v e s t i g a t i o n s o f the PhPCl 3

+ i o n . 

As two phosphorus-conta in ing species were present the s a l t was 
3 i 

i d e a l f o r P n . m . r . s o l u t i o n s t u d i e s . The anion peak was, 

however, a pos s ib l e source o f i n t e r f e r e n c e w i t h the c a t i o n 

peak i n s o l i d s t a t e n . m . r . and n . q . r . s t u d i e s . 

Piphenylchloropho sphine 

By r e a c t i n g diphenylchlorophosphine w i t h an equimolar 

amount o f phosphorus p e n t a c h l o r i d e , diphenyl t r ichlorophosphoraner 

cou ld be i s o l a t e d . When 1 mole excess phosphorus pentach lor ide 

was used, diphenyldichlorophosphonium hexachlorophosphate was 

o b t a i n e d . U n l i k e t he r e a c t i o n w i t h PhPCl 2 t he r e was no 

d i f f i c u l t y i n i s o l a t i n g the phosphorane. 

Phosphorus Tr ib romide 

The r e a c t i o n between phosphorus pen tach lor ide and phosphorus 

t r i b r o m i d e was i n v e s t i g a t e d t o determine whether mixed 

chlorobromophosphonium i o n s , as found by D i l l o n , Gates e t a l , 

and by Grimmer 1 ° 0 » 1 0 3 > 2 1 8 > 2 1 9 » 1 ° 1 ^ I d b e s t a b i l i s e d by 
hexachlorophosphate as counter i o n . A s o l i d complex o f 

220 
composi t ion P C l 3 B r 4 had been p r e v i o u s l y i s o l a t e d f rom 
P C l 5 / P B r 3 m i x t u r e s . Other workers cou ld i s o l a t e o n l y 

221 

PClgBr^. 2CCl 4 f r o m the system • The p r epa ra t i on was 

repea ted , and a s o l i d o f composit ion P C l 2 . 5 9 B r 4 22 o * * 8 ^ 1 1 ® 0 ^ 

U n f o r t u n a t e l y the compound d i d not s t a b i l i s e i n t h e n . m . r . 

spectrometer , and so no s o l i d s t a t e spectrum could be 

o b t a i n e d . The Raman spectrum ( run by P. Gates) , however, 

showed l a r g e s i g n a l s a t t r i b u t a b l e t o P B r 4

+ . A ve ry weak 



- 158 -

s i g n a l was a lso found at 267 cm . Th i s i s ve ry s i m i l a r t o 

the p o s i t i o n found f o r the t r i c h l o r i d e i o n i n tetraalkylammonium 
222 1 

s a l t s (268 cm" ) • The i d e a l s t r u c t u r e o f the complex 

would seem t o be P B r 4

+ C l 3 ~ . The d e v i a t i o n f r o m t h i s 

f o r m u l a t i o n i s t hen probably due to f r e e c h l o r i d e and bromide 

ions i n t he l a t t i c e . 

Phosphorus pen tach lo r ide was then d i s s o l v e d i n phosphorus 

t r i b r o m i d e . No l a r g e peaks were observed i n the 4,5 or 6 

c o - o r d i n a t e r e g i o n . Peaks, o f decreasing r e l a t i v e i n t e n s i t y 

were found at - 2 2 7 . 1 , - 2 2 6 . 1 , - 2 2 3 . 0 , and -217.8 ppm corresponding 

t o P B r 3 , P B r 2 C l , P B r C l 2 , and P C l 3 r e s p e c t i v e l y 2 2 3 . 

Experiment a l 

P r epa ra t i on o f n . m . r . samples 

For l i q u i d phosphines, the phosphine was mixed w i t h an 

approximate ly equal volume o f methylene c h l o r i d e and the 

r e q u i r e d amount o f s o l i d phosphorus pen tach lo r ide added. 

Vigorous r e a c t i o n s took place du r ing which the phosphorus 

pen t ach lo r ide d i s s o l v e d . Only w i t h t r i b u t y l p h o s p h i n e and 

two e q u i v a l e n t s o f phosphorus pen tach lor ide d i d any 

p r e c i p i t a t e f o r m . Th i s r e d i s s o l v e d on doub l ing t h e 

amount o f methylene c h l o r i d e . For s o l i d phosphines, 

t h e phosphine was d i s s o l v e d i n the minimum amount o f 

methylene c h l o r i d e and t h e phosphorus pen tach lo r ide 

t h e n added. 

Wi th P C 1 4

+ SbClg" and dimethyloctadecylphosphine 

equimolar q u a n t i t i e s o f the ma te r i a l s were r e a c t e d . I n 

o the r cases P C 1 4

+ SbClg" was added t o a methylene c h l o r i d e 

s o l u t i o n o f the phosphine u n t i l excess P C 1 4

+ SbClg" remained 

u n d i s s o l v e d . 
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Large peaks appeared on a s i n g l e scan o f the n . m . r . 

spectrum f o r many o f the s o l u t i o n s , but the spec t ra were 

i n some cases accummulated t o c l a r i f y the peak p o s i t i o n s 

and de tec t any minor peaks. The molar r a t i o s o f P C l 5 t o 

PR 3 used were (1 .00 +, 0 .01) : 1 and (2.000 +, 0.003) : 1 except 

w i t h c a t echy l phosphorus monochloride where a r a t i o o f 

0 .850 :1 was used. 

For t h e phenyldichlorophosphine - antimony pentach lor ide 

r e a c t i o n i n ni t robenzene t h e r eac tan t s (1:1 .06 PhPCl 2:SbCl,-) 

were each mixed w i t h a l i t t l e n i t robenzene, the antimony 

pen tach lo r ide producing a y e l l o w adduct • The two s o l u t i o n s 

were then mixed and more nitrobenzene added. The ye l low 

s o l i d r eac t ed and was rep laced by the whi te s o l i d PhPCl 3

+ SbClg". 

P C 1 2 . 5 9 B r 4 . 2 
220 

The method used by Kuz'menko t o produce P C l ^ B ^ 

was f o l l o w e d . 3.02g (14.5 mmole) P C l 5 were s l o w l y added 

t o 2.1ml (6 .0g 2 2 . 1 mmole) PBr 3 i n 15ml carbon t e t r a c h l o r i d e . 

The p r e c i p i t a t e formed was f i l t e r e d and d r i e d at the pump. 

Y i e l d = 2.19g 

Analyses : Found P,6 .92; C I , 2 0 . 5 ; B r , 7 5 . 2 , equ iva len t t o an 

e m p i r i c a l f o r m u l a PC1 2 ^ Br^ 2 . 

The Raman spectrum o f the compound was r u n by Dr . P. Gates. 
Poss ib le A p p l i c a t i o n s o f Phosphorus Pentachlor ide as a 
c h l o r i n a t i n g agent 

The r e a c t i o n s 

R 3 P + PC1 5 > R

3

P C 1 2 + P C 1 3 

R 3 P C 1 2 + PC1 5 > R 3 PC1 + PC1 6 " 

proceeded q u i c k l y and q u a n t i t a t i v e l y , having f i n i s h e d w i t h i n 

minutes i n concent ra ted s o l u t i o n s . The p r e p a r a t i o n o f t he 
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hexachlorophosphate s a l t s may be achieved d i r e c t l y , i n one stage 

f r o m t h e phosphines. The use o f phosphorus pentach lor ide 

i n s t e a d o f c h l o r i n e t o produce the chlorophosphoranes has 

i n many ci rcumstances , also d i s t i n c t advantages. The 

a d d i t i o n o f exact amounts o f c h l o r i n e i s sometimes d i f f i c u l t 

t o m o n i t o r , and excess c h l o r i n e i s f r e q u e n t l y used. This 

w i l l sometimes contaminate the product by fo rming adducts 
60 23 119 

w i t h t h e phosphorus(v) compound * * . Phosphorus 

pen tach lo r ide may be e a s i l y added i n weighed amounts. I t 

may a lso c h l o r i n a t e phosphine oxide i m p u r i t i e s which otherwise 

may be d i f f i c u l t t o remove. 
R 3P0 ( t r a c e s ) + PC1 5 > R 3 P C 1 2 + P 0 C 1 3 

Several disadvantages i n us ing phosphorus pentach lor ide 

are , however, f o u n d . I f an excess i s used, the compound 

may be contaminated w i t h the hexachlorophosphate s a l t , 

whereas i f t oo l i t t l e i s used, the compound may be 

contaminated w i t h t he phosphine. The r eac t i ons i n v o l v e 

the weighing o f exact amounts o f two a i r or w a t e r - s e n s i t i v e 

m a t e r i a l s . React ions may be c a r r i e d out e n t i r e l y i n s i d e a 

glove box, however. Al though c h l o r i n a t i o n us ing phosphorous 

pen t ach lo r ide seems general f o r the phosphines i n v e s t i g a t e d 

the r e a c t i o n w i t h t r ime thy lphosph ine i s r e p o r t e d t o proceed 

i n a d i f f e r e n t manner. No r e a c t i o n occurs at 0 ° C . A slow 
o 43 r e a c t i o n occurs at 100 C fo rming 2Me 3 P.PCl 5 . 

The method was found p a r t i c u l a r l y u s e f u l i n the 

p r e p a r a t i o n o f d ipheny l t r i ch lo rophosphorane , and ca techy l 

phosphorus t r i c h l o r i d e . The l a rge d i f f e r e n c e i n s o l u b i l i t y 

between PhJPCU and i t s hexachlorophosphate s a l t pe rmi t t ed 
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i t s isolation without contamination by the l a t t e r . A 
pure-white sample was obtained without recrystallisation. 
The compound remained unchanged under an atmosphere of 
nitrogen for at least one year. A similar sample prepared 
from diphenylchlorophosphine and chlorine was yellow-tinged 
and gave signs of decomposition after several months, becoming 
bright yellow i n patches. In the preparation of catechyl 
phosphorus t r i c h l o r i d e there i s no chance of contamination 

210 
by the hexachlorophosphate salt • Reaction between 

31 
catechyl phosphorus monochloride (giving a single P n.m.r. 
line) and chlorine produced a yellow semi l i q u i d . The 31 23 P n.m.r. showed two lines at +25.5 and +27.5 ppm 

210 224 
instead of the reported literature single line at +26 ppm ' • 
The use of phosphorus pentachloride with the same catechyl 
phosphorus monochloride produced a white solid with a 

31 
yellowish tinge, giving a single P n.m.r. peak at 
+26.3 ppm i n methylene chloride. 

The reactions of PC1 4
+ SbClg" with phosphines to form 

hexachloroantimonate salts have the advantage over using 
antimony pentachloride directly that the inorganic reaction 
product, phosphorus tr i c h l o r i d e , i s a l i q u i d , whereas 
antimony tr i c h l o r i d e i s a solid and thus liable to 
contaminate the product. Since reaction solutions 
using PCl^* SbClg"" may then be pumped to dryness, yields 
of the desired product may also be significantly higher. 
( i i ) Solid State investigations of the Hexachlorophosphate 

ion 
Introduction 

As well as the hexachlorophosphates prepared using 
phosphorus pentachloride as a chlorinating agent, various 
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other hexachlorophosphates were synthesised to confirm their 
structure. The known salt (C7H7)PC17 was prepared for 
which the possible structures C7H7

+C1~.C H7
+PClg~ and 

(C7H7
+>2 PCl 7^~ have been suggested "̂8. I t s formulation 

11 
as a hexachlorophosphate was supported by i . r . evidence 
and by the number of bonding orbitals available to phosphorus. 
Co-ordination numbers of greater than six are not found i n 
row three elements. C7H7

+PClg"", bis (2,4,6-collindium) 
chloride hexachlorophosphate (Chapter 3 section l ( i i ) b ) , 

16 + 
and the known salt Et 4N PClg"" were also prepared. 

Other hexachlorophosphates investigated include salts 
of the type PC14(L-L)+ PCl g" f PCl4(L-.L) + (PClg~) 1_ x Cl x~ 
(Chapter 3 section l ( i i ) ) , a n d PhPCl3(L-L) + PClg", 
(Chapter 4 section 2) (L-L = 1,10-phenanthroline or 
2,2 t-dipyridyl). These are described i n other sections 
as indicated. 
Properties 

A l l hexachlorophosphates investigated were moisture-
sensitive, the tropylium salts exceptionally so, fuming 
i n moist a i r . The tropylium salts, bis (2,4,6-collidinium) 
chloride hexachlorophosphate, and tetraethylammonium 
hexachlorophosphate are white solids soluble i n nitrobenzene. 
PhjPCl + PClg" i s a white solid very soluble i n methylene 
chloride and nitrobenzene. Ph2PCl2

+PClg~ and PhPCl3
+PClg~ 

are s l i g h t l y yellowish white solids. The former i s soluble 
i n nitrobenzene and s l i g h t l y soluble i n methylene chloride 
whereas the l a t t e r i s sl i g h t l y soluble i n nitrobenzene and 
insoluble i n methylene chloride. Thus the s o l u b i l i t y of 
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the chlorophenylphosphonium salts increases with the number 
of phenyl groups and with the cation size. 

No reaction took place between pyridine and a nitrobenzene 
solution of Ph3PCl+PCl6~. With PhPCl3

+PClg~ a white solid 
was immediately precipitated and PClg.pyridine remained i n 
solution. With Ph2PCl2

+PClg~ peaks were found attributable 
to PClg.pyridine and PClg", but since no other peak was found 
(except Ph2P(0)Cl) the salt had probably been hydrolysed by 
traces of water. 

As i s shown i n the following chapter PhPCl4 forms an 
insoluble complex with pyridine. I f pyridine displaces a 
chloride ion from PClg" i n PhPCl3

+ PClg", th i s may then 
combine with PhPCl 3

+ to form PhPCl4« Both PClg and PhPCl4 

can then also co-ordinate to the pyridine. Ph3PCl+ PClg" 
i s stable to attack by pyridine since Ph3PCl+ Cl" does not 
co-ordinate to pyridine, and there i s thus no added driving 
force to the reaction 

PhPCl 3
+ PClg" + py » PhPCl4 + PClg.py 

py 
t 

PhPCl4.py 

Ph 3PCl + PClg" + 2py -^-V Ph3PCl+ Cl~ + PClg.py 

N.m.r. spectra , 
31 

The solid state and solution P n.m.r. spectra of 
the salts a l l gave signals i n the range +295 - +305 ppm 
confirming the presence of PClg". The values are i n 

225-7 31 142 
excellent agreement with known solution » » 
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( S 3 1 P 290-305 ppm) and solid state 9 9 high resolution 
( & 3 1 P 299,7 ppm) data. The solid state lines are the 
narrowest six co-ordinate lines found i n this work, which 
can be attributed to the symmetry of the species and the 
absence of neighboring quadrupoles (contrast PCl5»pyridine)• 
The line width varies with the salt studied, as expected 
from the different interdipolar distances i n each salt, 
together with different nuclei being present i n the counter 
ions. No large variation of the solid state s h i f t with the 
counter ion was observed. 

TABLE 30 
31 p n.m.r. SHIFTS OP HEXACHLOROPHOSPHATE SALTS 

Compound Solvent % 3 1 P (soln) 3 1 P (solid) 
Ph-PCl+ PCI ~ 3 6 CH2C12 f -66.3* -64.3 

I +296.0 +305.0 
PhN02 J -64.7* 

\ +298.7 
Ph 2PCl 2

+PCl 6 PhN02 J -90.5* -89.7 
I +298.0 +294.8 

PhPCl 3
+PCl 6~ PhN02 f -93.6* -96.9 

1 +298.6 +296.4 
PCl4phen+PCl6" PhN02 f +192.7* 

\ +299.1 
C14 H14 P C 17 PhN02 +299.2 +295.7 
C7H7PC16 PhN02 +297.3 +296.1 
[ C 8 H I 2 N ] 2 PC1? PhN02 +297.5 +298.7 
E t 4 N + P C 1 6 ~ PhN02 +297.9 +298.5 

• attributable to cation 
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Despite changes i n diamagnetic susceptibility and crystal 
packing effects, there are only minor differences between the 
solid state and solution shifts of the complexes, and these are 
within the l i m i t s of experimental error. The solid lines v/ere 
reproducible to within +, 2 ppm and the solution data to within 
^0*2 ppm. 

The solid state lines of the cations are broader than that 
of PC14 i n PC14

TPC16~ " but are sharper than those of the six 
co-ordinate species (other than PClg") found i n this work. The 
broadening compared with PC1 4

+ can be attributed to the lowering 
of symmetry of the species and also to the proximity of large 
organic groups. Complete resolution of the cation and anion 
solid state lines was i n a l l cases found (c.f. Pigs,22,23). 
The shifts of the cations both i n the solid state and i n 

126 
solution are close to the literature solution shifts • 
The rather high value for PhPCl3

+ i n solution (-93.6 c.f. 
PhPCl +SbCl 6~ -102.9 ppm, PhPCl3

+ C104~ -103.0 1 2 6 , 
PhPCl 3

+ A1C14~ -100.5 6 0 ) can be attributed to exchange 6 0 

with a small amount of PhPCl4 impurity. Weak lines of intensity 
varying with the sample.were present i n the i . r . spectrum at 
590 and 568 cm""1. These are not found i n PhPCl3

+ SbClg" 
but are found i n PhPCl4, This small amount of impurity 

31 
w i l l not affect the solid P n.m.r, spectrum of the 
salt as PhPCl4 gives a peak which i s so broad as to be 

23 
undetectable by high resolution techniques • 
N.q.r. spectra 

The n.q.r. spectra recorded.by Dr. R. J. Lynch similarly 
gave results (Table 31) i n agreement with previous data for 
PC16- ^5-7,228# 
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35 
TABLE 31 

CI n.q.r. FREQUENCIES (MHz) OF SOME 
HEXACHLOROPHOSPHATES 

Compound 
Ph 3PCl + PC16" 

Ph2PCl2
TPClg" 

PhPCl^PClg" 

C14 H14 P C 17 

C7H7-PC16-

[ C 8 H 1 2 N ] 2 P C I 7 

V(MHz) and assignment 
29.33, 29.53, 29.59, 29.76, 29.93, 
30.44 (PClg"); 31.15 (Ph 3PCl +)-
see below 
29.49, 29.58 (Av 29.53 PClg"); 30.23 
(Broad Multiplet Ph 2PCl 2

+) 
30.1 (Broad Multiplet PClg"); 
30.62, 30.68, 30.79, 30.90 
(PhPCl3

+ Av 30.75) 
29.40, multiplet centred at 29.77 
(Av 29.7 PClg"") 
29.32, multiplet centred at 29.80 
(Av 29.65 PClg") 
28.78, 29.31, 29.65, 30.15, 30.55, 
30.67 (Av 29.85 PClg") 
29.37, 30.025, (Av 29.81 PClg") Et-NTPC1 ~ 4 6 

c.f. PClg~(in PCa^PCl^") 1? 7 28.405, 29.720, 30.040, 30.075, 
30.470, 30.580 (Av 29.88 PClg") 

Each of the salts gave lines attributable to PClg". 
The lines of the chlorine-containing cations although 
close to those from PClg , could be assigned by comparison 

59 
with the spectra of other salts containing the cations • 
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Only the Ph 3PCl + assignment had a slight uncertainty. The 
frequency for PhgPCl* i n Ph3PCl+BCl4~ i s 30.08 MHz 5 9

f i n 
Ph 3PCl +cr 30.12 MHz 5 9 and i n Ph3PCl+ A1C14" 30.15 MHz. 
The line i n Ph 3PCl + PC16" at 31.15 MHz seems too high to be 
included i n the PCl g~ multiplet, however. I f the 31.15 MHz 
line i s ascribed to Ph 3PCl + the average frequency of the 
remaining signals (29.76 MHz) i s i n good agreement with the 
average PClg"" frequencies of the other salts. 

The lines i n the other salts attributable to PClg"" 
l i e within the range found for PCl g" i n PC1 4

+ PClg~ 1 1 5 - 7 

and i n Et 4N + PClg- 1 5 5 » 2 2 8 . Up to six lines are found, as 
+ — 117 i s observed i n the most recent work on ionic PC1-. PCI,. . 4 6 

The crystal structures are not known, so that i t i s not possible 
to correlate the number of n.q.r. lines with the structure. 
Six lines attributable to pClg" would, however, suggest a 
comparatively low crystal symmetry, or else a considerable 
distortion of the pClg" octahedra at this temperature. 
Previous studies of Et 4N + PClg" have shown three lines at 
77K, at 29.32 + 0.03, 30.06 +, 0.02, 30.34 + 0.02 (intensity 
r a t i o l ; 2 : l ) 1 1 5 and at 29.374 + 0.005, 30.024 + 0.005 and 

228 
30.365 ± 0.005 MHz i n the same intensity r a t i o • In 
th i s work only two lines were found, at 29.37 and 30.025 MHz 
i n a 1:2 intensity r a t i o . The reason for the non-observance 
of the t h i r d l i n e i s not clear. 

The average n.q.r. frequencies of the cations i n 
PC1 4

+ PC16", PhPCl 3
+ PClg-, Ph 2PCl 2

+ PClg", and Ph3PCl+ A1C14" 
(the l a t t e r compound being chosen as there i s no ambiguity 
i n line assignments) f a l l i n the order 

PC1 4
+ > PhPCl 3

+ > Ph 2PCl 2
+ > Ph3PCl+ 
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As chlorines are successively replaced by phenyl groups, the 
remaining phosphorus-chlorine bonds becomes more ionic, and 
this causes a drop i n n.q.r. frequency. This drop i s , however, 

59 
not linear. Lynch and Waddington using the data above and 
results from salts with different counter ions, compared the 
lowering of frequency i n the silicon and carbon analogues. 
In the carbon series Ph CC1„ _ the substitution of phenyl 

n 4—n 
for chlorine shows a linear drop i n frequency. The n.q.r. 
frequency i s sensitive only to the inductive influence of 
substituents as there are no low lying d orbit als on the 
carbon to transmit the conjugative effects to chlorine. 
Where data are available the drop i n frequency along the 
silane series i s non-linear. With the phosphonium and 
silane compounds d orbitals are available for conjugation 
with the chlorine ft orbitals. Their behaviour along the 
series i s attributable to a changing degree of P-Cl or 
Si-Cl TX character. Evidence for Ph-P-Cl conjugation has 

180 
been previously found by n.q.r. i n the phosphoryl series • 
I . r . spectra 

A l l the salts showed a strong, broad absorption i n the 
region 440-450 cm"1, as expoted for the PCl g~ i o n 1 1 ' 1 8 2 . 
I n other regions the spectrum of Et4N+PClg"" was very similar 
to that of Et 4N +Cl". The similarity of the spectra of 
Ph3PCl+PClg"" and Ph^PClg (apart from a strong absorption 
at 490 cm" ) and the dissimilarity of the spectra of 
PhPCl 3

+PCl 6" and Ph2PCl2
+PClg" to that of PhPCl4 and 

Ph 2PCl 3 respectively (Tables 33,51), especially below 
650 cm , indicates molecular structures for PhPCl4 and 
Ph 2PCl 3, and an ionic structure for Ph3PCl2 i n the solid 
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state, as has been suggested by other techniques 2 3 > 5 9 . 
TABLE 32 

I . r . SPECTRA OF Ph^PCl^ AND ITS SALTS 650-340 cm"1. 

445sbr * 

>ci 2
 2 3 616w, 588m, 539s, 517m, 497s, 

>C1+PC1 ~ 6 621m, 591s, 543w, 520s, 

>C1+A1C14~ 623m, 597s, 543m, 521s, 49Is,* 
5C1+BC14~ 2 3 620m, 597s, 540m, 519s, 

>Cl+SbCl6~ 2 3 621m, 594s/589s, 535w, 517s, 

468w, 454w, 434w, 

469w, 449w, 362w, 346s,* 

•bands attributable mainly to counter ion 

Preparation of Solids 
(C ?H 7) 2 PCI6,CI 

18 
This was prepared by method (b) of Bryce-Smith and Perkins • 
Under an atmosphere of nitrogen 3.63g (39.4 mmole) 

cycloheptatriene i n 40ml carbon tetrachloride were slowly 
added to 15.78g (75.8 mmole) PC15 stirred i n 40ml carbon 
tetrachloride. S t i r r i n g was continued for if- hr during which 
time the solution became a white gelatinous mass and hydrogen 
chloride was liberated. The mixture was then refluxed for 
15 minutes, the solid f i l t e r e d , washed with carbon tetrachloride 
and low boiling pet ether and dried overnight under vacuum at 
room temperature. 
Yield » 8.23g = 90.4% as c

l 4
H

1 4
P C 1 7 

Analyses: Found C,31.17; H,3.04; P,7.18; CI,56.98. 
C14 H14 P C 17 r e c ^ r e s c»36.4; H,3.03; P,6.72; Cl,53.8. 
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The low carbon, and high phosphorus and chlorine analyses suggest 
that the compound contained tropylium hexachlorophosphate, 
C^H^PClg, as impurity, 
(C?H7)PC16 

This was prepared by a modification of method (a) used 
by Bryce Smith and Perkins to prepare (C7H7)2PC16,C1. 

Under an atmosphere of nitrogen 4.38g (47.5 mmole) 
cycloheptatriene i n 49ml carbon tetrachloride were added to 
19.78g (95.0 mmole) PClg stirred into 195ml carbon tetrachloride. 
After s t i r r i n g for several hours the white solid was f i l t e r e d 
at the pump i n the dry box and washed with carbon tetrachloride, 
then 30/40 pet ether. The white solid was dried under vacuum 
for several hours. 
Yield = 13.59g * 84.9% as Cy^PClg 
Analyses: Pound C,26.67; H,2.71; P,9.08; Cl,60.94 
C7H7PC16 requires: c,25.1; H,2.11; P,9.25j Cl,63.53 
Et4N*PCl6-

16 
This was prepared by the method of Gutman and Mairinger • 

Inside the glove box 6.06g (36.6 mmole) Et 4N +Cl~ were slowly 
added to 7.54g (36.2 mmole)PClg each dissolved i n phosphoryl 
chloride. A white precipitate i n a yellow solution immediately 
formed. The precipitate was f i l t e r e d at the pump, washed with 
a small amount of phosphoryl chloride and then with 30/40 
pet ether, and f i n a l l y dried under vacuum. 
Yield m 8.72g = 64.3% as Et^+PClg" 
Analyses: Pound C,25.40; H,5.05; N,3.60; P,8.39; Cl,56.1 
Et 4N +PCl 6" requires C,25.69; H,5*.40; N,3.75; P,8.28; Cl,56.89 
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Ph 3PCl +PCl 6~ 
61 This was prepared by the method of Rozinov et al . 

6.41g (24.4 mmole) triphenylphosphine were dissolved i n 
17.2ml methylene chloride. With s t i r r i n g under an atmosphere 
of nitrogen 10.15g (48.73 mmole) PC15 were added. There was 
a vigorous exothermic reaction during which a l l the PCl^ 
dissolved. On cooling a solid crystallised. This was 
f i l t e r e d at the pump, washed with 30/40 pet ether and dried, 
producing a l i g h t yellow solid. 
Yield = 9.22g = 68.9% as Ph3PCl+PCl6~ 
The compound was dissolved i n a 50/50 mixture of carbon 
tetrachloride and 1,2-dichloroethane, and was then precipitated 
as pure-white flakes by addition of more carbon tetrachloride. 
Analyses: Pound C(by wet oxidation) 39.5; H,3.08; P,11.00; 
CI,46.0; Ph 3PCl +PCl 6~ requires C,39.9; H,2.79; P,11.44; CI,45.8. 

61 
Rozinov et al analysed for chlorine only, and their 
calculated value i s incorrect. Despite many attempts, 
satisfactory carbon analyses could not be obtained by use 
of the automatic analyser. The reason for t h i s i s not clear. 
Ph 2PCl 2

+PCl 6~ 
3ml (3.69g 16.72 mmole) diphenylchlorophosphine were mixed 

with 30ml methylene chloride, inside the dry box. 6.87g 
(32.98 mmole) PCl^ were slowly added i n portions, dissolving 
each portion before addition of the next. Ab the end of the 
addition a white precipitate formed. After s t i r r i n g for a 
few minutes to complete the reaction the methylene chloride 
was evaporated at room temperature on the vacuum line u n t i l 
only a few mis were l e f t . The solution was then retransferred 
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to the glove box and the solid f i l t e r e d , washed with 30/40 
. pet ether, then dried at the pump. 

Yield = 6.25g « 75.8% as Ph 2PCl 2
+PCl 6~ 

Analyses: Pound C,25.12; H,2.60; P,12.64; CI,54.02; 
Ph 2PCl 2

+PCl 6~ requires C,28.83; H,2.02; P,12.40; CI,56.75 
PhPCl 3

+PCl 6" 

Inside the glove box, with s t i r r i n g , 8.63g (41.4 mmole) 
finely powdered PClg were dissolved i n 100ml methylene chloride. 
2.6ml (3.4g 19.2 mmole) phenyldichlorophosphine i n 15ml 
methylene chloride were slowly added to the PCI,, solution. 
A precipitate slowly formed. After s t i r r i n g for several 
minutes the solid was f i l t e r e d , washed with 30/40 pet ether, 
and dried at the pump. 
Yield = 6.76g = 64.2% as PhPCl3

+PCl6~ 
Analyses: Pound C = 16.05; H = 1.39; P = 13.78; CI - 69.5 
PhPCl3

+PCl6~ requires C = 15.73; H = 1.10; P = 13.52; Cl = 69.65 

The preparation of bis 2,4,6-collidinium chloride 
hexachlorophosphate has been described i n Chapter 3 section l ( i i ) c 
Ph 3PCl +AlCl 4~ 

This salt has previously been prepared by an indirect 
229 route . 

5.990g (17.98 mmole) Ph3PCl2, and 2.452 (18.39 mmole) 
A1C13 were separately dissolved i n very small quantities of 
nitrobenzene. The A1C13 solution was slowly added, with s t i r r i n g , 
to the Ph 3PCl 2 solution. Approximately 1 l i t r e diethyl ether 
was mixed i n the solution to precipitate the complex. 
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The white crystals were f i l t e r e d at the pump and dried. 
Yield = 4.00g = 47.7% as Ph 3PCl +AlCl 4~. 
Analyses: Pound C,42.48; H,3.62; P,6.23; Cl,34.9 
PhoPCl+AlCl ~ requires C,46.33; H,3.25; P,6.64; Cl,38.00. 
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CHAPTER 4 
PHENYLTETRACHLOROPHOSPHORANE AND RELATED SPECIES 

1., Acceptor Properties of Phenvltetrachlorophosphorane 
( i ) Introduction 

Phenyltetrachlorophosphorane was f i r s t prepared by 
Michaelis ^ 8 > 2 ^ 0 # xt i s the f i r s t member of a series of 
compounds Ph PCI- (x = 1-3) previously studied i n t h i s 

23 59 
laboratory ' to determine their structure i n the solid 

59 
state. PhPCl4 i t s e l f i s molecular, both i n the solid and 
i n solution. As the compound differs from molecular PClg 
only i n the substitution of a single veakly electronegative 
phenyl group for chlorine, and retains a 5 co-ordinate structure, 
i t was thought that PhPCl4 might possess acceptor properties 
towards suitable bases. Such properties, however, have not 
previously been described. Steric d i f f i c u l t i e s from the bulky 
phenyl group were thought to be relatively small, since 

231 
pentaphenylphosphorane , i n which the phosphorus i s 
surrounded by five phenyl groups, i s quite stable. 

The Cl n.q.r. spectrum of the compound i s consistent 
with a trigonal bipyramidal structure with the phenyl group 
occupying an equatorial position. This follows the general 
rule -that the more electronegative groups occupy axial 

Cl 
... 233 positxons • 

Cl 

Cl 
C6 H5 

Cl 
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Lines at 24,61 and 25,51 MHz are a t t i b u t e d t o the a x i a l 
c h l o r i n e s and those at 33,59 and 33.74 MHz t o the e q u a t o r i a l 

234 
c h l o r i n e s . Other i n v e s t i g a t i o n s i n c o r r e c t l y suggested 
an i o n i c s t r u c t u r e because the low frequency l i n e s were not 
lo c a t e d , Trichlorophenylphosphonium d e r i v a t i v e s give a single 

59 
set o f c a t i o n l i n e s between 30,6 and 31,2 MHz • 31 23 Un f o r t u n a t e l y t h e s o l i d s t a t e P n,m,r. spectrum 
contains no detectable s i g n a l , probably due t o l i n e 
broadening caused by asymmetric s h i e l d i n g o f the phenyl 
group, This c o n t r a s t s w i t h the ease o f d e t e c t i o n o f the 
phenyltrichlorophosphonium c a t i o n (Ref.23 and Chapter 3 
s e c t i o n 3 ( i i ) i The i , r , spectra also confirms t h a t PhPCl^ 
does not have an i o n i c s t r u c t u r e . The spectra o f PhPCl 3

+ 

i n i t s s a l t s are very s i m i l a r w h i l s t the spectrum o f PhPCi 4 

i s somewhat d i f f e r e n t . 
TABLE 33 

I . r , SPECTRA OF PhPCl, AND PhPCU* SALTS 800-350 cm""1 

PhPCl 4 747(s), 7 2 l ( s ) , 7l2(s)', 6 l 7 ( s ) , 592(s), 567(s) 

542(s), 520(s), 492(s), 4 2 l ( w ) , 380(sbr) 
PhPCl 3

+SbCl 6~ 742(s), 732(m), 722(sh), 704(w), 672(s), 

(644, 6 3 0 ) ( s b r ) , 608(m), 546(s), 460(m) 
373(sh), 340(s-SbCl 6~) 

PhPCl 3
+PCl 6~ 752(s), 732(s), 722(sh), 704(w), 688(sh)« 678(s) 

654(s), 638(sh), 631(s), 609(m), 590 (w)*, 568(w)», 

548(s), 436(sbr - PCLg*") 

• Small amount o f PhPCl 4 i m p u r i t y 
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31 The P n.m.r. spectrum i n a v a r i e t y o f solvents consists 
o f a s i n g l e peak at about +44 ppm. 

TABLE 34 
SHIFTS OF PhPCl 4 IN VARIOUS SOLVENTS 
Solvent S h i f t Ref. 

-C 2H 2C1 4 +39.3 31 
PhN02 +41 60 
PhN02 +44.2 Present work 
CgHg +44.2 " M 

CH 2C1 2 +44.3 » 

The l a c k o f v a r i a t i o n o f the s h i f t s suggests a s i n g l e 
molecular species present and not an e q u i l i b r i u m between 
PhPCl 3

+ and PhPCl 5~ (average s h i f t +50 ppm). Although 
PhPCl^ has been shown t o give a s i n g l e e q u i l i b r i u m peak 
w i t h both PhPCl 3

+ (as PhPCl 3
+Cl 3"") 6 0 and PhPCl 5~ 

(as ( C 5 H 1 1 > 4 N +PhPCl 5~) (Chapter 4 section l ( i i ) ) such 
e q u i l i b r i a w i t h s o l e l y PhPCl 4 i n s o l u t i o n are expected t o 
be h i g h l y solvent dependent ( c . f . phosphorus p e n t a c h l o r i d e ) . 
This i n t u r n would make the chemical s h i f t solvent dependent. 

Phenyltetrachlorophosphorane was prepared by J. L i n c o l n 
as described i n Chapter 2 s e c t i o n l ( i i ) b . I t i s very 
soluble i n methylene c h l o r i d e , 1,2-rdichloroethane,benzene, 
and nitrobenzene. PhPCl 4 has pr e v i o u s l y found use i n the 

235 236 
synthesis o f phenyl s u b s t i t u t e d p h o s p h o n i t r i l i c compounds ' 
and as a phosphorylating agent 237,238^ 



Fig2A n P chemical shift of (C5Hu)4N+Cl7PhPCl 
so lu t ions in nitrobenzene 
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31 

no 

80 
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40 

mole ratio (C5H„)4N+cr/PhPCl 
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( i i ) Adduct w i t h the Chloride I o n . The Phenyl pent achlorophosphate 
I o n 
S o l u t i o n s c o n t a i n i n g approximately 1:1, 2,5:1 and 3:1 molar 

r a t i o s o f tetra-n-pentylammonium c h l o r i d e t o phe n y l t e t r a c h l o r o -
phosphorane were made up i n nitrobenzene. As the r e l a t i v e 
amount o f c h l o r i d e i o n increased, the chemical s h i f t o f the 
s i n g l e peak moved u p f i e l d (Table 35). On e x t r a p o l a t i o n the 
l i m i t i n g s h i f t was approximately +203 ppm (Pig.24) and w i t h i n 
the range +200 - +210 ppm. This i s unambiguously i n the 
s i x co-ordinate r e g i o n o f the spectrum when considering 
chloro-species, and may be assigned t o the phenyl pent achloro
phosphate i o n . When s t o i c h i o m e t r i c amounts o f PhPCl^ and Cl ~ 
are present, PhPCl,-"" i s incompletely formed and exchanges 
r a p i d l y w i t h f r e e PhPCl4« 

PhPCl 4 + ( C 5 H a i ) 4 N + CI- ( C 5 H a i ) 4 N + PhPCl,.-
Prom P i g . 24, and assuming the s h i f t s o f PhPCl 4 and PhPCl 5~ 
t o be +44.2 and +203 ppm, 75.2% association occurs i n t h i s 
s o l u t i o n . 

TABLE 35 
SHIFTS FOUND IN PhPCl 4/(C,.H 1 1) 4N +Cl- SYSTEMS 

IN NITROBENZENE 

Molar r a t i o (a) & 3 1 P % ass o c i a t i o n o f 
PhP'Cl 4/(C 5H 1 1) 4N + CI"" O r PhPCl5" (b) 

1:1.16 +170.3 79.4 
1:2.63 +195.1 95.0 
1:3.09 +200.3 98.3 

(a) From weighed q u a n t i t i e s a f t e r t a k i n g i n t o account the 
small amount o f h y d r o l y s i s o f PhPCl 4 determined by the 
r e l a t i v e areas o f the PhPCl4/PhPCl5"~ and PhP0Cl 2 peaks 

(b) Assuming fe31 p PhPCl 4 +44.2 ppm 
PhPCl ~ +203 ppm 
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PhN02 +170.3 79.4 
CH 2C1 2 +117.5 46.2 
c c i 4 +81.7 23.6 
MeN02 +129.2 53.5 

Adduct fo r m a t i o n was also found i n other solvents (Table 36 ) 

The a s s o c i a t i o n depended g r e a t l y on the solvent p o l a r i t y , being 
smaller f o r l e s s polar s o l v e n t s . 

TABLE 36 

SOLVENT DEPENDENCE OF PhPCl 4 + C l " PhPCl,-" EQUILIBRIUM 
Molar r a t i o , <, n , „ ^ . c 3 1 „ % association o f 

Ph P C l 4 / ( C 5 H 1 1 ) 4 N + C l " solvent o e PhPCl 5" at 34.2°C 

. 1 : 1 . 1 6 

1 : 1 . 2 0 

1 : 1 . 0 7 

1 : 1 . 4 3 

The nitromethane s o l u t i o n showed extensive h y d r o l y s i s . 
Although t h i s has been accounted f o r i n the mole r a t i o the 
degree o f a s s o c i a t i o n i s s t i l l only approximate. Hydrolysis 
adversely a f f e c t s PhPCl,/" formation by the e q u i l i b r i a 

PhPCl5"* + HCl PhPCl 4 + HC1 2~ 
PhPCl 4 + HCl PhPCl 3

+ + HC1 2~ 

I n low p o l a r i t y solvents s a l t s e x i s t as i o n i c aggregates. 
+ — 239 Thus ^ C 5 H ^ ^ ^ 4 N C l ~ i n benzene consists o f i o n p a i r s • 

I n order t o form PhPCl,.", (CgH^) 4N and the anionic centre 
w i l l have t o be separated somewhat t o accommodate the l a r g e r 
anion. This charge separation w i l l r e q u i r e energy, which 
must be provided by the r a t h e r weak complex formation 
e 240 241 (the c h l o r i d e i o n i n t e r a c t i o n w i t h carbon t e t r a c h l o r i d e ' 
was considered t o be on l y an extremely weak h i n d e r i n g e f f e c t 
i n comparison). The solvent dependence o f PhPCl,/" formation 
may be compared w i t h a s i m i l a r dependence o f th e formation o f 
s i c i 5 - 2 4 1 - 2 4 2 . 
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Several other c h l o r i d e s were i n v e s t i g a t e d t o determine 
any r e l a t i o n s h i p between adduct formation and t h e counter i o n . 
A nitrobenzene s o l u t i o n o f t e t r a - n - p r o p y l ammonium ch l o r i d e and 
phenyltetrachlorophosphorane (molar r a t i o 1.05:1) d i d not 
s t a b i l i s e i n the n.m.r. machine and showed extensive h y d r o l y s i s 
( i n c r e a s i n g t h e molar r a t i o t o 3.61:1) but nonetheless showed 
a peak at +163.4 ppm. Ph PCI, was i n v e s t i g a t e d as a c h l o r i d e 

3 c 

i o n donor i n 1,2-dichloroethane. Ph 3PCl 2 synthesised i n t h i s 
l a b o r a t o r y appeared t o be mainly i o n i c , at le a s t i n 
nitrobenzene. Indeed the low f i e l d phosphorus peak showed 
very l i t t l e movement on complexation. The higher f i e l d 
l i n e again moved u p f i e l d w i t h i n c r e a s i n g c h l o r i d e i o n 
con c e n t r a t i o n c o n s i s t e n t w i t h the e q u i l i b r i u m 

Ph 3PCl + CI"" + PhPCl 4 5=* Ph 3PCl + PhPCl 5" 
The r e s u l t s are given i n Table 37. 

TABLE 37 
S> 3 1 P FOR PhPCl 4/Ph 3PCl* CI " SYSTEMS 

Ph 3PCl + Ph3P0 PhPCl 5" Mole r a t i o 
PhPCl 4/Ph 5PCl + C l ~ • 

% association 

-57.4 -32.8 +73.2 1:0.375 * 18.3 

-59.0 -37.0 +101.5 1:0.946 36.1 

* from r e l a t i v e peak areas . 
*• assuming & 3 1 P PhPCl 4 =+44.2 ppm 

PhPCl " =+203 ppm 
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An e x t r a p o l a t i o n o f these values t o a molar r a t i o 1 : 1 . 2 0 

gives an a s s o c i a t i o n o f «v42%, very s i m i l a r t o t h a t found w i t h 
( C 5 H i a ) 4 N + C l ~ i n methylene c h l o r i d e (Table 3 6 ) . 

When sym-tetrachloroethane s o l u t i o n s o f PhPCl 4 and PhgPCl^ 
31 

were mixed t h e r e was l i t t l e change i n the P n.m.r. peak 
p o s i t i o n s ( P found - 6 3 . 4 , +47 .4 ppm) from those found 
f o r t h e components i n d i v i d u a l l y ( 8 3 1 P Ph 2PCl 3 i n C 2H 2 C 1 4 

- 6 7 . 4 ppm). This i s i n d i c a t i v e o f no complex formation even 
though PhgPClg i s p a r t i a l l y i o n i s e d i n t h i s solvent (Chapter 4 

s e c t i o n 3 ( i i ) ) . Even i n carbon t e t r a c h l o r i d e s o l u t i o n s o f 
PhPCl 4 and ( C 5 H ^ 4 N + C 1 ~ a s i g n i f i c a n t amount o f complex 
form a t i o n occurred. The lack o f formation o f the PhPClg"" i o n 
i n sym-tetrachloroethane may be explained by strong hydrogen 
bonding between c h l o r i d e ions and the solvent. Indeed, where 
no hydrogen bonding i s possible PhgPCl^ i s mainly covalent i n 
s o l u t i o n (e.g. i n nitrobenzene). This i s discussed f u r t h e r 
i n Chapter 4 s e c t i o n 3 ( i ) . I t would be i n t e r e s t i n g i n 
f u t u r e t o determine whether PhPCl 4 i s a strong enough 
acceptor t o abstract a c h l o r i d e i o n from molecular Ph^PClg 
i n s o l u t i o n . 

The system PhPCl 3phen + Cl""/PhPCl4 w i l l be discussed i n 
Chapter 4 s e c t i o n l ( i v ) . 

The tetrapropylammonium and tetrapentylammonium s a l t s 
were i s o l a t e d as very moisture-sensitive s o l i d s . (CgH^^)^N+ 

_ 31 " PhPClj. was prepared by two methods. The P n.m.r. s o l i d 
s t a t e spectrum o f the complex from method 1 (Chapter 4 

s e c t i o n l ( v ) ) produced a narrow s i g n a l at +223 .3 ,+ 5 . 7 ppm 
( P i g . 2 5 ) , 20 ppm higher than t h e extrapolated s o l u t i o n s h i f t . ' 
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The discrepancy may be due t o a conservative e x t r a p o l a t i o n , 
or t o e r r o r caused by the s l o p i n g baseline on the s o l i d 
s t a t e spectrum, but could also be due t o a genuine s o l i d 
s t a t e e f f e c t . The s o l i d s h i f t i s , however, s t i l l i n reasonable 
agreement w i t h the s o l u t i o n data, and i s the highest anionic 
s h i f t found except f o r PClg". Superposed i s a very sharp 
peak at +203.4 +, 1.7 ppm. This may be due t o PhPClg" 
dis s o l v e d e i t h e r i n unremoved solvent or i n PhPOClg hydr o l y s i s 
i m p u r i t y , or may be due t o s e l f d i f f u s i o n o f the i o n through 
the s o l i d l a t t i c e . The l a t t e r explanation i s the most l i k e l y . 
S e l f d i f f u s i o n has been p r e v i o u s l y found i n a number o f s o l i d s 
The m e l t i n g p o i n t o f the s a l t i s below 95° (the complex being 
prepared from a melt at t h i s temperature) and so at 34.2°C 
the l a t t i c e may not be too r i g i d . Although f r e e r o t a t i o n 
o f a molecule i n the l a t t i c e would produce a narrowing o f 
the s o l i d s t a t e l i n e the e f f e c t would be unable t o narrow 

244 
the l i n e t o the observed degree • 

The sample o f ( C 5 H ^ 4 N + PhPCl 5~ prepared by the second 
method, although g i v i n g a s o l i d s tate peak i n t h i s r e g i o n , 
produced a less w e l l defined spectrum. An i n s u f f i c i e n t 
q u a n t i t y o f ( C 3 H 7 ) 4 N + PhPCl 5~ was prepared t o r u n a s o l i d 

31 
s t a t e P n.m.r. spectrum. 

The i . r . spectra o f the s a l t s show new bands i n the 
r e g i o n 500-400 cm and a lowering o f the i n t e n s i t y o f 

— l 
many o f those between 500 and 650 cm (Table 38). Although 
i t would be d i f f i c u l t t o d i s t i n g u i s h between the P-Ph 1 1 3 

and P-Cl v i b r a t i o n s o c c u r r i n g i n t h i s region the g e n e r a l l y 
lower l i n e frequencies can be a t t r i b u t e d t o the lowering o f 
the P-Cl bond s t r e n g t h by c o - o r d i n a t i o n ( c . f . the change in 
frequencies PC1 4

+ -* PCl g — > PClg"). 
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TABLE 38 
I . r . SPECTRA PhPCU" SALTS 650-250 cm' - 1 

< C 5 H 1 1 ) 4 N + P h P C 1 5 ~ 
Method 1 

Method 2 

( C 3 H 7 ) 4 N + 

EhPCl 5~ 

c . f . PhPCl 4 

( t o 350 cm"1) 

618w, 596sh, 568s, 544s, 512s, 480sh, 461s, 
428s, 393s, 328w, 299m, 266w. 

618m, 596w, 569s, 544s, 512s, 495w, 462s, 
427s, 394s, 352w, 330w, 300w, 268w, 

618m, 590sh, 568s, 544s, 512s,^485sh, 452s, 
430s, 422s, 400s, 328w, 299w, 264w. 

617s, 592s, 567s, 542s, 520s, 492s, 421w, 
380sbr. 

^ C5 H-H^4 N + C l " i s transparent i n t h i s r e g i o n whereas 
(C^H^)^" 1" C l " has weak absorptions at 578 and 356 cm"*1 

The r e g i o n from 650-1200 cm" i s obscured by a very broad 
absorption, presumably due t o the cations. 

The 3 5 CI n.q.r. spectrum o f ̂ C 5 H ^ ^ ^ 4
N + PhPClg" showed 

l i n e s at 30.575 and 31.07 MHz (S/N 2.5:1, 4:1 r e s p e c t i v e l y ) . 
A t h i r d l i n e at 32.3 MHz was not reproducible. The two lines, 
may be a t t r i b u t e d t o ch l o r i n e s c i s and t r a n s t o the phenyl 
group, but the separation seems very small compared w i t h 
t h e s p l i t t i n g s found i n PhPCl 3dipy + (Chapter 4 sec t i o n 2 ( i ) ) . 
The frequencies are, however, s i m i l a r t o those found i n 
i s o e l e c t r o n i c PCl,-. p y r i d i n e (Chapter 3 sec t i o n l ( i i ) b ) . 



$6 31 *50 ppm 

Fig2631P ami. solid state spectrum of 

PhPCUpy 
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( i l l ) Adducts, with Monodentate pyridines 
When nitrobenzene or methylene chloride solutions of 

phenyltetrachlorophosphorane and nitrogen bases with a lower 
b a s i c i t y than pyridine were mixed, no observable reaction 
occurred* When pyridine was added i n these solvents, however, 
a thick white precipitate immediately formed, which analysed 

35 
as PhPCl^.pyridine. The Cl n.q.r. spectrum i s quite 
d i s t i n c t from that of PhPCl^, consisting of a single line 
at 27*26 MHz (signal/noise 5:1). (The hydrolysis product 

180 
PhP0Cl 2 would give a signal at 25.357 MHz ) . The single 
peak i s consistent with the pyridine being trans to the 
phenyl group. I f the pyridine were c i s , then three l i n e s 
would be present with an in t e n s i t y r a t i o 2:1:1. The lower 
i n t e n s i t y peaks should s t i l l be c l e a r l y v i s i b l e above the 
noise l e v e l . 

Ph Ph 
Cl 
Cl 

/ C 1 

F C . Cl Cl 
PY 

C— ci 

py C l " 

Possible isomers,of PhPCl 4.py 

31 
The s o l i d state P n.m.r. spectrum shows a very broad 

l i n e i n the s i x co-ordinate region of the spectrum at 
+161.7 + 2.7 ppm. (Pig.26). The line i s broader than that 
of PhPCl 5~. This may be due to the proximity of the nitrogen 
quadrupole. 
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Because o f the very low s o l u b i l i t y o f the moisture-
s e n s i t i v e complex i n nitrobenzene, chloroform and 
sym-tetrachloroethane i t i s d i f f i c u l t t o e s t a b l i s h 
whether t h e s h i f t s found i n these solvents (+53,4, +47.3, 
+44.5 ppm r e s p e c t i v e l y ) are due t o only weak association 
o f the complex 

PhPCl 4.py £= T PhPCl 4 + py 1. 

or t o complete d i s s o c i a t i o n w i t h the s h i f t from PhPCl 4 

being due t o p a r t i a l h y d r o l y s i s (See Chapter 2 section l ( i v ) a ) 
PhPCl 4 + H 20 > PhPOCl2 + 2HC1 
py + HCl » PyH + C l ~ 
PhPCl 4 + pyH + C l ~ pyH + PhPCl 5~ 2. 

I f p y r i d i n e i s added t o a sym-tetrachloroethane s o l u t i o n 
the peak moves u p f i e l d w i t h p a r t i a l p r e c i p i t a t i o n o f the 
complex. Although t h i s may be explained by the p r e c i p i t a t i o n 
i n c r e a s i n g the r e l a t i v e c h l o r i d e i o n concentration ( e q u i l i b r i u m 2) 
the solvent i s extremely poor f o r the_ formation o f PhPC!,.-

(see l a s t s e c t i o n ) . The u p f i e l d movement i s b e t t e r explained -
by the displacement o f e q u i l i b r i u m 1 t o the l e f t by the excess 
p y r i d i n e . The l a r g e s t s h i f t observed before s o l u b i l i t y became 
too low f o r d e t e c t i o n was +68.2 ppm, corresponding t o «*22% 

complex for m a t i o n (assuming the s h i f t o f PhPCl 4 #py t o be 
+163.2 ppm). 

Complexes were also synthesised w i t h 3 - p i c o l i n e and 
3 , 5 - l u t i d i n e by a s i m i l a r r e a c t i o n . Both d o n o r s are 
more basic than p y r i d i n e i t s e l f . Complex formation does not 
occur w i t h 2 - p i c o l i n e , or 2 , 4 , 6 - c o l l i d i n e , presumably due t o 
s t e r i c hindrance from the 2-substituent. 
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35 The Cl n.q.r. spectrum o f PhPCl 4. 3 , 5 - l u t i d i n e shows 
intense l i n e s at 27,10 (signal/noise 5.6:1) and 27.585 MHz 
(s i g n a l / n o i s e 3.6:1) plus a much weaker l i n e at 32.4 MHz 
(s i g n a l / n o i s e 1.6:1). Although the number o f l i n e s i s consistent 
w i t h c i s c o - o r d i n a t i o n , the high frequency 1 i s so weak t h a t i t 
i s probably due t o i m p u r i t i e s (The frequency i s however d i f f e r e n t 
from those o f the most l i k e l y i m p u r i t i e s PhPCl 4, PhPOClg, and 
PhPClg"). The low frequency, l i n e s are o f s l i g h t l y d i f f e r e n t 
w i d t h , so the sig n a l / n o i s e r a t i o s cannot be taken as a precise 
measure o f t h e i r r e l a t i v e i n t e n s i t i e s . Their average value i s 
27.35 MHz, o n l y 0.09 MHz d i f f e r e n t from t h e s i n g l e l i n e i n 
trans- P h P C I A . p y r i d i n e . This suggests t h a t the 3 , 5 - l u t i d i n e 
complex i s also t r a n s . No n.q.r. signals were detected from 
PhPCl 4. 3 - p i c o l i n e . 

The i n f r a r e d spectra o f t h e complexes are given below. 
TABLE 39 

INFRA RED SPECTRA OF PhPCl4.PYRIDINE COMPLEXES 600-350 cm"1 

PhPCl 4.py 619w, 596w, 569m, 546m, 510s, 477s, 446s, 398s 

PhPCl 4. 3,5-lut 617w, 593w, 568s, 544s, 525s, 499s, 440s, 430s, 
401sbr 

PhPCl 4. 3-pic 634w,« 617w, 592w, 568s, 547s, 522s, 502w, 
492m, 467w,» 443s, 432s, 398s 

p r o p 4 N + PhPCl 5~ 618m, 590sh, 568s, 544s, 512s, 485sh, 452s, 
430s, 400s 

PhPCl 4 617s, 592s, 567s, 542s, 520s, 492s, 42lw, 
380sbr 

• » l i g a n d bands 

i 



- 186 -

There was some resemblance t o the spectrum o f prop 4N + PhPCl,." 
— 1 

i n t h e r e g i o n below 490 cm • Because o f the weak co-ordination 
the complexes may have p a r t i a l l y hydrolysed t o pyH + PhPCl,-"". 
There i s a suggestion o f very weak N-H s t r e t c h at about 

- l - 1 2600 cm i n t h e spectrum o f PhPCl^.py and at 2440 cm w i t h 
PhPCl 4 # 3 , 5 - l u t i d i n e . Hydrolysis may be caused by traces o f 

11 
water remaining even i n sodium-dried n u j o l • The spectra 
o f the complexes may, however, be coincident a l l y s i m i l a r t o 
those o f PhPCl,-"" . Co-ordination i n both cases would be 
expected t o lower t h e P-Cl s t r e t c h i n g frequencies. P-Ph 
frequencies w i l l be s i m i l a r i n the two complexes. Further 
work i s thus necessary before the spectra can be unambiguously 
ascribed t o t h e non-hydrolysed complexes. 

31 
The s o l i d s t a t e P n.m.r. s h i f t s o f the 2-pic o l i n e 

and 3 , 5 - l u t i d i n e complexes seemed higher than t h a t o f the 
p y r i d i n e complex. I t was, however, d i f f i c u l t t o o b t a i n 
accurate s h i f t data. The e f f e c t , i f genuine, may be due t o 
the i n c r e a s i n g b u l k and donor a b i l i t y o f the p y r i d i n e having 
a l a r g e e f f e c t on such weakly bound complexes. 

TABLE 40 
3 1 P SOLID STATE n.m.r. SHIFTS 

PhPCl4«pyridine +161.2 ,+ 2.7 ppm 
PhPCl 4.3-picoline +178.3 .+ 7.7 ppm 
PhPCl 4.3,5-lutidine +182.6 + 11.6 ppm 
I n each o f these s o l i d s t a t e spectra sharp l i n e s were 

v i s i b l e corresponding t o f r e e l y d i f f u s i n g , almost completely 
uncomplexed PhPCl 4 # S h i f t s found were +45.9 +, 0.4 (PhPCl 4.py), 
+58.3 + 0.5 (PhPCl 4.3-pic), and +48.0 + 0.4 (PhPCl 4.3,5-lut). 



I 

Fig 27 "Pnmr. spectra of PhPCl4 / phenanthroline 

solutions in nitrobenzene 

ratio 
PhPQU/phen 

a) 0-978• 1 

<73 scans 

b) 1-78=1 

96 scans 

~1 
120 ppm 140 IS 



- 187 -

The s h i f t s r e f l e c t the d i s s o c i a t i o n o f the complex when not 

f i x e d i n a c r y s t a l l a t t i c e , 

( i v ) Adducts w i t h b iden t ate p y r i d i n e s 

1 ,10-phenanthrol ine 

Wi th a ni t robenzene s o l u t i o n con ta in ing equimolar amounts 

o f PhPCl^ and 1 ,10-phenanthro l ine , peaks are present i n the 
31 

P n . m . r . spectrum at +135.4 ppm and +150,6 ppm ( P i g . 2 7 ) . 

S i m i l a r peaks are found i n ni trobenzene s o l u t i o n s con ta in ing 

equimolar amounts o f P h P C l 3

+ SbClg" and 1 ,10-phenanthrol ine . 

These s o l u t i o n s are s t a b l e . The peaks are i n t he 6 co-ord ina te 

r e g i o n o f the spectrum. Because o f the r i g i d nature o f 

phenan th ro l i ne , monodentate o r b r i d g i n g behaviour o f t h i s 

l i g a n d i s u n l i k e l y . The complexes are then expected t o 

be PhPClgphen + d e r i v a t i v e s . PhPCl 3phen + may, however, e x i s t 

i n two i somer i c fo rms . 
I Ph EE P h 

. \ I ^ Cl» N N = 
S ) b iden ta te l i g a n d 

d « + p N ' Cl + p N 

ox- / , a. / j y 
ci 
Poss ib le i somer i c forms o f PhPCl 3 <L-L) + 

We may assign the two peaks to these species . Isomerism 

i n s i x co -o rd ina t e phosphorus chemistry has p r e v i o u s l y been 

found o n l y w i t h f l u o r i n e present ^ 4 ^ . No ^ P n . m . r . spec t ra 

were r e p o r t e d , hence t he re i s no comparison a v a i l a b l e f o r t he 

15 ppm isomer s h i f t found here . Pew n u c l e i which can act as 

a 6 c o - o r d i n a t e c e n t r a l atom are amenable t o n . m . r . i n v e s t i g a t i o r 
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59 195 246 247 Isomer s h i f t s a re , however, found i n Co and Pt n .m . r . ' « 

Al though isomerism i n s o l u t i o n i s o f t e n found i n 

c o - o r d i n a t i o n chemis t ry i t i s by no means u n i v e r s a l . L a b i l e 

complexes t end t o fo rm t h e most s t ab le c o n f i g u r a t i o n i n s o l u t i o n 

and o n l y when two c o n f i g u r a t i o n s are o f approximately equal 

s t a b i l i t y do the species c o e x i s t . Rapid i n t e r c o n v e r s i o n o f 

i somers , g i v i n g a s i n g l e n . m . r . peak, o f t e n h inders t h e i r 

d e t e c t i o n . The present system seems i d e a l f o r d e t e c t i o n 

o f i somers . I n order f o r the species t o i n t e r c o n v e r t r a p i d l y 

by a d i s s o c i a t i v e mechanism, t h e r e must be r a p i d exchange o f 

e i t h e r c h l o r i n e s or l i g a n d s . Phenanthrol ine , being a b iden ta te 

l i g a n d , would not be expected t o d i s soc i a t e e a s i l y f rom the 

complex. Since the phosphorus already bears a p o s i t i v e charge 

a P-Cl bond i s u n l i k e l y t o break e a s i l y . 

No attempt was made t o assign the n . m . r . peaks t o s p e c i f i c 

c o n f i g u r a t i o n s . C o n f i g u r a t i o n s may sometimes be assigned by 
248 249 

ana lys i s o f the p ro ton n . m . r . spectrum o f the phenanthrol ine ' « 
The 2 and 2* p r o t o n s i g n a l s gene ra l l y separate f rom the r e s t o f 

249 24$ + the spectrum » . I n PhPCl 3phen one isomer would g ive 

equ iva l en t 2 and 2* p ro tons , w h i l s t i n the o ther they would 

be i n e q u i v a l e n t . However bo th isomers would g ive spect ra i n 

the same r e g i o n (a l though o f d i f f e r e n t i n t e n s i t y , as the 

isomers are present i n unequal amounts - Table 41) w i t h 

the phenyl s i g n a l s superposed, hence i n t e r p r e t a t i o n would 

be most d i f f i c u l t . 

I f l e s s t han one equ iva len t o f 1,10-phenanthroline i s 

added t o PhPCl 4 i n ni t robenzene a t h i r d n . m . r . peak is found 

( P i g . 2 7 ) . T h i s increases i n i n t e n s i t y r e l a t i v e t o the combined 
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areas o f t h e o the r two peaks and moves t o lower f i e l d as the 

excess o f PhPCl^ i s i nc reased . The peak i s due t o PhPCl 4 

c o - o r d i n a t i n g Cl~ i o n s , as p r e v i o u s l y found . 

PhPCl 3 phen + C l~ + PhPCl 4 PhPCl 3 phen + PhPClg" 

The c a t i o n peak s h i f t s remain cons tant . Thus, a l though PhPCl^"" 

e q u i l i b r a t e s on the n . m . r . t ime scale w i t h f r e e PhPCl 4 , 

PhPCl 3 phen + does n o t . A 1:1 s o l u t i o n o f PhPCl 4 and 

phenan th ro l ine shows no s i g n o f f r e e PhPCl 4 , hence the 

complex i s t o t a l l y associa ted i n s o l u t i o n . The s t a b i l i t y 

o f PhPCl 3 phen + con t r a s t s sha rp ly w i t h t h a t o f PhPCl 4 »py and 

PhPCl,."", and may be a t t r i b u t e d t o the c h e l a t i o n o f t he 

p h e n a n t h r o l i n e . 

TABLE 41 

N . m . r . SHIFTS I N PhPCl^/PHENANTHROLINE SOLUTIONS 

R a t i o PhPCl 4 /phen % 3 1 P(PhPCl 3 phen + ) PhPCU;* PhPCl ~ R e l a t i v e 
appro x 4 area 

A B C A : B 

0 . 9 7 8 : 1 +135.4 +150.5 - 100:43 

1.78 : l +136.4 +150.9 +128.5 100;39.2 

2 . 6 4 : 1 +136.8 +151.5 +105.8 100:25.0 

• f . PhPCl 3 phen + SbCl 6 ~ +135.1 +149.5 100:30 

The c o n c e n t r a t i o n o f PhPCl 5~ at a g iven r a t i o o f PhPCl 4 

and PhPCl 3 phen + C l~ i s much lower than found w i t h a s i m i l a r 

r a t i o o f PhPCl 4 and ( C 5 H n ) 4

N + c l ~ An ni trobenzene (Table 4 2 ) . 

PhPCl 3 phen + C l~ i s thus not as favourab le as ^ ^ ^ ^ c l ~ 

f o r t h e f o r m a t i o n o f PhPCl 5 ~. The reason f o r t h i s behaviour 

i s not c l e a r , e s p e c i a l l y as the poss ib le competing r e a c t i o n 

PhPCl 4 + phen —> PhPCl 3phen + C l~ 

appears t o go t o comple t ion . 
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TABLE 42 

RELATIVE AREAS OF PhPCl^phenVPhPCl. ** PhPCl„" PEAKS 

PhPCl 4 /phen 
approx 

PhPCl 3 phen + C l " 

PhPCl 4 

r e l . areas By w t . « 
(B + C) : A components 

S>31
 P ( C ) P as found 

i n P e n t J T ci"7 
PhPCl. System 
at same r a t i o 

2 . 6 4 : 1 

1 .78:1 

0 . 5 4 : 1 0 . 6 1 : 1 

1 .11:1 1 .28:1 

105.8 

128.5 

142.0 

168.2 

1 . A f t e r t a k i n g i n t o account observed p a r t i a l h y d r o l y s i s 

o f PhPCl 4 « The phenanthro l ine w i l l , however, s t i l l 

f o r m a c a t i o n i c species capable o f s t a b i l i s i n g PhPCl,-" 

PhPCl^phen* C l " + H 9 0 — > PhPOCl + phen H + C l " + HCl 

When an excess o f PhPCl 4 i s present , the i n t e n s i t y 

o f t h e +150 ppm peak decreases w i t h respect t o t h a t o f 

t h e +135 ppm peak. The i n t e n s i t y r a t i o i s , however, 

g e n e r a l l y h igher t han found w i t h PhPCl 3phen + SbClg" 

(Chapter 4 s e c t i o n 2 ( i ) ) . 

PhPCl^phen"1" C l " i s ext remely so luble i n methylene 

c h l o r i d e and n i t robenzene . I n s u f f i c i e n t s o l i d was 

i s o l a t e d f o r s o l i d s t a t e n . m . r . or n . q . r . i n v e s t i g a t i o n . 

The i . r . spectrum showed a number o f new bands between 

500 and 400 c m " 1 . 
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TABLE 43 

I . r . SPECTRUM PhPCUphen* C I " 650-250 cm" 1 

617m, 568m, 541s, 534s, 516m, 502s, 486s, 466s, 452m, 

438s, 428m, 342w, 3l8w, 287w, 273w 

The complex was found t o hydrolyse s l o w l y i n moist a i r . 

T h i s c o n t r a s t s w i t h the s t a b i l i t y o f the hexachloroantimonate 

s a l t under s i m i l a r c o n d i t i o n s (Chapter 4 s e c t i o n 2 ( i ) ) and 

demonstrates the e f f e c t o f t h e coun te r - ion on the s t a b i l i t y 

o f PhPCl 3 phen + . 

2 , 2 ' - d i p y r i d y l 

When ni t robenzene s o l u t i o n s o f phenyLtetrachlorophosphorane 

and 2 , 2 * - d i p y r i d y l were mixed, a b r i g h t y e l l o w viscous s o l u t i o n 

was fo rmed . W i t h i n a few minutes t h i s became a s o l i d whi te 

mass. The i s o l a t e d complex analysed as PhPCl 4 . d ipy .PhN0 2 . 

The presence o f f r e e ni t robenzene was also i n d i c a t e d by 

i . r . absorp t ions a t 1525(s ) , I 3 4 5 ( s ) , 8 5 2 ( s ) , and 702(s) cm*"1. 

S o l u t i o n s behaved s i m i l a r l y i n n i t r o e t h a n e , methylene 

c h l o r i d e , and a c e t o n i t r i l e . When benzene was used as solvent 

p r e c i p i t a t i o n occurred over severa l hours . A so lva te seems 

t o be formed f r o m the n i t r o e t h a n e s o l u t i o n , as shown by the 
—1 

l i n e s at 1547 and 876 cm i n the i . r . spectrum ( c . f . 1553, 

876 cm" i n f r e e n i t r o e t h a n e ) but elemental analyses were 

more cons i s t en t w i t h t he unsolvated species . The complexes 

f r o m t h e o the r so lven t s were unso lva ted . Pew o f the samples 

gave s a t i s f a c t o r y analyses, however, apart f r om t h a t i s o l a t e d 

f r o m a c e t o n i t r i l e s o l u t i o n . S o m e d i f f i c u l t y was found i n the 

analyses , as descr ibed i n Chapter 2 s e c t i o n ( v i ) , which may 
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p a r t i a l l y account f o r t h e d i sc repanc ies . 

An equimolar s o l u t i o n o f PhPCl 4 and d i p y r i d y l i n benzene 
31 

was, i n v e s t i g a t e d by P n . m . r . as i t s l o w l y p r e c i p i t a t e d 

the complex. Only f r e e PhPCl 4 ( S 3 1 P + 47 .5) was de tac tab le . 

The s i g n a l decreased i n i n t e n s i t y but d i d not va ry i n s h i f t 

as t h e p r e c i p i t a t i o n proceeded. The p r e c i p i t a t i o n would then 

seem t o be c o n t r o l l e d by the r a t e o f f o r m a t i o n o f the complex. 

C o - o r d i n a t i o n o f a b i dent ate l i g a n d t o a covalent molecule by 

displacement o f a c h l o r i d e i o n appears sometimes t o be ve ry 
31 

s low, and moni torab le by P n . m . r . techniques (see Chapter 5 ) . 

The complexes gave i d e n t i c a l i . r . spec t ra above 850 cm , 

showing no s igns o f i m p u r i t i e s . There were, however, d i f f e r e n c e s 

i n t h e spec t r a between 850 and 640 cm (Table 4 4 ) . 
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250 251 250 C~H v i b r a t i o n s f rom both phenyl ' and d i p y r i d y l groups 

occur i n t h i s r e g i o n . The d i f f e r e n c e s appeared t o be mainly 

due t o t h e s p l i t t i n g o f l i n e s at 780 and 690 cm i n t o two 

or more components f o r c e r t a i n o f the samples, and t o the 

appearance o f a l i n e at 632 cm i n o t h e r s . 

L ine s between 550 and 400 cm (Table 45) are ascr ibed 
113 

t o P-Cl and P-Ph v i b r a t i o n s . I n t h i s r e g i o n the samples 

show s i m i l a r spec t ra w i t h v a r i a t i o n s i n i n t e n s i t y and p o s i t i o n . 

The d i f f e r e n c e s i n the i . r . spectra o f the compounds 

con t r a s t w i t h t he close s i m i l a r i t y o f the spec t ra o f 

P h P C l 3 d i p y + SbCl 6"" and PhPCl 3 d ipy + P C l 6 ~ . 0.25 PhN02 and 

are discussed i n Chapter 4 s e c t i o n 2 ( i ) . 

TABLE 45 

I . r . SPECTRA OF PhPCUdipy* C l " SAMPLES 650-350 cm" 1 

From MeCN 642m,618m, 568m, 533s, 515s, 490s, 

483m,470m, 453s, 447s, 431s, 392m, 

From CH 2 C1 2 6*2«j,6l8m, 570sh, 532s, 516s, 496s, 

487m,472s, 464s^ 453s, 440s, 427s, 

384m, 

S o l i d s t a t e 3 1 P n . m . r . s h i f t s o f the PhPCl 4 /d ipy 

complexes were ve ry d i f f i c u l t t o o b t a i n . The peaks were 

v e r y weak and broad and i n some instances h i g h l y d i s t o r t e d . 

The s h i f t o f P h P C l 3 d i p y + C l " i s o l a t e d f rom methylene c h l o r i d e 

was +158.5 ± 10.7 ppm w h i l s t t h a t o f the nitrobenzene so lva te 

was +157.3 £ 13.6 ppm. The agreement between the two values 

i s l a r g e l y f o r t u i t o u s i n view o f the l a r g e es t imated e r r o r s . 

No r e l i a b l e s h i f t cou ld be determined f o r PhPCl 3 d ipy + C l " i s o l a t e d 

f r o m benzene s o l u t i o n . 
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Very weak s i g n a l s were found i n the n . q . r . spectrum o f 

PhPCl 4 . d ipy .PhN0 2 a t 28,27 MHz ( s i g n a l / n o i s e 14/8 , 8/6 on two 

d i f f e r e n t scans) , and at 27.34 MHz ( s i g n a l / n o i s e 12/8, 8 / 6 ) . 

A t h i r d l i n e once appeared at 26.42 MHz but was n o t . 

r e p r o d u c i b l e . The two r e p r o d u c i b l e s i gna l s are i n s i m i l a r 

p o s i t i o n s t o the h ighe r i n t e n s i t y l i n e s o f PhPCl^dipy* SbClg"" (27. 

,27.96 MHz) suggest ing t h a t the complexes have s i m i l a r s t r u c t u r e s . 

However t h i s i s not suggested by the d i f f e r e n c e s i n t h e i r i . r . 

spec t ra CChapter 4 s e c t i o n 2 ( i i ) ) . Due t o the i n s o l u b i l i t y o f 

the P h P C l 4 . d i p y complex t he re i s l i t t l e p h y s i c a l evidence on 

i t s s t r u c t u r e . 

No n . q . r . s i g n a l s could be detected f r o m PhPCl 4 .d ipy 

i s o l a t e d f r o m benzene s o l u t i o n . 

( v ) P repa ra t i on o f Complexes 

( C 5 H i a ) 4 N + PhPCl 5 -

Method 1 . 

An i n t i m a t e mix tu re o f 3.586g (14.35 mmole) PhPCl 4 and 

4.772g (14.28 mmole) ^ ^ ^ ^ C 1 ~ was heated t o produce a 

y e l l o w o i l at 95°C. T h i s was q u i c k l y cooled t o produce a 
i 

pale ye l low-brown s o l i d ' which became a l i q u i d over a p e r i o d 

o f months. The compound was not analysed, bu t gave an 

i d e n t i c a l i . r . spectrum between 4000-250 cm t o the sample 

produced by method 2 . 

Method 2 . 

1.747g (6.990 mmole) PhPCl 4 and 2.339g (7.000 mmole) 

( C , . H ^ ) 4 N + Cl~* were sepa ra te ly d i s so lved i n smal l amounts o f 

methylene c h l o r i d e . These were mixed producing a b r i g h t 

y e l l o w s o l u t i o n . The s o l u t i o n was allowed t o stand i n 
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i c e -wa t e r f o r a few minutes and the so lven t then s l o w l y pumped 

away under vacuum. When almost a l l t he so lvent had been removed, 

t h e f l a s k was removed f rom the ba th t o complete the d r y i n g . 

T h i s produced s s l i g h t l y y e l l o w i s h whi te s o l i d which was 

s t ab l e under an atmosphere o f n i t r o g e n . 

Y i e l d « 3.270g * 80.1% based on ( ^ H ^ ^ N * PhPCl 5~ 

Analyses : Pound C,53.77; H,5 .83 ; N,2.25; P ,5 .48 j C l , 3 1 . 4 8 . 

( C 5 H a i ) 4 N + PhPCl 5~ r e q u i r e s : C,53.47; H,8 .47; N,2 .40 ; P,5.30; 

C l , 3 0 . 3 6 . 

( C 3 H ? ) 4 N + PhPCl 5 " 

( C 3 H 7 > 4 N + C 1 ~ and PhPCl 4 were i n d i v i d u a l l y sa tura ted i n 

methylene c h l o r i d e . The PhPCl 4 s o l u t i o n was s l o w l y added t o 

the ( C 3 H 7 ) 4 N + Cl"~ s o l u t i o n , producing a y e l l o w i s h s o l u t i o n 

and y e l l o w i s h wh i t e c r y s t a l s . The m o i s t u r e - s e n s i t i v e c r y s t a l s 

were f i l t e r e d , washed w i t h 30/40 pet e t he r , and d r i e d at t he 

pump. 

Analyses : Pound C,46.33; H,5 .14; N,3.65; P ,6 .44; Cl ,37 .43 

( C 3 H ? ) 4 N + PhPClg" r e q u i r e s C,45.82; H,7 .06 ; N,2 .97 ; P,6 .57; 

C l , 3 7 . 5 8 . 

P h P C l 4 . p y r i d i n e 

4.91g (19.6 mmole) PhPCl 4 were d i s s o l v e d i n the minimum 

q u a n t i t y o f methylene c h l o r i d e . With s t i r r i n g , 1.58ml 

(15.5g 18.96 mmole) p y r i d i n e were s lowly d r ipped i n . A 

t h i c k w h i t e p r e c i p i t a t e was immediately produced i n an 

exothermic r e a c t i o n . A f t e r l e a v i n g f o r an hour the s o l i d 

was f i l t e r e d , washed w i t h 30/40 pet e t he r , and d r i e d at 

t he pump, producing a f i n e wh i t e s o l i d . 

i 
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Y i e l d = 5.20g = 80.6% as PhPCl 4 .py 

Analyses : Pound C,36.72; H,3 .40; N,4 .22; P ,9 .12; Cl ,43.88 

PhPCl 4 .py r e q u i r e s C,40.12; H,3 .04; N,4 .26; P,9 .42; Cl ,43 .16 

The reason f o r t he c o n s i s t e n t l y low carbon analyses was not c l e a r . 

The method was repeated , us ing ni trobenzene as solvent 

t o g ive an i d e n t i c a l adduct as shown by i t s i . r . spectrum 

between 4000 and 250 c m " 1 . 3.085g (12.34 mmole) PhPCl 4 and 

1.02ml ( l .OOg, 12.6 mmole) p y r i d i n e gave 3.39g adduct. 

Y i e l d m 84.3% 

P h P C l 4 . 3 . 5 - l u t i d i n e 

3.263g (13.06 mmole) PhPCl 4 were d i s so lved i n the minimum 

amount o f ni t robenzene t o g ive a c lear s o l u t i o n . 1.510g 

( 1 4 . 1 1 mole) 3 , 5 - l u t i d i n e were s lowly dr ipped i n t o the 

s o l u t i o n . There was an immediate ye l low p r e c i p i t a t e . The 

s o l u t i o n was s t i r r e d f o r a few minutes . The p r e c i p i t a t e 

was t h e n f i l t e r e d , washed w i t h 30/40 pet e ther and d r i e d 

at the pump t o g ive a y e l l o w i s h s o l i d . On f u r t h e r d ry ing 

under vacuum the co lour became very pale cream. 

Y i e l d = 3.82g « 80.4% as P h P C l 4 . 3 , 5 - l u t i d i n e 

Analyses : Pound C,43.47; H,3 .63; N,4.32; P,8 .34; Cl ,40.23 

P h P C l 4 . 3 , 5 - l u t i d i n e r e q u i r e s C,43.72; H,3.96; N,3 .92 ; 

P ,8 .68; C l , 3 9 . 7 2 . 

P h P C l 4 . 3 - p i c o l i n e 

2 . 6 l 8 g (10.47 mmole) PhPCl 4 were d i s so lved i n the 

minimum q u a n t i t y o f ni t robenzene t o produce a c l ea r 

s o l u t i o n . 1.1ml ( l . l g 11 mmole) 3 - p i c o l i n e were s lowly 

added. There was an immediate extremely t h i c k y e l l o w 

p r e c i p i t a t e . A f t e r severa l minutes the p r e c i p i t a t e 

was f i l t e r e d , washed w i t h ni t robenzene, then 30/40 pet 

e the r and d r i e d at t he pump. 
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Y i e l d • 2.52g = 70.8% as P h P C l 4 . 3 - p i c o l i n e . The complex was 

f i n a l l y d r i e d f o r 30 minutes under vacuum t o produce an 

o f f - w h i t e powder. 

Analyses : Found C,43.64; H,3 .53; N,4.20; P ,9 .04; C l ,41 .36 ; 

P h P C l 4 . 3 - p i c o l i n e r equ ie s C,42 .01 ; H,3.53; N,4 .08 ; P,9.03; ; 

C l , 4 1 . 3 4 . 

PhPCl 3phen* C I " 

An 8.5mm n . m . r . tube was made up c o n t a i n i n g 0.342g 

(1 .36 mmole) PhPCl 4 and 0 .25 lg (1.39 mmole) 1,10-phenanthroline 

i n n i t robenzene . A d d i t i o n a l PhPCl 4 was t hen added. A f t e r 

s eve ra l Tiours a t h i c k p r e c i p i t a t e came out o f s o l u t i o n . This 

was f i l t e r e d , washed w i t h 30/40 pet e the r , and d r i e d at the 

pump, producing a l i g h t y e l l o w s o l i d . 

Y i e l d = 0.390g = 66.2% as PhPCl 3 phen + C l " 

Analyses : Found C ,50 .01 ; H,3 .02 ; N,7.87; C l ,32 .38 

PhPCl 3 phen + C l " r e q u i r e s C,50.26; H,3.05; N , 6 . 5 l ; Cl ,32 .97 

Decomposed s o l u t i o n s f o r the spectrophotometr ic de te rmina t ion 

o f phosphorus were p i n k , and thus the ana lys i s could not be 

c a r r i e d o u t . 

PhPCUdipy* C l " 
I 

Prepara t ions were attempted w i t h methylene c h l o r i d e , 1 

ni t robenzene , n i t r o e t h a n e , benzene, and a c e t o n i t r i l e as 

s o l v e n t s . I n each case equimolar q u a n t i t i e s o f PhPCl 4 and 

2 , 2 * - d i p y r i d y l were separa te ly d i s so lved i n the minimum 

q u a n t i t y o f s o l v e n t . The d i p y r i d y l s o l u t i o n was added t o the 

PhPCl 4 s o l u t i o n , producing a viscous b r i g h t y e l l o w s o l u t i o n . ' 

A f t e r about one minute the s o l u t i o n s g e n e r a l l y produced a 

v e r y t h i c k p r e c i p i t a t e . A f t e r l eav ing a few minutes t he p r e c i p i t a t e 

was f i l t e r e d , washed w i t h 30/40 pet e ther and d r i e d at the pump. 
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The benzene s o l u t i o n o n l y s l o w l y p r e c i p i t a t e d and wes l e f t 

f o r t h ree days be fo re i s o l a t i o n o f the complex. 

TABLE 46 

PhPCl-dipy* C l " PREPARATIONS 

Solvent PhPCl 4 

used 
2 , 2 ' - d i p y r i d y l 

used Y i e l d 

gm mmole gm mmole g o/ (assuming 
* P h P C l 3 . d i p y + C l " ) 

CH 2 C1 2 2.335 9.343 1.470 9 .411 2.977 78.5 

EtNO- 0.726 2.90 0.466 2.983 0.598 50.8 

MeCN 3.948 15.80 2.309 14.78 3.257 54.3 

C 6 H 6 3.222 12.89 2.008 12.85 3.439 65.9 

PhN0 2 1.654 6.618 1.030 6.594 2.601 74.5 as PhPCl A . d ipy . 
PhN02

 4 

The analyses are g i v e n i n Table 47. 

TABLE 47 
ANALYSES 
P h P C l 0 d i p y + C I " . PhNO 

T h e o r e t i c a l C 49.92 H 3.43 N 7.94 P 5„85 Cl 26.80 

Pound 48.83 3.23 7.64 5.50 26.79 

PhPOUdipv* C l " 
T h e o r e t i c a l C 47.30 H 3.23 N 6.90 P 7.63 Cl 34.92 PhPOUdipv* C l " 
T h e o r e t i c a l 

Pound 
f r o m CH C l -

2 2 
46.4 5.63 6.71 6.65 40.2 

39.5 - by oxygen 
f l a s k methoq 

MeCN 47.14 3 .31 9.20 7.55 33.8 

Benzene 49.72 4.05 7.02 6.92 32.5 

E tN0 2 * 47.89 3.05 7.10 

• shows f r e e n i t r o e t h a n e i n s o l i d by i t s i . r . absorp t ion at 
1547 cm" 1 . No P or Cl analyses were performed on the sample 
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2 , i Acceptor P r o p e r t i e s o f Phenyltr ichlorophosphonium Sal t s 

The phenyl t r ich lorophosphonium c a t i o n can be synthesised 

by a d d i t i o n o f a number o f c h l o r i d e i o n acceptors t o 
23 59 

phenyl te t rachlorophosphorane ' • The hexachloroantimonate 

and hexachlorophosphate s a l t s were s tud ied t o provide a 

comparison w i t h the acceptor p r o p e r t i e s o f the parent 

phosphorane. 

( i ) Phenyl t r ich lorophosphonium Hexachloroantimonate 
253 

T h i s s a l t was f i r s t prepared by K&hler . I t has since 
126 127 been prepared by Schmidtpeter and Brecht , by R u f f , and 

23 
by D i l l o n • Antimony pentachlor ide i s r eac ted w i t h e i t h e r 

126 

one equ iva len t o f phenyltetrachlorophosphorane , 

PhPCl 4 + S b C l 5 > PhPCl 3

+ S b C l 6 " 
23 127 253 

or w i t h h a l f an e q u i v a l e n t o f phenyldichlorophosphine 9 9 

PhPCl 2 + 2SbCl 5 -—> PhPCl 3

+ SbClg" + S b C l 3 

The second method was used i n t h i s work . 

The i o n i c c o n s t i t u t i o n o f the adduct i s shown by i t s 

s o l i d s t a t e 3 1 P n . m . r . s h i f t o f -88 ppm 2 3 . The s h i f t 
i n ni t robenzene s o l u t i o n was found t o be -100.5 ppm 

126 35 59 ( c . f . -102.9 ppm ) • The Cl n . q . r . spectrum shows 

s i g n a l s at 31.03 MHz (PhPCl 3

+ ) and 24.95 MHz (SbClg") . 

The s a l t e x i s t s as w h i t e , mo i s tu r e - sens i t i ve c r y s t a l s , 

i n s o l u b l e i n methylene c h l o r i d e and non-polar so lven t s , but 

s o l u b l e i n n i t robenzene , n i t r oe thane , and ni t romethane. 

I t i s s t ab le i n t h e absence o f moisture at room temperature . 
31 

Sa tura ted s o l u t i o n s i n nitrobenzene gave a P n . m . r . s i g n a l 

j u s t v i s i b l e on a s i n g l e scan o f the spectrum. 
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When two e q u i v a l e n t s o f p y r i d i n e were added t o the 

n i t robenzene s o l u t i o n a wh i t e p r e c i p i t a t e formed and the 
+ 31 PhPClj s i g n a l disappeared f rom the s o l u t i o n P n . m . r . 

spectrum. No cons i s t en t new s i g n a l could be found on a 

s i n g l e scan. The s o l u t i o n was too uns table f o r spectrum 

accumula t ion , presumably due t o r e a c t i o n . By analogy 

w i t h P C l 4 p y 2

+ S b C l 6 " , and also w i t h PhPCl 3

+ PCl g ~ + p y r i d i n e , 

the- r e a c t i o n i s p robab ly , 

P h P C l 3

+ SbClg"" + 2py » [ P h P C l 3 p y 2

+ SbCl 6 ~j 

j^rapid 

PhPCl 4 .py + SbCl 5 . py 

the PhPCl 4 .py p r e c i p i t a t i n g f rom s o l u t i o n , thereby g i v i n g 
31 

no l a rge P n . m . r . s i g n a l . 
When a s o l u t i o n was made up con ta in ing equimolar 

amounts o f 1 ,10-phenanthrol ine and P h P C l 3

+ SbClg" i n 
31 

n i t robenzene , P n . m . r . peaks were observed at +135.1 ppm 

and +149.7 ppm, i n comple te ly analogous p o s i t i o n s t o those 

found i n t h e PhPCl 4 /phenanthro l ine system. The s i m i l a r i t y 

o f t h e spec t ra f r o m P h P C l 3

+ and PhPCl 4 systems conf i rms 

the presence o f s i m i l a r species . The s igna l s may be 

a t t r i b u t e d t o the two isomers o f PhPCl 3 phen + . The 

s o l u t i o n remained s t ab l e over a pe r iod o f months. The 

h i g h f i e l d peak i s o f much lower r e l a t i v e i n t e n s i t y (26:100) 

t h a n i n t h e corresponding PhPCl 4 system (43 :100) . 

Attempts were made t o i s o l a t e the s o l i d complex. When 

equimolar s o l u t i o n s o f P h P C l 3

+ SbClg" and phenanthrol ine 

i n ni t romethane were mixed, a ye l low s o l i d was produced. 
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A n a l y s i s (see exper imenta l s ec t ion ) showed the compound t o 

c o n t a i n no phosphorus. The analyses, however, d i d not 

correspond t o any simple adduct o f phenanthrol ine w i t h 

, antimony p e n t a c h l o r i d e , nor t o any simple p a r t i a l h y d r o l y s i s 

product o f hexachloroantimonate s a l t s . The i . r . spectrum 

showed no band a t t r i b u t a b l e t o N + -H and o n l y on© band a t t r i b u t a b l e 

t o a<* Sb-Cl v i b r a t i o n , at 338 cm""1. Th i s i s i n a s i m i l a r 
+ - 22 

p o s i t i o n t o the s i n g l e abso rp t ion found i n SbCl 4phen SbClg . 

The complex was not f u r t h e r i n v e s t i g a t e d . 

A second method o f p r epa ra t i on i s a v a i l a b l e . On a d d i t i o n 

o f antimony pen tach lo r ide t o PhPCl 3phen + C l " i n methylene 

c h l o r i d e PhPCl^phen"1" SbClg" was p r e c i p i t a t e d as a fawn 

co loured s o l i d . 

PhPCl 4 + phen - » PhPCl 3 phen + C l " . S b C l t > > PhPCl 3phen + SbClg J, 
There are a number o f disadvantages t o t h e method. I f any 

f r e e PhPCl 4 remains i n s o l u t i o n , PhPCl 3

+ SbClg" may p r e c i p i t a t e . 
+ - 22 

S i m i l a r l y i f t he re i s any f r e e phenanthrol ine SbCl 4phen SbClg 

may p r e c i p i t a t e . Phenanthrol in ium s a l t s are also l i a b l e t o 

p r e c i p i t a t e i f any mois ture i s present . The PhPCl 3 phen + SbClg" 

p r e c i p i t a t e s , r a t h e r than c r y s t a l l i s e s out o f s o l u t i o n and so 

may also b r i n g down any m a t e r i a l formed by s ide r e a c t i o n s , 

hence the fawn co lour o f the compound. 

T h i s r o u t e was not g e n e r a l l y app l i cab le t o t h e o ther 

phosphorus acceptors s t u d i e d , since 1:1 phosphorane/ 

phenanthro l ine adducts were unstable i n s o l u t i o n w i t h 

respec t t o the 2 : 1 adducts. 

PhPCl 3 phen + SbClg" was charac te r i sed by elemental 
31 

analyses , by a broad s o l i d s t a t e P n . m . r . peak at 
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+165.9 + 6.2 ppm, and by the s i m i l a r i t y of i t s i n f r a red 
spectrum t o that of PhPCl 3phen + C l ^ w i t h the addition of 

—1 — 
an absorption at 343 cm attributable to SbClg . As with 
the similar d i p y r i d y l adducts discussed l a t e r there are a 
number of differences i n the spectra between 800 and 650 cm 
but there i s closer agreement below t h i s value. 

TABLE 48 
I . r . SPECTRA OF PhPCl3phen* Cl" AND 

PhPCl 3phen + SbCl c" 800-250 cm"1 

-1 

722s, 
653w, 617w, 567w, 

PhPCl3phen"1' SbClg" 
775w, 770sh, 752sh, 748s, 736s, 
689sh, 687sh, 684s, 
517s, 485s, 476s, 
281w 
PhPCl 3phen + Cl" 
793w, 773s, 753s, 
617m, 568m, 541s, 
452m, 438s, 428m, 

717w, 704s, 
551s, 542w, 

450s, 446s, 428sh, 343vs, 316w, 

721s, 702s, 697s, 683m, 657w, 
534s, 516m, 502s, 486s, 466s, 
342w, 318w, 287w, 273w 

No n.q.r. signals could, however, be detected from the 
sample. 

The complex shows a similar lack of reaction towards 
water as PCl 4phen + SbClg", presumably again due to i t s 
complete i n s o l u b i l i t y i n t h i s medium, and also to the 
s t a b i l i t y and size of the counter ion ( c . f . PhPCl3phen+ Cl~ 
Chapter 4 section l ( i v ) ) . PhPCl3phen s*>Clg~ underwent no 
change on exposure t o a i r overnight, as shown by the lack 
of change i n i t s i . r . spectrum, and did not react on addition 
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Fig28 31P n.m.r. spectrum* of 

PhPCl3phen+SbCI6"" in nitrobenzene 

155 scans 
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of water, remaining completely unchanged. 
On diss o l u t i o n of the complex i n nitrobenzene, peaks 

31 
occurred i n the P n.m.r. spectrum at +135,1 and +149.5 ppm 
(Relative i n t e n s i t i e s 100:30. Pig.28). There was no change i n 
the spectrum aft e r three weeks. The complex formed i n 
nitromethane i s thus d i f f i c u l t t o explain. I n one nitrobenzene 
solution, however, a t h i r d peak was v i s i b l e at +108.6 ppm. 
The'solution l a t e r precipitated a large amount of s o l i d . 
The i . r , spectrum o f t h i s s o l i d was i d e n t i c a l with the 
complex c r y s t a l l i s i n g from nitromethane solution. One 
explanation would be the equilibrium 

PhPCl 3phen + SbClg" 'SbCl4phen+ Cl~ + PhPCl4 11 
PhPCl5"* 

which would be pushed to the r i g h t by p r e c i p i t a t i o n of the 
antimony complex. Further work would be necessary to 
substantiate t h i s hypothesis. 

2,2*-dipyridyl s i m i l a r l y forms a 1:1 complex with 
PhPClg* SbClg". I n a nitrobenzene solution containing 
equimolar amounts of the reactants a peak was found on 

i 

; spectrum accumulation at +137.9 ppm. There was, on some 
accumulations an i n d i c a t i o n of a second peak at +153.2 ppm 
but the signal was hardly above the noise level even after 
1024 scans. The r e l a t i v e i n t e n s i t y of t h i s peak i s 
<25:100. 

PhPClgdipy"1" SbClg"" may be prepared from nitroethane 
31 

solution without d i f f i c u l t y . The so l i d state P n.m.r. 
spectrum showed a broad l i n e at +162.6 ppm. The s o l i d 

i 

I 

i 
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state s h i f t of t h i s and other PhPCl4 and PhPCl 3
+ SbClg" 

complexes of phenanthroline and di p y r i d y l l i e i n the 
range 157-166 ppm. This value i s to higher f i e l d of the 
solution peaks and corresponds more closely to the solution 
resonance at +153 ppm. The s o l i d state lines were, however, 
too broad t o distinguish conclusively between the two isomers. 

The i . r . spectrum of PhPCl^dipy* SbCl g" was i d e n t i c a l 
over the range 1650-250 cm with that of the complex 
PhPCl 3dipy + PC16". 0.25PhNO2 discussed i n the next section 
(except f o r the li n e s a t t r i b u t a b l e t o SbClg , PClg" and 
PhflTĈ ) and d i f f e r e d considerably from those of the various 
PhPCl 4dipy + CI" samples discussed previously (Chapter 4 
section l ( i v ) ) . I n the range 1650-800 cm there are differences 
i n the i n t e n s i t i e s and s p l i t t i n g s of many of the l i n e s . The 
spectrum i n the region 800-650 cm i s somewhat si m p l i f i e d . 

_ - i 

Although many bands l i e i n the region 600-400 cm , i n the 
hexachlorophosphate and hexachloroantimonate salts there 
i s a noticeable gap between 475 and 510 cm . I n the spectra 

+ 
of the PhPCl^dipy Cl" samples there i s a strong band at 

-1 
490-495 cm with a medium i n t e n s i t y band between 483 and 
488 cm"1. 



TABLE 49 
INFRA RED SPECTRA IN THE RANGE 650-250 cm" 

+ PhPCl 3dipy 
PCI ~ 0,25 PhNO 

647w, 620w, 592w, 535s, 514s, 
474s, 440sbr (PClg"), 377m, 258m, 

PhPCl 3dipy + 

SbCl ~ 
534s, 513s, 469s, 459m, 452m, 438s, 
418s, 377m, 345s (SbClg"), 258m 

PhPO^dipy* Cl" 
from CH2C12 

618w, 570sh, 532s, 516s, 496s, 487m, 
472s, 464s, 453s, 440s, 427m, 384m, 
330w, 313w, 287w, 254s. 

The n.q.r. spectrum of PhPCl 3dipy + SbClg" i s given i n 
Table 50. 

>TABLE 50 
N.q.r. SPECTRUM OF PhPCl^dipy* SbClc" 

77K 32.7 . 22.4 MHz 
Frequency MHz 
29.82 
27.96 
27.49 

Signal/Noise 
2.0:1 
4.0:1 
2.5:1 

Assignment 

" 3 5 Cl PhPCl 3dipy + 

25.09 2.5:1 
24.66 2:1 
24.53 (may be m u l t i p l e t ) 1.5:1 
24.20 2:1 
23.99 1.75:1 
23.80 2:1 

> 35 Cl SbCl, 
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The spectrum i s consistent with the presence of one 
isomeric form. Each of the possible isomers would give 
spectra consisting of two lines i n a 2:1 i n t e n s i t y r a t i o . 
The higher i n t e n s i t y l i n e i s i n fact found to be s p l i t 
i n t o two, giving l i n e s at 27.49 and 27.96 MHz, As each 
isomer gives a similar spectrum i t i s not possible to decide 
which i s present on the basis of l i n e i n t e n s i t i e s . 

I n t r a n s i t i o n metal chemistry complexes of the type 1 1 7 

cis-L 2MCl 4 and L 3MC1 3 (L = p y r i d y l , PEt 3, As E t 3 , and 
M s= Re, 0s, I r , Pt) chlorine atoms trans to another chlorine 
are generally found at higher n.q.r. frequency than chlorines 

273 274 
which are trans to the ligand L » , The ligand, L, has 
a trans e f f e c t which lower the n.q.r. frequency of a chlorine 
atom trans to i t s e l f and a cis effect which raises the n.q.r. 
frequency of a cis located chlorine atom. I f t h i s applies to 
phosphorus complexes, as may be suggested by the r e s i t s of 
PCI,., pyridine, then for isomer I I (Chapter 4 section l ( i v ) ) 
we should expect the signals from the two equivalent chlorines 
to be at a higher frequency than the single chlorine. Any 
cis e f f e c t from the phenyl group should equally e f f e c t a l l 
the three chlorine atoms. The expected spectrum i s opposite 
to that observed. 

The al t e r n a t i v e structure I has two chlorines trans to 
a pyridine r i n g and one chlorine trans t o the phenyl r i n g . 
The s p l i t t i n g s between the signals from the two chlorines 
w i l l therefore depend upon the r e l a t i v e magnitudes of the 
trans e f f e c t of the pyridine and phenyl groups^ I f the 
pyridine r i n g has a greater trans effect then the two 
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chlorines would be at lower frequency than the single 
chlorine, as observed. 

The average frequency of the 27.49 and 27.96 MHz lines 
i s 27.78 MHzo This i s very similar t o the average frequency 
of the l i n e s found i n PhPCl4.dipy.PhN02 (27.81 MHz). This 
suggests that similar isomers are present i n each case 
(The low i n t e n s i t y of the PhPCl4.dipy.PhN02 signal would 
make the expected l i n e at 29.8 MHz undetectable). The 
difference i n the i . r . spectra of PhPCl 4 #dipy and PhPClgdipy* 
SbClg"" (and PClg"") below 640 cm would, however, suggest 
that d i f f e r e n t species were present. A possible explanation 
i s that the PhPCl 4 >dipy complex i s i n fact a mixture of 
isomers, the second isomer being undetectable i n the n.q.r. 
spectrum due to the low signal l e v e l . The v a r i a t i o n of the 
composition with preparation would explain the varying 
i . r . spectrum of PhPCl4»dipy. 

(ii)Phenvltrichlorophosphonium Hexachlorophosphate 
The synthesis and properties of t h i s s a l t , and i t s 

reaction towards pyridine have been described i n Chapter 3 
section 3. 

When equimolar quantities of PhPCl 3
+ PClg" and 

1,10-phenanthroline were dissolved i n nitrobenzene, 
three peaks appeared i n the spectrum, at +136.1, +151.1, 
( r e l a t i v e i n t e n s i t i e s 100:39) and +297.9 ppm. The f i r s t 
two peaks are a t t r i b u t a b l e to PhPCl3phen+, whilst the t h i r d 
peak i s assigned to PClg". The combined areas of the 
PhPCl 3phen + peaks were approximately equal t o that of 
the p C l - " peak. Thus, unlike the pyridine complex 
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PhPCl 3phen + PCl g~ i s stable i n solution. 
When PhPCl 3

+ PClg" and d i p y r i d y l were mixed i n an 
equimolar r a t i o i n nitrobenzene solution a white c r y s t a l l i n e 
moisture-sensitive p r e c i p i t a t e immediately formed. Although 
many of the nitrobenzene absorptions are i n the region of 
absorptions from the complex i t s e l f , comparison of the 
i . r . spectrum with that of PhPCl 3.dipy + SbCl^" showed 
nitrobenzene to be present i n the hexachlorophosphate 
s a l t , giving absorptions at 1527 cm and also probably 

—1 —1 at 1348 cm and 852 cm • The elemental analysis showed 
that only a small amount of nitrobenzene was present, 
corresponding t o the formula PhPCl 3dipy + PClg".0.25 PhN02> 

The i . r . spectrum of t h i s complex, and i t s s i m i l a r i t y to 
that of PhPCl 3dipy + SbClg"", has already been discussed. 
An i n s u f f i c i e n t quantity of the complex was prepared to 
investigate the complex by s o l i d state n.m.r. or n.q.r. 
techniques. 
( i i i ) Experimental 
PhPCl 3phen + SbClg" 

3.032g (12.13 mmole) PhPCl 4 and 2.180g (12.10 mmole) ' 
1,10-phenanthroline were each separately dissolved i n the 
minimum quantity of methylene chloride. The two solutions 
were then mixed to give a bright yellow, s l i g h t l y cloudy 
solution. 1.6ml (3.7g 12 mmole) SbCl,- were mixed with a 
l i t t l e methylene chloride and dripped i n t o the solution with 
s t i r r i n g . A bright red solution was formed i n a very exothermic 
reaction and a brownish precipitate formed. After s t i r r i n g 

I 
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the solution u n t i l i t had become cooler, the precipitate 
was f i l t e r e d , washed with a l i t t l e methylene chloride, then 
with 30/40 pet ether, and dried at the pump to produce a 
fawn powder. 
Yield = 8.274g = 93.8% as PhPCl3phen+ SbCl g~ 
Analyses: Pound C,26.70j H,1.98; N,3.79; P,3.94; CI,45.18. 
PhPCl 3phen + SbClg" requires C,29.65j H,1.80; N,4.25; P,3.84; 
CI,43.77. 
PhPCl 3dipy + SbClg" 

3.832g (6.980 mmole) PhPCl 3
+ SbClg" and 1.144g (7.324 mmole) 

2,2'-dipyridyl were each separately dissolved i n the minimum 
quantity of nitroethane. The di p y r i d y l solution was slowly 
dripped i n t o the PhPCl 3

+ SbClg" solution with s t i r r i n g . This 
produced a bright yellow solution. After a few seconds 
white crystals formed. The solution was allowed t o stand 
fo r a few minutes. The white crystals were then f i l t e r e d , 
washed with methylene chloride, then 30/40 pet ether, and 
dried at the pump. 
Yield = l,144g = 23.2% as PhPCl 3dipy + SbClg" 
Analyses: Pound C,25.61; H,1.98; N,4.36; P,4.19; Cl,45.24. 
PhPCl 3dipy + SbClg" requires C,27.25; H,1.86; N,3.97; P,4.39; 
CI ,.45. 26. 
SbCig/phenanthroline complex 

5.924g (10.79 mmole) PhPCl 3
+ SbCl 6~ and 1.471g (8.162 mmole) 

1,10-phenanthroline were each separately dissolved i n the 
minimum quantity o f nitromethane. The phenanthroline solution 
was slowly dripped i n t o the PhPCl 3

+ SbClg" solution with 
s t i r r i n g , forming at f i r s t a yellow solution and, i n the 
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l a t e r stages, a p r e c i p i t a t e . The reaction was very exothermic. 
The yellow p r e c i p i t a t e only slowly came out of solution. After 
about -J hour the pr e c i p i t a t e was f i l t e r e d , washed with a small 
amount of methylene chloride, then 30/40 pet ether and dried 
at the pump producing an extremely fine yellow powder. 
Yie l d = 1.47lg 
-Analyses: Pound C,31«72; H,3.05; N,5.44; P, — ; Cl,39.35 
SbCi 4phen + CI" requires C,30.07; H,1.69; N,5.85; P, — ; 
CI,36,99 phenH+ SbClg" requires C,27.94; H,1.76; N,5.43; 
P, ; CI,41.25. 
PhPCl_dipy + PCI ~ 0.25PhNOo 

•3 & d 

0.438g (0.956 mmole) PhPCl 3
+ PClg" and 0.151g (0.967 mmole) 

2,2 , - d i p y r i d y l were mixed i n nitrobenzene. There was an 
immediate p r e c i p i t a t e . The s o l i d was f i l t e r e d , washed with 
30/40 pet ether and dried at the pump. 
Yie l d = 0.339g = 54.9% as PhPCl 3dipy + PClg". 0.25 PhNOg. 
Analyses: Pound C,29.93; H,2.30; N,4.73; P,9.59; CI,49.8 
PhPCl 3dipy + PClg".0.25PhNO2 requires C,32.64; H,2.23; N,4.83; 
P,9.60; CI,49,42. 
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3» Related Species 
( i ) Diphenyltrichlorophosphorane 

The second member i n the series Ph PCI,. , diphenyl-
trichlorophosphorane, has been found t o r e t a i n a 5-co-ordinate 
structure i n the s o l i d state 5 9 , and also i n certain solvents 

232 
The n.q.r, spectrum of the s o l i d i s consistent with a 
t r i g o n a l bipyramidal structure, with both phenyl groups 
occupying equatorial positions, and i s clearly distinguishable 

+ 59 
from the spectrum of the related Ph 2PCl 2 cation • The 

—1 
i n f r a red spectrum below 650 cm also shows major differences 
between the parent compound and i t s s a l t s . 

TABLE 51 
INFRA RED SPECTRUM OF PhnPCl^ AND 

ITS SALTS 650-250 cm-"1 

Ph 2PCl 3 618m, 571s, 568s, 527m, 497s, 489s, 
Ph 2PCl 2

+ SbClg" 628s, 606m, 577s, 526m, /\/496s, 472m, 2 3 

451m, ~340sbr* 

Ph 2PCl 2
+ BC14" 760-620vs* 606m, 575-555s, 526m, 493s, 472m 2 3 

461m, ~ 400w, 348w 

Ph 2PCl 2
+ PC16~ 631s, 606m, 576s, 558m, 526m, 497s, 

*/440sbr* 347w. 

* absorptions mainly attributable to counter ion 

31 
The s o l i d state P n.m.r. spectrum could not be 

23 
found using high resolution techniques , although spectra 

23 31 
from i t s salts are easi l y detected . The P n.m.r. 
s h i f t s of the compound i n solution are given i n Table 52. 
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TABLE 52 
CHEMICAL SHIFTS OF PhJPCU IN VARIOUS SOLVENTS 

Ph 2PCl 3 

Ph ?PCl+Cl ; 

1:0.98 

S 3 1 P Species present 
sym-C2H2Cl4 -73 31 Ph 2PCl 2

+ ? A Ph 2PCl 3 

sym-C2H2Cl4 -67.4 a i i n 

CHC13 -77.2 a it it 

CH9C1_ +12.6 a Predominantly 
Ph 2PCl 3 • 

PhN02 +17.2 ' a it * 

PhN02 +25 60 it • 

I sbci 6- -93.2 126 Ph 2PCl 2
+ 

a 
1. 
2. 
• 

Present work 
Technical grade 
Reagent grade containing ethanol 
The v a r i a t i o n of s h i f t with solvent suggests the 
presence of small amounts of Ph 2PCl 2 

Ph 2PCl 3 i s only s l i g h t l y soluble i n methylene chloride and 
31 

nitrobenzene. From the P n.m.r. s h i f t s the compound i s 
predominantly, i f not completely, molecular i n these solvents. 
The compound i s f a r more soluble i n sym-tetrachloroethane 
and chloroform, but p a r t i a l l y ionises i n these solvents. 
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PhgPClg dissolved as a molecular species when no 
i n t e r a c t i o n with the solvent i s possible. The covalent 
bonding, however, i s very weak and the compound may become 
p a r t i a l l y ionised by the addition of weak chloride ion 

60 
acceptors e,g, hydrogen chloride and chlorine » Chloroform 
i s capable of producing adducts with chloride ions ^54-6 both 

255 
i n the s o l i d state and solution, by hydrogen-bonding • 
Although no investigations have been made with sym-
tetrachloroethane, the s i m i l a r i t y of the species would 
suggest that similar adducts would be possible. The 
adduct formation would promote s o l u b i l i t y and would also 
suppress formation o f adducts of the chloride ion with other 
weak acceptors. Thus there i s no adduct formation when 
PhPCl 4 i s added to the solution (Chapter 4 section l ( i i ) ) , the 
PhPCl^ being too weak an acceptor to abstract the chloride 
io n from the solvate species. 

The s l i g h t l y lower s h i f t for PhgPCl^ i n t h i s work, compared 
60 

with that of Denney et al , may be due to small amounts of 
hydrogen chloride, formed by p a r t i a l hydrolysis of PhgPCl^ 
promoting ionisation.-

Thus, under many conditions, PhgPCl^ exists as a 
molecular species, a l b e i t very weakly bonded. Attempts 
were therefore made to determine the acceptor properties 
of the molecule. Tetrapentyl ammonium chloride was dissolved 
i n a saturated solution of PhgPCl^ i n nitrobenzene. A small 
u p f i e l d s h i f t occurred with an approximately 2.8:1 excess of 
t e t r a p e n t y l ammonium chloride, from +17.2 ppm to +31.4 ppm, 
but t h i s i s only 6.4 ppm higher than the s h i f t found by 

60 
Denney et a l f o r the phosphorane. Although t h i s value 
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may indicate some co-ordination, according t o 
Ph 2PCl 3 + Cl~ PhPCl4~ 

i t may equally be explained by the equilibrium 
Ph 2PCl 2

+ + Cl~ Ph 2PCl 3 

being pushed to the r i g h t by the excess chloride ions present. 
Without knowing the s h i f t of the un-ionised phosphorane (the 

60 
solution of Denney may s t i l l contain a small amount of 
Ph 2PCl 2

+) i t i s d i f f i c u l t t o determine which equilibrium i s 
operative. Due t o the low s o l u b i l i t y of Ph 2PCl 3 i n nitrobenzene, 
making hydrolysis by small amounts of residual water appreciable, 
further chloride ions could not be added without extreme 
precautions t o prevent hydrolysis, which would favour 

60 
io n i s a t i o n t o the cation. 

Several of the s o l i d substituted chlorophosphate salts 
have been prepared i n t h i s work by fusing the chloride and 
parent phosphorane. Equimolar amounts of tetrapentyl ammonium 
chloride and diphenyltrichlorophosphorane were then fused. 
The i . r . spectrum of the s o l i d product, however, showed 
the presence of unchanged Ph 2PCl 3 and ^ C5 H^^^4 N + C l~« 

Attempts were then made to detect an adduct with a 
bidentate pyridine ligand. As Ph 2PCl 3 never appears to be 
completely i o n i c i n solution, the acceptor properties of 
Ph 2PCl 2

+ P C l g " were examined. There was no extra peak or 
s h i f t i n the Ph 2PCl 2

+ peak position on the addition of 
2,2*-dipyridyl, showing no co-ordination to have taken 
place. Peaks were found at -89.0 (Ph 2PCl 2

+) and +299.3 (PClg"~) 
of approximately equal i n t e n s i t y . Similarly there was no 
change i n s h i f t when phenanthroline was added to Ph 2PCl 3 i n 
sym-tetrachloroethane ( 8 3 1 P found -69.7 ppm). 
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PhgPClg thus appears to have very weak, i f any, acceptor 
properties towards chloride or pyridine ligands. The 
co-ordination properties of phosphorus pentachloride seem 
t o have been completely removed by the substitution of two 
chlorines by phenyl groups. When only one group has been 
substituted, extensive acceptor properties s t i l l remain 
(Chapter 4 sections 1 and 2). 

Due to the lack o f detectable acceptor properties found 
with PhgPClg, Ph^PClg was not examined. Although the 
compound synthesised i n t h i s laboratory i s i o n i c i n 
nitrobenzene, Denney et al and also Wiley and Stein 
found i t to be p a r t l y covalent i n t h i s solvent. Thus under 
completely anhydrous conditions i t may be possible to obtain 
molecular Ph^PClg. This compound has the p o s s i b i l i t y of 
acceptor properties towards, say, chloride ions, but the 
extent o f co-ordination i s expected t o be very small. 
( i i ) Methvltetrachlorophosphorane 

78 
Beattie et a l showed that the s o l i d state i n f r a red 

spectrum of MePCl4 was consistent with en i o n i c formulation, 
+ - 31 MePCl^ Cl . This was confirmed by the s o l i d state P n.m.r 
23 

s h i f t of -119 ppm, being i n the four co-ordinate region of 
the 'spectrum, and similar to the s h i f t of MePCl̂ "*" AlCl^" 
(-117 ppm). The n.q.r. spectrum was also consistent with 
an i o n i c structure i n the s o l i d state, giving signals at 
30.82 and 31.31 MHz. 

I n carbon disulphide, methylene chloride and benzene 
78 

MePCl4 i s molecular with probable C2V symmetry • The 
31 

P n.m.r. spectrum of the complex i n methylene chloride 



- 217 -

indeed gave a peak at +39.7 ppm, attributable to a mainly, 
but not necessarily completely molecular formulation. 
The s h i f t i n nitrobenzene solution was s l i g h t l y lov/er 
(+34.1 ppm) perhaps showing some io n i s a t i o n . 

The compound was prepared by J. Lincoln as described 
i n Chapter 2 section l ( i i ) f . The white powder was only 
s l i g h t l y soluble i n nitrobenzene but a l i t t l e more soluble 
in- methylene chloride. Due to the strong solvent dependence 
on acceptor properties of PhPCl4 towards chloride ions, 
nitrobenzene was chosen as the solvent for the investigations. 

On addition of tetrapentyl ammonium chloride to a 
31 

nitrobenzene solution of MePCl4, the P n.m.r. s h i f t 
became more p o s i t i v e . The maximum s h i f t observed was 
+197.1 ppm, although t h i s may not be the l i m i t i n g s h i f t 
o f the species. An i n s u f f i c i e n t quantity of MePCl4 was 
.available for a complete investigation of i t s properties, 
but the s h i f t would suggest that MePCl,-" i s formed with 
r e l a t i v e ease. As the methyl group i s electron donating, 
MePCl4 i s expected to be a poorer acceptor then PhPCl 4 # 

The methyl group i s far smaller than a phenyl group, however, 
so w i l l not provide as much s t e r i c hindrance to adduct 
formation. 

The acceptor properties towards bidentate pyridines 
were studied using MePCl̂ "*" A1C14~. This complex i s a white 
s o l i d , extremely soluble i n nitrobenzene and methylene 

31 
chloride, giving a P n.m.r. s h i f t i n the former solvent 
of -119.1 ppm. No s h i f t of the n.m.r. signal occurred on 

/ C 31 
addition of d i p y r i d y l i n nitrobenzene solution (© P 
-119.1 ppm before addition, -119.4 after addition). On 
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addition of 1,10-phenanthroline, however, a large amount of white 
precipitate formed. The remaining solution showed a weak 
l i n e at +147.1 ppm, indicative of the formation of MePCl^phen*. 
The solution was too weak to observe any peaks of lower 
i n t e n s i t y from other possible isomers. Another l i n e , of 
greater i n t e n s i t y , was found at -78.5 ppm. This i s i n 
the correct region of the spectrum to be due to a complex 
of'the p a r t i a l hydrolysis product MeP(0)Cl 2 with the then 
liberated AlClg ( c . f . S 3 1 P E t P ( 0 ) C l 2 . A l C l 3 -77 ppm 8 9 ) . 

The white s o l i d , although containing a significant 
amount of phosphorus (2.61%) did not analyse as MePCl^phen* 
A1C14"", or as i t s nitrobenzene solvate. Furthermore there 

-1 -
was no strong band at 495 cm attributable to A l C l 4 . The 
i . r . spectrum showed only weak or medium intensity bands 
between 650 and 470 cm , but many intense bands below 

-1 
470 cm • This region seems very low for P-Cl stretches 
i f no bands are found above t h i s figure'. The i . r . spectrum 
contained a strong absorption at 1522 cm suggesting the 
presence of nitrobenzene. 
Analyses: Pound C,39.53; H,3.59; N,8.50; P,2.61, Cl,33.35; 
Al,5.52 Total = 92.9% MePCl3phen* A1C14~. PhN02 requires 
C,36.56; H,2.59; N,6.73; P,4.96; Cl,39.77; Al,4.32; 
Total « 94,93% MePOCl 2.AlCl 3. 2PhN02 requires C,30.46; 
H,2.56; N,5.47; P,6.04; Cl,34.59; Al,5.26; Total = 84.38%. 
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TABLE 53 
INFRA RED SPECTRUM OF Me PCI,/ AlCI ̂~/PHENANTHROLINS 

COMPLEX 660-250 cm"1 

652s, 6l8w, 567w, 536w, 508w, 468s, 
453s, 437s, 422sh, 418w, 392s, 362sh, 
320s, 308s,^295sh,^285sh 

Pyridine has been suggested to attack MePClg* A l C l 4 ~ 
257 

to produce MePCl 4 and AlClg.pyr • A similar reaction 
may occur with bident ate pyridines end the product may be 
contaminated with aluminium t r i c h l o r i d e complexes. 

Much further work i s necessary for a complete understanding 
of t h i s system, and for a more extensive comparison with the 
acceptor properties of phenyltetrachlorophosphorane. A 
simpler route to the formation of MePCl 4 would seem desirable 
to produce enough material for a more thorough investigation. 
One possible route, i n view of the great s o l u b i l i t y of 
MePCl 3

+ A1C14"" i n methylene chloride, would be to add a 
solution of a large t e t r a a l k y l ammonium chloride i n methylene 
chloride to a solution of MePCl 3

+ A1C1 4" i n the same solvent. 
This would lead to c r y s t a l l i s a t i o n of the only moderately 
soluble MePCl 3

+ C l ~ . 
The second member of the methylchlorophosphorus(v) 

s e r i e s , MegPCl^, i s i o n i c i n the solid state. I t was 
found to be highly insoluble i n a l l common solvents t r i e d , 
and would not even dissolve when 1,10-phenanthroline, or 
tetrapentylammonium chloride were present. The properties 
of the compound were not investigated further, 

i 
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( i i i ) Phenyldichlorotetrabromophosphorus(v) PhPCl^Br^ 
An attempt was made to produce PhPCl 2Br 2 by the method 

125 
of Meisenheimer • The yellow s o l i d produced analysed 
as PhPCl2Br4« Michaelis has previously isolated t h i s 
complex by the adds 
by a second method 

complex by the addition of bromine to PhPCl 2Br 2 prepared 
118 

31 
The compound gave a s o l i d state P n.m.r. l i n e at 

•66.6 + 1,5 ppm. The s h i f t compares with the s o l i d state s h i f t s of PhPClg SbCl 6~ (-88 ppm), PhPClg B C l 4 ~ (-101 ppm), 
and PhPBr^ Br" (+4 ppm). Assuming a linear relationship 
between the s h i f t s of PhPBr~ CI +, as found with 
P B r 4 - x C l x + s a l t s 1 0 0 > 1 0 1 , the predicted s h i f t s for 
PhPBrCl 2

+ and PhPBr 2Cl + are -61.7 +, 6.5 ppm and -28.9 ± 6.5 ppm 
31 

respectively. The s o l i d state P n.m.r. spectrum i s then 
consistent with the structure PhPCl 2Br +Br 3~. 

This conclusion i s unaltered i f the solution s h i f t of 
PhPCl 3

+ SbClg" (-100.5 ppm) i s used. The predicted s h i f t 
i s then -70.3 ppm for PhPCl 2Br + and -35.1 ppm for PhPClBr 2

+. 
Although the compound was insoluble i n nitrobenzene 

i t was soluble i n nitrobenzene saturated with 2,2 f-dipyridyl 
(hut not with 1,10-phenanthroline)• On spectrum accumulation 

31 
the P n.m.r. spectrum showed peaks at 137.6 ppm and 
151.9 ppm attributable to PhPCl 3dipy +. In the lower f i e l d 
region peaks were found at -154.0 ppm and -30.7 ppm, S3"5 89 P -152.4 ppm > and a hydrolysis 

r> 31 89 product ( b p PhPOCl 2 -34 ppm ) . There were also a 
number of small but reproducible l i n e s to the high f i e l d 
of PhPCl 3dipy + (see Table 54 and Pig.29). These peaks, i f 
genuine, may indicate the existence of PhPCl xBr2,_ xdipy + species. 
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TABLE 54 
HIGH FIELD 3 1 P n.m.r. SIGNALS FROM 
PhPCl^Br^/DIPYRIDYL IN NITROBENZENE 

Accumulation 
(a) +136.5 +150.7 +170.5 +248.9 +276.5 
(b) +138.0 +153.2 +173.6 (+237.3?) +250.7 +277.7 
(c) +138.4 

As substitution of bromine for chlorine usually causes 
an upfield s h i f t 2 1 0 » 1 0 0 » 1 0 1 the resonances of the PhPCl Br, 
dipy* cations would indeed be expected to occur to higher 
f i e l d of the PhPCl 3dipy + signal. The exact assignment of 
the peaks i s very d i f f i c u l t since each species may exist 
i n two or more isomeric forms. Each isomer may be present 

31 
and give separate P n.m.r. signals. 

The probable existence of the chloro-bromo-adducts 
suggests the p o s s i b i l i t y of other s i x co-ordinate bromo-
complexes. Because of the i n s o l u b i l i t y of the starting 
compound, and weak acceptor properties of even the parent 
chloride, PhPClgBr^ i s probably not the best compound for 
future investigations. A catechyl derivative would be 
far better. The mixed catechyl chlorobromides are soluble 
i n methylene chloride and the parent chloride, catPClg, i s 
an excellent acceptor (Chapter 5). Although stoichiometric 
compounds cat PCI, Br (x = 1-3) can be isolated i n the 

23 
s o l i d state , on dissolution the mixed compounds undergo 
halide scrambling reactions, similar to those found with 
phosphorus(III) compounds. There would, however, probably be 
s u f f i c i e n t difference between the s h i f t s of the various species 
to analyse the spectra. 
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CHAPTER 5 
CATECHYL DERIVATIVES OF PHOSPHORUS PENTACHLORIDE 

1. Acceptor P r o p e r t i e s o f Catechyl Phosphorus T r i c h l o r i d e 
( 2 , 2 , 2 - t r i c h l o r o - l , 3,2-benzodioxaphosphole) 

( i ) I n t r o d u c t i o n 
Catechylphosphorus t r i c h l o r i d e was f i r s t prepared by 

Anschtttz * • His work has been r e c e n t l y r e i n v e s t i g a t e d 
62 

by Ramirez e t a l • The compound has been i n t e n s i v e l y studied 
by Gross 210,259-64 a g a chioj-^nating agent w i t h superior 
p h y s i c a l p r o p e r t i e s t o phosphorus pentachloride. No acceptor 
p r o p e r t i e s o f the molecule have, however, been recorded. The 
compound was st u d i e d i n t h i s work as an example o f a b i s 
s u b s t i t u t e d PCI,, d e r i v a t i v e w i t h f a i r l y e l e c t r o n e g a t i v e 
s u b s t i t u e n t s . I t i s extremely soluble i n nitrobenzene, 

31 
methylene c h l o r i d e , hexane and d i e t h y l e t h e r . P n.ra.r. 
i n d i c a t e s a f i v e co-ordinate molecular s t r u c t u r e i n s o l u t i o n . 

224 
Chemical s h i f t s found are +26 (unspecified s o l v e n t ) , 210 62 +26.4 i n chloroform , +25.7 i n hexane , +26.4 i n 
benzene, +26.2 ^ (+26.3 a) i n methylene c h l o r i d e , +26.1 i n 
d i e t h y l ether 6 2 , +26.9 i n a c e t o n i t r i l e and +27.2 a i n 
nitrobenzene (a-determined i n t h i s work). 

234 
The n.q.r. spectrum o f the s o l i d shows si g n a l s o f 

equal i n t e n s i t y at 27.841, 31.233 and 31.761 MHz, consistent 
w i t h a t r i g o n a l bipyramidal s t r u c t u r e , w i t h the catechyl 
group occupying one a x i a l and one e q u a t o r i a l p o s i t i o n . 
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31 The s o l i d s t a t e P n.m.r. spectrum i s , however, d i f f i c u l t 
t o i n t e r p r e t . With both a commercial sample, and a l a b o r a t o r y -
synthesised sample (Fig.30), a narrow peak was found at +93.0 .+1.3 
ppm w i t h a shoulder on the low f i e l d s i d e . On deconvolution 
the shoulder corresponded t o a peak maximum at -11.4 +, 6.4 ppm 
w i t h t h e two peaks o f approximately equal area. The peak 
maxima do not seem t o correspond t o any reasonable s t r u c t u r e . 
CatPCI2 c a t P C I 4 " , f o r example, would have peaks at approximately 
-70 and +160 ppm (Chapter 5 sections 2 ( i i ) and l ( i i ) a ) . A 
s h i f t o f +93.0 ppm i s consistent w i t h phosphorus co-ordinated 
by s i x oxygens (Appendix 1) but i t i s d i f f i c u l t t o suggest a 
s t r u c t u r e g i v i n g a peak at -11.4 ppm. 

I f t h e compound d i d consist o f two, presumably i o n i c , 
species t h e r e i s a change o f s t r u c t u r e between s o l i d and 
s o l u t i o n . Confirmation o f t h i s i s d i f f i c u l t . The compound 
i s probably soluble i n n u j o l ( c . f . hexane) and a mul l w i l l 
t h en show a s o l u t i o n i . r . spectrum. The spectra as a n u j o l 
m u l l and as a hexane s o l u t i o n were indeed i d e n t i c a l . A t h i n 
s o l i d f i l m on KBr p l a t e s showed a spectrum d i f f e r i n g .from 
these but i t was not c e r t a i n t h a t the f i l m had not hydrolysed. 

An a l t e r n a t i v e e x p l a n a t i o n o f t t e spectrum i s t h a t the 
compound i s f i v e co-ordinate and has an a n i s o t r o p i c n.m.r. 
s h i f t . The s t r u c t u r e would then agree w i t h t h a t suggested 
by n.q.r. at 77K (although there may be a change o f phase 
between 77K and n.m.r. temperature a change o f s t r u c t u r e 
i s u n l i k e l y ) . B i scatechyl phosphorus monochloride (Chapter 5 
s e c t i o n 3) i s the o n l y other f i v e co-ordinate phosphorus 
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compound t o have given a detectable s o l i d s t a t e peak. The 
i n a b i l i t y t o detect spectra o f PhPCl 4 and Ph 2PCl 3 has been 
p o s s i b l y a t t r i b u t e d t o s i g n a l broadening by the a n i s o t r o p i c 

23 
environment o f the phosphorus . The d e t e c t i o n o f s o l i d 
s pectra o f catechyl d e r i v a t i v e s i s probably due t o the 
r e l a t i v e distance o f the aromatic r i n g s from phosphorus* 

Several observations m i t i g a t e against s h i f t anisotropy. 
The spectrum resembles t h e o r e t i c a l lineshapes f o r compounds 

108 
w i t h a x i a l s h i f t symmetry • The r a t i o o f t h e deconvoluted 
peak areas should be 2:1 w i t h t h e most pronounced peak 
(+93 ppm) having the l a r g e s t area. The r a t i o i s w i t h i n 
experimental e r r o r t o t h a t found. The weighted average 
s h i f t should be equal t o t h e s o l u t i o n s h i f t , however. This 
i s not found, the weighted average being 4-65.8 +, 3.0 ppm. 

Superposed on the s o l i d spectrum o f the commercial product 
were narrow " s o l u t i o n " peaks at +82.3 ppm, -0.1 ppm and +27.8 ppm 
(the laboratory-prepared compound gave a s i n g l e " s o l u t i o n " 
peak at +26.5 ppm). I t would be d i f f i c u l t t o e x p l a i n several 
" s o l u t i o n " peaks by the - s e l f - d i f f u s i o n mechanism i n the f i v e 
co-ordinate s o l i d unless the molecule remains o r i e n t a t e d i n 
t h e c r y s t a l . T his seems u n l i k e l y . 

Before a d e f i n i t e assignment of a spectrum i s made much 
more i n f o r m a t i o n i s needed on a n i s o t r o p i c spectra and on 
c a t e c h y l phosphorus t r i c h l o r i d e from other p h y s i c a l techniques. 

Catechyl phosphorus t r i c h l o r i d e (prepared as i n Chapter 2 
s e c t i o n l ( i i ) c ) i s v i o l e n t l y hydrolysed by water, producing 

259 
u l t i m a t e l y phosphoric a c i d . • No h y d r o l y s i s was observed 
i n s o l u t i o n i n t h i s work, presumably due t o i t s high 
s o l u b i l i t y making h y d r o l y s i s by small amounts o f r e s i d u a l 
moisture n e g l i g i b l e . 
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( i i ) Present Work 
(a) Acceptor P r o p e r t i e s towards Chloride Ions 

» 

A 1:1 s o l u t i o n o f t e t r a p e n t y l ammonium c h l o r i d e and 
cat e c h y l phosphorus t r i c h l o r i d e i n nitrobenzene produced a 
sharp peak at +150.7 ppm. This i s i n d i c a t i v e o f at l e a s t 
p a r t i a l adduct f o r m a t i o n t o give (CgH 40 2)PCl 4*~. As the 
maximum s h i f t obtained by adding excess t e t r a p e n t y l ammonium 
c h l o r i d e was +157.3 ppm, the i o n i s 95% associated i n the 
1:1 molar r a t i o s o l u t i o n . A 1:1 molar r a t i o i n methylene 
c h l o r i d e gave a s h i f t o f +157.3 ppm, showing complete 
a s s o c i a t i o n i n t h i s s o l v e n t . Catechyl phosphorus t r i c h l o r i d e 
t h us appears t o be an e x c e l l e n t acceptor towards c h l o r i d e ions, 
catPCl^"* being f a r more associated than PhPCl^" under s i m i l a r 
c o n d i t i o n s (Chapter 4 s e c t i o n l ( i i ) ) . 

When s o l u t i o n s o f t e t r a p e n t y l ammonium c h l o r i d e and 
catechyl phosphorus t r i c h l o r i d e i n carbon t e t r a c h l o r i d e were 

31 
mixed a b r i g h t y e l l o w l i q u i d upper layer formed. The P n.m.r. 
spectrum o f t h i s l a y e r contained a very sharp l i n e at +159.1 ppm, 
showing t h e f o r m a t i o n o f completely associated ^ C 5 H ^ ^ ^ 4 N + cat PCI 4 

When t h e yellow l i q u i d was placed under vacuum, a small amount 
o f evaporation produced a pale yellow s o l i d , which analysed 
as < C

5
H

1 1 > 4 N + c a t P C l 4 ~ . 
* C 5 H 1 1 * 4 N + c a t P C 1 4 " " showed a narrow 3 1 P s o l i d s t a t e l i n e 

at +162.0 +1,7 ppm (Pig.31), thereby confirming the l i m i t i n g 
s h i f t found by s o l u t i o n data. The s h i f t f a l l s between those 

265 
found f o r PhPClg" and catgP"" (+82 ppm ) . A sharp l i q u i d 
l i n e was observed on the t o p o f the broad s o l i d l i n e at 
+158.7 ppm. 
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The i . r . spectrum o f the complex showed a lowering o f 
frequency o f l i n e s a t t r i b u t a b l e t o P-Cl stretches compared 
w i t h c a t P C l 3 and a great s i m p l i f i c a t i o n o f the spectrum i n 
t h i s r e g i o n . As found w i t h the PhPCl,."" s a l t s t he spectrum 
between *vi600-800 cm i s obscured by a very broad band due 
t o t h e tetraalkylammonium c a t i o n . 

(C^H^) 4N + catPCl^"* was i s o l a t e d by mixing equimolar 
amounts o f t h e r e a c t a n t s , i n methylene c h l o r i d e s o l u t i o n . 
T h i s produced a y e l l o w s o l i d , the i . r . spectrum o f which was 
i d e n t i c a l below 650 cm" 1 t o t h a t o f ̂ C 5 H n ^ 4 N + catPCl 4~. The 
s o l i d , however, d i d not s t a b i l i s e i n the n.m.r. machine and 
so no s o l i d s t a t e l i n e could be observed. 

TABLE 55 
INFRA RED SPECTRA OF catPCl,~ SALTS 650-250 cm*"1 

( C 5 H l l ) 4 N + 620s, 596m, 586m, 552w, 522s, 473s, 

cat PCI ~ 4 448s, 425s, 361s, 342w, 298w 

(C 3H ) 4 N + 622s, 598w, 586w, 552w, 522s, 468s, 
c a t P C l 4 ~ 447s, 424s, 352s, 300w, 286w 

c . f . c a t P C l 3 644m, 622w, 588s, 537s, 500w, 458s, 
430w, 403w, 376w, 3l7w, 264m 

Both s o l i d s are very m o i s t u r e - s e n s i t i v e , but are completely 
s t a b l e under an atmosphere o f ni t r o g e n . The n.q.r. spectrum 
o f n e i t h e r o f these compounds could be observed. 

When methylene c h l o r i d e s o l u t i o n s containing equimolar 
q u a n t i t i e s o f PhPCl 4 and c a t P C l 3 were mixed, a b r i g h t yellow 
s o l i d immediately c r y s t a l l i s e d out o f s o l u t i o n . The analysis 
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corresponds t o a 1:1 adduct o f the two compounds, w h i l s t the 
31 

s o l i d s t a t e P n.m.r. spectrum gave signa l s at -101.6 ppm 
(PhPCl 3

+) and +163.2 +, 5.5 ppm (catPCl 4") corresponding t o 
t h e s t r u c t u r e PhPCl 3

+ catPCl 4"". The i . r . spectrum could also 
be i n t e r p r e t e d i n terms o f t h i s s t r u c t u r e . 

TABLE 56 
I . r . SPECTRUM PhPCl^* c a t P C l 4 " 650-340 cm*"1 

647s», 6 1 8 s " , 608 sharp m», 590m*1, 568m, 543s 1, 
5 1 7 s , f , 496w, 472s ,«, 458w», 443s»», 4 3 9 s " , 400m, 
3 6 2 s 1 1 , 340w«« 

» a t t r i b u t a b l e t o PhPCl 3
+ see Table 33 

1• a t t r i b u t a b l e t o c a t P C l 4 ~ see Table 55 

U n l i k e t h e t e t r a a l k y l ammonium s a l t s o f c a t P C l 4 ~ the spectrum 
remained sharp over t h e range 4000-250 cm , and l i n e s 
corresponding t o t h e c a t i o n and anion were c l e a r l y d i s t i n g u i s h e d . 

A broad m u l t i p l e t at 31.01, 31.16, 31.28 MHz (S/N 5.5:1, 
10:1, 9:1 r e s p e c t i v e l y ) was found i n the n.q.r. spectrum o f 
t h e h i g h l y c r y s t a l l i n e s a l t . Although t h e absorptions may 
a l l be assigned t o PhPCl 3

+ ( c . f . Ref.59) th e r e may be an 
o v e r l a p o f l i n e s a t t r i b u t a b l e t o the c a t i o n and anion. 
No o t h e r l i n e s were found a t t r i b u t a b l e t o the anion. 

Catechyl phosphorus t r i c h l o r i d e i s thus a strong enough 
c h l o r i d e i o n acceptor t o a b s t r a c t a c h l o r i d e i o n from 
phenyltetrachlorophosphorane, which may i t s e l f act as a 
c h l o r i d e i o n acceptor. The complex i s the f i r s t example 
o f an organophosphorus(v) s a l t which i s formed by c h l o r i d e 
i o n t r a n s f e r from a molecular organophosphorus(v) donor 

t o an organophosphorus(v) acceptor© The p o s s i b i l i t y o f 
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existence o f such a species w i l l depend on the r e l a t i v e donor 
and acceptor p r o p e r t i e s o f the two components. PhPCl^ i s a 
weak c h l o r i d e donor and weak c h l o r i d e acceptor. Catechyl 
phosphorus t r i c h l o r i d e i s a very poor c h l o r i d e donor but very 
good acceptor. Thus PhPCl 3

+ catPCl 4~ i s formed. Phosphorus 
pentachloride and c a t e c h y l phosphorus t r i c h l o r i d e do not 

210 
i n t e r a c t i n s o l u t i o n • POL 5 i s a s l i g h t l y b e t t e r acceptor 
t h a n c a t P C l 3 as shown by t h e l a c k o f d i s s o c i a t i o n o f 
hexachlorophosphate s a l t s i n nitrobenzene. CatPCl^ i s a very 
poor c h l o r i d e donor (see Chapter 5 s e c t i o n 2 ( i ) ) , however, hence 
a s a l t i s not formed. 

I t should be possible t o prepare many s a l t s o f the above 
type i f s u i t a b l e donors and acceptors are used. This w i l l 
be discussed f u r t h e r i n Chapter 6. 

(b) Acceptor P r o p e r t i e s towards P y r i d i n e 
When equimolar amounts o f catechyl phosphorus t r i c h l o r i d e 

and p y r i d i n e were mixed i n nitrobenzene s o l u t i o n peaks were 
found at +136.7 and +129.9 ppm, together w i t h a much smaller 
peak at +125.9 ppm. The i n t e n s i t y r a t i o s o f these three peaks 
were 100:36.4:6.5. The peaks a l l correspond t o s i x co-ordinate 
species. As the amount o f p y r i d i n e was increased r e l a t i v e t o 
catechyl phosphorus t r i c h l o r i d e the smaller peak increased 
s l i g h t l y i n i n t e n s i t y . The r e l a t i v e i n t e n s i t y o f the other 
two peaks remained constant (Table 57). 
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TABLE 57 
31 P n.m.r. SHIFTS OF (C^QQPCl^/PYRIDINE IN NITROBENZENE 

Ratio S 3 1 P R e l a t i v e i n t e n s i t i e s 
c a t P C l 3 / p y r i d i n e 

a b c a:b:c a:b+c 

1:1 +125.9 +129.9 +136.7 6.5:36.4:100 4.7:100 
2:1 +125.9 +130.1 +136.9 7.2:29.9:100 5.5:100 
5:1 +125.2 +129.7 +137.1 • 9.3:32.2:100 7.1:100 

CatPClg.pyr can e x i s t i n two isomeric forms. As was shown 
+ 31 f o r PhPCl^phen , isomers may be detectable i n t h e P n.m.r. 

spectrum i n favourable circumstances. This would o n l y account 
f o r the two h i g h f i e l d peaks whose r e l a t i v e i n t e n s i t y does 
not change on a d d i t i o n o f p y r i d i n e . 

c i j 1 

Cl PY P^-O 
a / 1 c i / | 

py c i 
Isomers o f cat PCI y p y r i d i n e 

The d i f f e r e n c e o f s h i f t between the two isomers i s less 
than found w i t h PhPCl 3phen + (Chapter 3 sections 1 and 2) but 
the whole range o f s h i f t s i n catechyl phosphorus t r i c h l o r i d e 
complexes i s smaller than i n phenyltetrachlorophosphorane 
complexes ( c . f . s h i f t s o f PhPClg", PhPCl 4.py; c a t P C l 4 ~ , 
c a t P C l 4 . p y ) . 

« 
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The increase i n in t e n s i t y of the low f i e l d peak indicates 
that the species i s more favoured i n higher r e l a t i v e concentrations 
of pyridine. The peak may be assigned to the cationic species 
c a t P C l 2 p y 2

+ , formed by displacement of chlorine by pyridine, 
2py + c a t P C l 3 ——> catPClg.py + py ==i c a t P C l 2 p y 2

+ C l " 

The assignment of the peak i s confirmed by the s i m i l a r i t y of the 
s h i f t of c a t P C l 2 p y 2

+ SbCl g ( & 3 1 P + 124.8 ppm Chapter 5 
section 2 ( i i ) ) . Each spectrum shows only one peak assignable 
to the cation although the cation has several possible isomers. 

(c) Acceptor Properties towards Bidentate Pyridines 
When a 1:1 molar solution of 2,2*-dipyridyl and catechyl 

phosphorus t r i c h l o r i d e was made up i n nitrobenzene, two strong 
n.m.r. peaks were observed, one at about +119 ppm and the other 
peak further upfield. Over several hours the higher f i e l d 
peak moved upfield to +154.7 ppm. The two peaks were then of 
approximately equal area. The solution simultaneously deposited 
a yellow s o l i d . The reaction proceeded s i m i l a r l y i n methylene 
chloride with the molar r a t i o catPCl^/pyridine 1:1 and 2:1 
(Pig.33), the r e s u l t s of these being given below. 

TABLE 58 
3 1 P n.m.r. SHIFTS OF ( C ^ O 2 ) P C I ^ DIP YR IDYL 

SOLUTIONS IN METHYLENE CHLORIDE 
1:1 (C 6H 40 2)PCl 3/dipy 2:1 (C 6H 402>PCl 3/dipy 

Time 6 3 1 P Relative Time 6 3 1 P Relative 
area area 

11 hr 28 min +118.3 +133.9 36:64 ~30 min +118.7 +124.3 
12 hr 06 min +118.6 +141.8 "33 min +118.9 +127.1 42:58' 
!2 hr 48 min +118.8 +145.5 51.5:49.5 ~42 min +118.9 +131.8 41; 59 
3 hr 48 min +118.0 +147.5 «6l min +119.0 +137.1 
j5 hr 20 min +119.2 +150.0 59.5:43.5 63 min +118.8 +137.3 
6 hr 45 min +119.4 +150.8 2 hr 13 min +118.7 +143.1 47;52 

Av +118.7 - 3 hr 43 min +118.8 +145 +118.7 4 hr 48 
Av 

min +118.9 
+118.8 

+145.4 47:53 
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The peaks at 150,8/154.7 ppm may be attributed to s l i g h t l y 
dissociated catPCl 4~", and the peak at ~118 ppm to catPCl 2dipy +, 
This s h i f t i s s l i g h t l y different from that assigned to 
c a t P C l 2 p y 2

+ o This may be due to the l a t t e r ion being 
predominantly or e n t i r e l y i n the isomeric form containing 
trans pyridines, t h i s isomer being precluded from the dipyridyl 
complex because the ligand i s bidentate. Alternatively the 
s h i f t may be due to the s l i g h t l y different ligand nature of 
pyridine and dipyridylo 

•0 

A -
? — N 

CI 
CI \J 

Possible isomers of catPCl 2phen + and cat 2PCl 2dipy H 

The movement of the anion peak may be explained i n terms 
of a slow attack of dipyridyl on catechyl phosphorus t r i c h l o r i d e 
and rapid equilibration of catPCl^ with c a t P C l 4 ~ as previously 
found. 

° N — - - slow cc PC1 3 + dipy QT >d 2dipy + • 

rapid 
exchange 

1 
rapid 

* 

PCI 

Consider a time before reaction .has gone to completion with 
the 1:2 molar solution i n methylene chloride. Unchanged 
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c a t P C l 3 w i l l be present together with the product catPCl 2dipy + 

c a t P C l 4 " , N.m.r. peaks w i l l then be observed for catPCl 2dipy + 

and for c a t P C l 3 / c a t P C l 4 " i n rapid exchange. CatPCl 4~ i s i n equal 
concentration to cat P C l 2 d i p y + . The anion/neutral peak w i l l be 
greater i n i n t e n s i t y than the cation peak* As the reaction 
proceeds the cat P C l 2 d i p y + peak w i l l grow i n absolute intensity 
and remain at a constant s h i f t , whilst the catPCl^/catPCL^" 
peak w i l l decrease i n absolute intensity and slowly move to the 
s h i f t position for catPCl^". Unfortunately absolute intensity 
measurements could not be used r e l i a b l y since the s o l i d complex 
slowly precipitated. As the catPClj/catPCl^" peak moves upfield, 
however, i t does decrease i n r e l a t i v e i n t e n s i t y to the cation 
peak. After about 33 min the mobile peak i s at +127.1 ppm. 
I f the s h i f t for catPClg i s taken as +26.3 ppm, and catPCl 4~ 
as +157.3 ppm the mobile peak i s due to 76.9% cat P C l 4 ~ and 
23.1% catPCI^. Since there must be equimolar proportions 
of catPClgdipy and c a t P C l 4 present (assuming the l a t t e r 
ion does not dissociate appreciably i n t h i s system) the 
i n t e n s i t y r a t i o c a tPCl 2dipy + to catPCl 3 «=* catPCl 4"" w i l l be 
76.9:100 s 43.3:56.3. This i s an excellent agreement with 
that observed. 

The r e l a t i v e i n t e n s i t i e s of the 1:1 mixture are not so 
amenable to discussion since precipitation of a 1:2 complex 
w i l l increase the r a t i o of dipy:catPCl 3 remaining i n solution. 
The excess dipyridyl present may also make the solution 
formulation catPCl 2dipy +Cl"" more favourable than catPCl 2dipy + 

catPCl " + dipy. 
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During one run with catPClg/dipyridyl i n nitrobenzene 
a small but definite peak was found at +133.0 ppm. This 
could not be detected i n methylene chloride solution, but 
i s close to the position o f a probable peak i n the 1:1 
catPCl 3/phenanthroline solution i n nitrobenzene. Confirmation of 
the small peak was very d i f f i c u l t because of the i n s t a b i l i t y 
of concentrated solutions made i n s i t u , caused by slow 
precipitation of the complex (the hexachloroantimonate 
s a l t was s i m i l a r l y insoluble i n nitrobenzene)• I f the 
peak i s genuine i t may be attributed to the second isomeric 
form of catPClgdipy 4". Confirmation would only be possible 
by i s o l a t i o n of a more soluble s a l t , perhaps catPCl^dipy* A1C14~. 

CatPCl2dipy + catPCl^" was isolated as an orange powder 
from the n.m.r. tube containing stoichiometric quantities of 
re act ants i n methylene chloride* The i . r . spectrum below 

—1 — 
650 cm showed l i n e s attributable to catPCl^ as well as 
l i n e s assignable to catPCl2dipy +. With the r eaction i n 
nitrobenzene catPCl 2dipy + catPCl 4"". PhN02 was isolated. 
The compound hydrolysed slowly i n moist a i r and instan t l y 
on addition of water. The i . r , spectrum was id e n t i c a l with 
the unsolvated complex except for l i n e s at 153l(s), 1348(s), 
and 398 (w) cm attributable to nitrobenzene. 

TABLE 59 
I . r . SPECTRA 650-250 cm"1 catPCUdipy* ca t P C l 4 ~ 

catPCl 2dipy + c a t P C l 4 ~ 
624m, 542sh, 536sh, 526s, 517s, 504s, 474s, 458m, 450m, 
424s, 383m, 363m, 302w 
catPCl 2dipy + c a t P C l 4 ~ . PhN<>2 

647w, 626s, 602w, 547s, 537sh, 524s(br), 503m, 474s, 465s, 460s, 
448m, 423s, 398wJ 383m, 360sh, 352sh, 303w, 287w, 267w 

• PhN0o 
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31 + The s o l i d state P n.m.r. spectrum of catPClgdipy 
c a t P C l 4 ~ . PhN02 showed a single broad peak at +144.8 +, 3.0 ppra 
with no resolution apparent ( c . f . average s h i f t of catPCl 2dipy 
and catPCl 4"*, +138.2 ppm). 

A 1:1 solution of catechyl phosphorus t r i c h l o r i d e and 
1,10-phenanthroline behaved s l i g h t l y d i f f e r e n t l y . I n i t i a l l y 
only one peak was present, due to the cation. CatPCl 2phen + 

catPCl 4"~ was, however, completely formed after l e s s than 2 hours. 
After two hours the s h i f t s found were +118.8 and +156.6 ppm. 
As the cation peak did not decrease i n in t e n s i t y with growth 
of the anion peak, as would occur i f the reaction was 

2catPCl 3 + 2phen -* 2catPCl 2phen + C l ~ —• catPCl 2phen + catPCl 4~ + phen 
i t was thought that the anion peak was not i n i t i a l l y v i s i b l e 
because of broadening by the reaction. 

After several hours the spectrum was accumulated to detect 
any minor peaks. Peaks were found at +118.7, +129.9, +157.2 
and +194.4 ppm, the +157.2 peak being the most intense. The 
peaks at +118.7 and +157.2 can be attributed to catPCl 2phen + 

and c a t P C l 4 ~ respectively. The peak at +129.9 was only s l i g h t l y 
above noise l e v e l . I f genuine it.may be from the second 
isomer of catPCl 2phen +. 

The peak at +194.4 ppm must be cationic to make the sum 
of the areas of the c a t i o n i c species equal to that of the 
anion. I t i s assigned to PCl 4phen + produced either by 
disproportionation of catPCl 2phen + or from phosphorus 
pentachloride impurity i n the commercial sample used. 

CatPCl 2phen + catPCl 4~" was isolated from a methylene 

chloride solution of the stoichiometric amounts of reactants, 
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after leaving the solution s t i r r i n g overnight. This produced 
a very fine orange moisture-sensitive powder. The i . r . l i n e s 
ascribed to catPCl^" seem s l i g h t l y displaced compared with 
other s a l t s of t h i s ion. 

TABLE 60 
I . r . SPECTRUM catPCl 2phen + c a t P C l ^ 650-250 cm-"1 

634m, 621s, 6l3w, 596w, 570sh, 568m, 547s, 513s, 492s, 
478s, 468m, 456m, 447s, 438s, 426s, 376m, 358w, 343w, 
298w 

3 l 
The s o l i d P n.m.r. spectrum showed a single symmetrical 

l i n e centred at +146.6 ppm with perhaps slig h t resolution of 
the two constituent peaks (Pig.34). 

A number of n.m.r. tubes which precipitated s o l i d s produced 
a lower layer of orange c r y s t a l s and an upper layer of smaller 
l i g h t yellow c r y s t a l s . I t was hoped that these might be due 
to se l e c t i v e c r y s t a l l i s a t i o n of different isomers. For 1:1 
catPCl^/dipyridyl i n methylene chloride each layer was separately 
i s o l a t e d . Both layers turned bright yellow i n a nujol mull, 
however, and gave i . r . spectra i d e n t i c a l to that of the 
previously i s o l a t e d catPClgdipy* catPCI 4~. 

(d) Other Work 
Catechyl phosphorus t r i c h l o r i d e , being very soluble i n 

common solvents, and also having strong co-ordination 
c h a r a c t e r i s t i c s , i s i d e a l l y suited for the investigation 
of co-ordination of ligands to phosphorus ( v ) . The s h i f t s 
of the unco-ordinated phosphorane i n hexane and benzene 

62 
are +25.7 and +26.4 ppm respectively • Any large positive 
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s h i f t from these values on addition of a ligand would be 
indica t i v e of co-ordination. 

The phosphorane was dissolved separately i n the potential 
donor solvents diethyl ether, tetrahydrofuran, and 
tetrahydrothiophene. The phosphorane was extremely soluble 
i n each solvent. To distinguish possible small s h i f t s from 
co-ordination the solutions were diluted and rerun. I f 
co-ordination occurs the peak w i l l move to higher f i e l d with 
the larger excess of donor molecules. The r e s u l t s are shown 
i n Table 61. 

TABLE 61 
S 3 1 P c a t P C l 3 IN POTENTIAL DONORS 

Solvent 
E t 2 0 +26.7 (~ sat) 
Tetrahydrofuran +27.9 ( ^ s a t ) +28.3 ("•S-p) +27.9 jsatJ 

8 
Tetrahydrothiophene +30.2 (~ sat) +31.7 («/ sat) +33.1 (~ s a t ! 

2 I T 

Approximate concentration i n brackets 

A l l the solutions contained a single peak. The diethyl ether 
and THP solutions have very similar s h i f t s throughout to those 
found with non co-ordinating solvents, so that no co-ordination 
seems to occur. With tetrahydrothiophene, however, art 
upfield s h i f t does occur which increases with increasing 
d i l u t i o n . Some co-ordination would then seem to be occurring. 

c a t P C l 3 + s ^ j ^ <: — c a t P C l 3 . S ^ ^ 
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The co-ordination of sulphur but not oxygen i s indicative of 
c l a s s b behaviour, as found with arsenic and antimony (v) species 
and as indicated by phosphorus pentafluoride i n i t s preferential 

267 
co-ordination of trimethylphosphine to trimethylamine • I t 
has, however, been suggested that phosphorus(v) i s a non-b 

266 
acceptor • 

The solutions were not investigated over long periods to see 
whether slow attack on the ligand takes place (Tetrahydrothiophene 
reacts with P C l 5 to produce PClg as i s shown by the single 
n.m.r. peak i n neat tetrahydrothiophene at -213.5 ppm. The 
ligand also immediately reacts with PC1 4

+ SbCl g~ i n nitrobenzene 
to produce a yellow s o l i d containing no phosphorus. This 
decomposes at room temperature but i s stable at -15°C. I t s 
n.q.r. spectrum of a single l i n e at 24.44 MHz, S/N 2.25:1, 
suggests the structure SbClg. tetrahydrothiophene, the other 
l i n e expected being below noise l e v e l , but the analyses 
C, 17.69; H,3.49; Cl,46.4; S,17.53 do not correspond to any 
simple formula). Attack would perhaps take place more slowly 
than with P C l 5 and PC1 4

+ SbClg" due to the lower chlorinating 
power of c a t P C l 3 , shown by PC1 5 quickly and quantitatively 
oxidising catPCl to catPCl^ with the concomitant reduction 
of PC1 5 to PC1 3. The large s o l u b i l i t y of catPCl^ enables 
31 

P n.m.r. signals to be obtained on a single scan of the 
spectrum so that spectra could be obtained even with unstable 
solutions. This i s a further advantage over PClg which i s 
r e l a t i v e l y sparingly soluble i n most solvents. Detection 
i s also hindered with PC1 5 since more than one species may 
be present i n solution* 
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The use of c a t P C l 3 to study co-ordination properties 
seems very favourable. Systems which may be usefully studied 
i n future would be catPCl^ i n , for example, trimethylamine, 
dimethylformamide, and tetramethylurea. 

(e) Experimental 

Saturated solutions of 1.929g (7.859 mmole) ca t P C l 3 and 
2.627g (7.863 mmole) tetrapentylammonium chloride i n carbon 
tetrachloride were mixed with s t i r r i n g . After leaving to 
s e t t l e , a viscous yellow layer formed on the top of the clear 
l i q u i d . The top layer was pipetted off and pumped down under 
vacuum to produce a pale yellow s o l i d . 
Y i e l d * 2.607g = 57.2% as <C 5H a l> 4N + c a t P C l 4 " 
Analyses: Found C,53.62; H,7.83; N,3.27; P,5.74; Cl,24.82. 
( C 5 H a l ) 4 N + c a t P C l 4 ~ requires C,53.88; H,8.36; N,2.42; P,5.34; 
Cl,24.47. 

( C 3 H ? ) 4 N + c a t P C l 4 " 

2.133g (8.690 mmole) c a t P C l 3 and 1.994g (8.987 mmole) 
tetrapropyl ammonium chloride were individually dissolved i n 
approximately the minimum quantity of methylene chloride. The 
c a t P C l 3 solution was added to the (C 3H 7) 4N + C l ~ solution. 
The r e s u l t i n g solution turned dark red, then orange i n a very 
exothermic reaction. As the solution cooled a bright yellow 
s o l i d separated. The solution was l e f t for l£ hours and the 
s o l i d then f i l t e r e d , washed with 30/40 pet ether, and dried 
at the pump (the pet ether was, however, found to make the 
so l i d cake together). 
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Y i e l d = 1.087g » 26.8% as prop 4N + catPCl 4~ 
Analyses: Pound C,47.10; H,6.81; N,3.03; P,6.53; Cl,29.73. 
Prop 4N + c a t P C l 4 ~ requires C,46.26; H,6.92; N,3.00; P,6.63; 
CI,30.35 

The s o l i d did not mull very well u n t i l i t had also been 
dried under vacuum. 
P h P C l 3

+ c a t P C l 4 ~ 

3.371g (13.47 mmole) PhPCl 4 and 3.258g (13.27 mmole) 
c a t P C l 3 were each separately dissolved i n the minimum quantity 
of methylene chloride. The cat PCI 3 solution was dripped into 
the PhPCl 4 solution with s t i r r i n g . A bright yellow precipitate 
formed with a s l i g h t evolution of heat. The solution was l e f t 
for a few minutes and then the so l i d was f i l t e r e d , washed with 
30/40 pet ether and dried at the pump to give a bright yellow 
fine powder. 
Y i e l d m 4.424g * 67.3% as PhPCl 3

+ catPCl 4~ 
Analyses: Pound C,27.96; H,1.84; P,11.66; Cl,51.52. 
P h P C l 3

+ c a t P C l 4 " requires C,29.09; H,1.83; P,12.51; Cl,50.11. 
CatPCl 2dipy + c a t P C l 4 ~ . PhN02 

1.095g (7.010 mmole) dipyridyl and 3.441g (14.02 mmole) 
c a t P C l 3 were dissolved together i n the minimum quantity of 
nitrobenzene to produce a clear yellow solution. The solution 
was s t i r r e d overnight and then l e f t a further day, by which 
time i t had become a s o l i d mass. The s o l i d was f i l t e r e d , 
washed with a l i t t l e nitrobenzene and methylene chloride and 
dried at the pump giving a bright yellow dry powder with a 
reddish tinge. Each time the s o l i d was mixed with solvent 
the tinge disappeared only to reappear on drying. 
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Y i e l d « 3.632g » 67.356 as catPCl 2dipy + c a t P C l 4 ~ . PhN02 

Analyses; Pound C,43.92; H,3.98; N,5.34; P,8,3; CI,29.32; 
d i p y r i d y l , 19.6. 
CatPCl 2dipy + c a t P C l 4 ~ . PhN02 requires C,43.66; H,2.76; N,5.46; 
P,8.04; CI,27.62; d i p y r i d y l , 20.28 
CatPCl 2dipy + c a t P C l 4 " 

0.283g (1.81 mmole) dipyridyl and 0.891g (3.63 mmole) 
catPCl^ were dissolved together i n the minimum quantity of 
methylene chloride. The solution was kept at n.m.r. temperature 
(34.2°C) for several hours, by which time the solution had 
become a s o l i d bright orange mass. The s o l i d was separated, 
washed with 30/40 pet ether and dried at the pump. 
Y i e l d «* 0.829g - 70.8% as catPCl 2dipy + c a t P C l 4 " 
Analyses: Pound C,41.00; H,3.33; N,4.35; P,9.09; CI,33.83. 
CatPCl 2dipy + c a t P C l 4 ~ requires C,40.83; H,2.50; N,4.33; P,9.58; 
CI,32.88. 

CatPCl 2phen + c a t P C l 4 " 

3.236g (13.18 mmole) c a t P C l 3 and l.l23g (6.231 mmole) 
1,lO'-phenanthroline were each dissolved i n small quantities 
of methylene chloride. The two solutions were mixed. On 
s t i r r i n g the r e s u l t i n g solution overnight an orange precipitate 
formed. The s o l i d was then f i l t e r e d , washed with 30/40 pet ether 
and dried at the pump producing a fine orange powder. 
Y i e l d * 3.871g = 99.2% as catPCl 2P hen +

 C a t P C l 4 ~ . 
Analyses: Pound C,42.31; H,2.20; N,4.23; P,9.06; Cl,31.80. 
CatPCl 2phen + catPCL 4~ requires C,42.95; H,2.41; N,4.17; 
P,9.23; Cl,31.70. 
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2. Acceptor Properties of the Catechyl Bischlorpphosphonium Cation 

( i ) Introduction 
S a l t s containing the catechyl bischlorophosphonium ion, 

have not previously been synthesised. The hexachloroantimonate 
was prepared by addition of antimony pentachloride to catechyl 
phosphorus t r i c h l o r i d e i n methylene chloride (Chapter 2 section 1 
( i i ) h ) . I t s extreme s e n s i t i v i t y to moisture has been described 
i n Chapter 2 section l ( i i ) h , the compound hydrolysing within 
seconds when exposed to the glove box atmosphere, and within 
days even i n a stoppered container. With the complete exclusion 
of moisture the compound i s probably stable. 

The extreme s e n s i t i v i t y of catPClg* SbCl^" to moisture 
may be explained by the phosphorus bearing a positive charge 
and being co-ordinatively unsaturated , thereby being very open 
to nucleophilic attack. The phosphorus i s further exposed by 
the benzene ring holding back the two oxygen atoms. This i s 
shown by the even greater s e n s i t i v i t y of the bis catechyl 
phosphonium cation (Cgl^Og^P*! and the r e l a t i v e i n s e n s i t i v i t y 
of PC1 4

+ SbClg" which may be handled by conventional glove box 
techniques without d i f f i c u l t y . 

31 
The s o l i d state P n.m.r. of the compound showed a sharp 

peak at -71.7 ppm, confirming the four co-ordinate nature of 
the phosphorus. The sharpness of the peak once again shows the 
narrowness and ease of detection of four co-ordinate phosphonium 
species. The s a l t was re a d i l y soluble i n nitrobenzene. An 
unstable solution was formed, presumably due to slow attack 

31 
on the solvent. A P n.m.r. peak was found at -77.1 ppm, 
however. The solution i n phosphoryl chloride was more stable 

00 PCI 
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and produced a P n.m.r. peak at -77.8 ppm. Over a period of 
days the solution became dark purple. After a fortnight peaks 
of equal i n t e n s i t y were found at -77.0 and -66.3 ppm. The 
assignment of the l a s t peak i s not known. Prom i t s s h i f t the 
species would appear to be four-co-ordinate. 

35 
The Cl n.q.r. spectrum of the s o l i d showed intense l i n e s 

at 30.047 and 31.725 MHz attributable to catPCl*-. 
TABLE 62 Cl n.q.r. SPECTRUM OF ( C ^ Q j P C U * SbClg" 

V ( C l ) MHz S/N Assignment 
••18.98 2:1 37 Cl 
-»19.96 2:1 37 Cl 
4 24.07 12.5:1 35 Cl SbClg" 
24.20 7:1 35 Cl SbCl g~ 
24.42 5 3.5:1 35 Cl SbCl 6" 

-»25.025 3.5:1 37 Cl 
-+25.36 7:1 35 Cl SbClg" 

30.047 12:1 35 Cl c a t P C l 2
+ 

/ -4 31.725 11:1 35 C l cat PCI 2
+ 

The two l i n e s for c a t P C l 2
+ are separated by 1.678 MHz, 

which i s surprising i n view of the expected C 2 v symmetry of 
cation. The highest frequency l i n e attributable to SbClg" 
i s also much higher than normal for t h i s ion. Thus interaction 
of one of the antimony chlorines with the phosphorus cation 
may be occurring, thereby distorting the structure and 
making the cation chlorines inequivalent. 
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The i . r . spectrum of the compound i s given below. Since 
the compound turned bright yellow on addition of nujol, i t may 
have already reacted, 

' TABLE 63 

I . r . SPECTRUM catPCU* SbCl c~ 650-300 cm"1 Fast Run 

636s, 593w, 566m, 423s, 417w, 397w, ^360sh, ~330sbr 

The l i n e at ~330 cm"1 i s attributable to SbCl g". The 
—1 

strong 636 cm P-Cl absorption i s at higher frequency than 
those found i n catPCl^ (Table 55) as would be expected from 
cation formation. 

A l l reactions involving the s a l t were performed as quickly 
as possible. Ligands were i n i t i a l l y mixed with nitrobenzene 
and the c a t P C l 2

+ SbClg" dissolved i n t h i s so that co-ordination 
would occur before c a t P C l 2

+ SbClg" had time to decompose. The 
adducts formed were found to possess no exceptional s e n s i t i v i t y 
to moisture. 
( i i ) Acceptor Properties 

A 1:2 molar r a t i o solution of c a t P C l 2
+ SbClg" and pyridine 

made up i n nitrobenzene produced a clear yellow stable solution. 
A single peak was found at +124.8 ppm, attributable to 
c a t P C l 2 p y 2

+ . This i s very close to the +125.5 ppm signal 
found i n catPCl^/pyridine systems. The single peak may 
be due either to a rapid equilibrium between the possible 
isomers, or to a single isomer being present i n solution. 
I f the l a t t e r explanation holds the s h i f t would perhaps 
suggest a trans configuration for the two pyridines, the 
s h i f t being somewhat different from that found with bidentate 
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pyridines (Chapter 5 section l ( i i ) c ) . 
py 

Cl 
Cl 

py 
Trans co-ordination i s precluded with these ligands because 
of t h e i r b i dent ate s nature. 

After two months a small peak was v i s i b l e at +134.8 ppm, 
while the major peak had moved s l i g h t l y to +125.4 ppm. The 
probable assignment of the small peak i s to catPCl^.py, 
indicating a slow reaction 

O0 P C 12 P Y2 + S b C 1 6 ~ * QvPCl3*Py
 + S b C 1 5 - p y ' 

although the peak i s s l i g h t l y removed from the position of 
cat PCI ̂py i n nitrobenzene. Further work would thus seem 
necessary to confirm the assignment. 

On dissolving 2,2 ,-dipyridyl or 1,10-phenanthroline 
i n nitrobenzene and adding catechyl bischlorophosphonium 
hexachloroantimonate, bright yellow precipitates were 
immediately formed. A yellow s o l i d was is o l a t e d from a 
1:1 c a t P C l 2

+ SbClg~/dipyridyl solution. A second sample 
was s i m i l a r l y i s o l a t e d except that before i s o l a t i o n , the 
solution was kept at n.m.r. temperature for several hours. 
The i . r . spectra from the two samples were identical.On 
storing under nitrogen green spots appeared i n the f i r s t 
sample, and the bulk of the powder slowly turned yellow-
green. This colour change did not, however, occur with the 
second sample. 
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The i . r . spectra of the samples showed l i n e s at ~1531(sh) 
*i 1 and 1347(s) cm (but not at 852 cm ) indicative of a 

nitrobenzene solvate, as well as a line attributable to the 
hexachloroantimonate ion. The analyses corresponded approximately 
with the formula catPCl 2dipy + SbClg". 3/4PhN02 although the 
amount of nitrobenzene could not be determined exactly. Many 
of the l i n e s i n the i . r , spectrum below 660 cm were i n similar 
positions to those found i n catPCl 2dipy + catPCl 4"". The 
s i m i l a r i t y of the positions would suggest that the same 
isomer of catPCl 2dipy + i s present i n the two s a l t s , 

TABLE 64 
I . r . SPECTRUM 

catPCUdipy* SbCl c~. 3/4PhNO= 

(Second Sample) 650-250 cm"1 

627m, 543m, 532w, 509s, 457m, 452m, 420s, 383m, 342w 

On exposure of the second sample to air l i t t l e change 
occurred, the s o l i d gradually becoming paler, but not becoming 
a viscous l i q u i d . On addition of water the compound did not 
dissolve, but once again there was a sligh t colour change. 
This i s i n contrast to catPCl 2dipy + catPCl 4~. PhN02, which 
slowly hydrolyses i n moist a i r , and again i l l u s t r a t e s the 
s t a b i l i t y of the hexachloroantimonate s a l t s produced i n t h i s 
work. 
( i i i ) Experimental 
CatPCl 2dipy + SbClg". 3/4PhN02 

F i r s t method 
1.070g (6.850 mmole) 2,2 ,-dipyridyl were dissolved i n a small 

amount of nitrobenzene and t h i s was added to 3.708g (6.810 mmole) 
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white c a t P C l 2
+ SbClg"", with s t i r r i n g . There was an immediate 

yellow colouration and a very exothermic reaction, A l i t t l e 
more nitrobenzene was added and the mixture s t i r r e d for a 
few minutes. The s o l i d was f i l t e r e d , washed with methylene 
chloride and 30/40 pet ether, dried at the pump, and then 
under vacuum. 

Y i e l d - 4.814g = 89,1% as catPCl 2dipy + SbClg". 3/4PhN02 

Analyses: Pound (whilst s t i l l yellow) P,5.1; Cl,34.73 
Second method 

The method was similar to that above, using 0.166g 
(1.06 mmole) dipyri d y l , and 0.575g (1.06 mmole) c a t P C l 2

+ SbClg"", 
but the solution was kept for several hours at n.m.r. temperature, 
then at room temperature for several days, before i s o l a t i o n of 
the complex. 

Analyses: Pound C,30.04; H,2.42; N,4.61; P,4.11; Cl,34.6 
c a t P C l 2 d i p y + SbCl g". 3/4PhN02 requires C,31.05; H,2.01; 
N,4.86; P,3.91; Cl,35.77. 

3. Acceptor Properties of Biscatechylphosphorus monochloride 
• (2~chloro-2.2 l-spirobi-[l.3.2~benzodioxaphosphole] ) 

( i ) Introduction 
Biscatechyl phosphorus monochloride was f i r s t prepared by 

258 62 Anschutz . This work was reinvestigated by Ramirez , but 
the compound has otherwise been l i t t l e studied. I t i s formed 
by reaction of catechyl phosphorus t r i c h l o r i d e with boron 

268 3.34 t r i f l u o r i d e or catechol and by reaction of phosphorus 
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pentachloride with 2-ethoxy-4,5-benzodioxolane or catechol 
the l a t t e r route being the most convenient preparation of the 
compound. Anschutz also i s o l a t e d a dimeric form of the compound 

G2 
but t h i s could not be repeated by Ramirez • 

Although no adducts of biscatechyl phosphorus monochloride 
have been previously reported, a number of 6 co-ordinate anionic 
species are known, of the general formula catgPR^Rg"*! w n e r e 

R^ = organic group and R2 « organic group, or H (Appendix l ) . 
The catgP + framework i s thus useful for building up s i x 
co-ordinate species. 

31 
Biscatechyl phosphorus monochloride has a P n.m.r. 

2*10 2S8 s h i f t of +9.7 ppm i n chloroform , +10.5 ppm i n benzene , 
62 

and +9.4 ppm i n methylene chloride • 
I n t h i s work s h i f t s were determined as +10.0 ±0,3 ppm i n 

methylene chloride and + 10.5 ,+ 0.3 ppm i n nitrobenzene. The 
compound i s moderately soluble i n these solvents, producing 
31 

P n.m.r. peaks c l e a r l y v i s i b l e on a single scan. 
31 

The compound gave a single solid state P n.m.r. peak 
at +2.9 +, 12 ppm, i n reasonable agreement with the solution 
values. I t gave a single l i n e i n the n.q.r. spectrum at 
27.25 MHz. Comparison with the spectrum of catechyl phosphorus 
t r i c h l o r i d e (27.841 ax, 31.233, 31.761 eq) suggests a trigonal 
bipyramidal structure with one axi a l chlorine. Although, i t 
has been suggested that 5 membered rings containing O-P-0 
bonds are l e s s strained with O-P-0 angles of 90° than with 
120° angles 2 69,270 the second catechyl group occupies an 
equatorial-equatorial position. 



Fig35 V .chemical shift of (C5HU)4N+Cr/ 
(CeHA^PCl solutions in nitrobenzene 

ion 
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Complete hydrolysis of biscatechyl phosphorus monochloride 
259 

produces catechol and phosphoric acid • P a r t i a l hydrolysis 
l i k e l y to occur from traces of moisture i n solution has not 

31 
been studied. Small peaks i n the P n.m.r. spectra of the 
crude material were found at +31.4 ppm i n nitrobenzene solution 
and +31.1 ppm i n methylene chloride solution. These s h i f t s 
are very similar to those obtained from catgPOH isolated by 

217 « 31 
Nisbet ( o P = +31.8 ppm). Because the p a r t i a l hydrolysis 
product i s i t s e l f f i v e co-ordinate and a possible acceptor the 
star t i n g material was usually r e c r y s t a l l i s e d from dry benzene/ 
hexane ( c . f . .Ref.62). The concentration of hydrolysis impurity 
was considerably lowered by t h i s process. 

Biscatechyl phosphorus monochloride was prepared by the 
optimum method of Ramirez et a l (Chapter 2 section l ( i i ) d ) . 
( i i ) Present Work 

(a) Acceptor, Properties towards Chloride Ions 
31 

The addition of chloride ions moved the P n.m.r. peak 
of the phosphorane upfield, showing formation of a s i x co-ordinate 
species i n rapid equilibrium with the parent compound. The 
r e s u l t s for various molar r a t i o s are given below and are 
plotted on Fig.35. 
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TABLE 65 
31 b 1 P FOR c a t J P d / ( C H ^ ) ,N* C l " SOLUTIONS IN NITROBENZENE 5"11'4 
Molar Ratio % adduct formation Shift c a t ^ P C l / C C H ^ ) , ^ Cl 5"11'4 
1:1.03 +52.9 76.0 
1:1.973 +65.6 98.7 
1:3.242 +66.1 99.7 

From Fig.35 a l i m i t i n g s h i f t of approximately +66.3 ppm 
maybe derived with a probable extrapolation error of l e s s 
than 1 ppm. A solution containing equimolar quantities of 
reactants would then be 74.3% associated. This i s very 
similar to the degree of association of PhPCl,." under similar 
conditions (Chapter 4 section l ( i i ) ) , r e f l e c t i n g very similar 
acceptor properties of PhPCl 4 and catgPCl towards chloride 
ions. The degree of association i s , however, somewhat l e s s 
than that of catPCI 4~ under similar conditions showing a 
lowering of the acceptor properties towards chloride ions 
by the substitution of a second catechyl group into phosphorus 
pent achloride• 

Although no hydrolysis peaks were v i s i b l e i n the spectra, 
the spectrum of the parent c a t 2 P C l i n nitrobenzene showed 
a hydrolysis peak 10.4% of the i n t e n s i t y of the unhydrolysed 
peak. This has not been taken into account i n the above 
calculations. 

Although the l i m i t i n g s h i f t i s more positive ,than that of 
the parent compound i t i s very low for a s i x co-ordinate species. 
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The substitution of only two chlorines of P C l g ~ by a catechyl 
group lowers the s h i f t from +296 to +159 ppm, however, and the 

p e c 

s h i f t of the t r i s c a t e c h y l phosphate anion i s +82 ppm • 
The r e l i a b i l i t y of the limiting s h i f t i s supported by the 3 1 P 
s h i f t of the s o l i d adduct (+69.3 +_ 2.3 ppm). The s h i f t s of the 
pyridine, dipyridyl and phenanthroline adducbs are also of the 
same order of magnitude (Chapter 5 sections 3 ( i i ) b and c ) . 
CatgPClg" has the lowest s i x co-ordinate s h i f t yet found and 

31 
r e f l e c t s the c o n s t r i c t i o n of the range of P co-ordination 
s h i f t s caused by substitution of catechyl groups ( c a t 2

p has a 
high s h i f t for a 4 co-ordinate cation). The constriction of 
s h i f t ranges of compounds containing P-0 bonds i s supported 

271 272 
by protonation studies of PaO compounds ' • These 
compounds protonate on the oxygen producing a downfield 
s h i f t , ascribed to a reduction of the electron density around 
the phosphorus. This s h i f t i s progressively reduced as the 
number of oxygens increase. 
e.g. S 3 1 P Ph3PO -27 ppm Ph 3P0H + v -60 & 33 ppm 

H 3P0 4 0 P(OH) 4
+ - 2 A 2 ppm 

The oxygen seems able to delocalise charge from phosphorus. 
I t i s d i f f i c u l t to see how t h i s occurs with a s i x co-ordinate 
species, however^ 

Tetrapentylammonium biscatechylbischlorophosphate, 
(CgH^) 4N catgPClg", was prepared by fusing the components 
together at 140°C then quickly cooling the melt. This 
produced a fawn moisture-sensitive so l i d , the i . r . spectrum 
of which showed no peaks attributable to free c a t 2 P C l . A 
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broadish P s o l i d state n.m.r. line was found at +69.3 + 2.3 ppm 
(Pig.36)o There was also a narrow "solution" peak at +83.6 ppm. 
This i s presumably due to the anion although the s h i f t i s somewhat 
higher than predicted here. Unfortunately no l i n e s could be 
found i n the n.q.r. spectrum. The number of l i n e s might have 
given an indication of the stereochemistry of cat2PCl2~ i n the 
s o l i d s t a t e . The i . r . spectrum of the s o l i d gave absorptions 

— l 
below 650 cm as shown below. 

TABLE 66 
I . r . SPECTRUM ( C = H 1 1 ) 4 N + catJPCLT 650-350 cm"1 

639s, 636s, 617w, 546sh, 539s, 494s, 470s, 426s, 
c.f. c a t 2 P C l 
624m, 587s, 576s, 563sh, 550sh, 540w, 530s, 507w, 
483w, 468s, 432s, 423sh, 397w, 360m 

The preparation of (CgH^^N* catgPClg"" was also attempted 
by slow evaporation of methylene chloride solvent under vacuum 
at -20 to -30°C. This produced a white s o l i d , but extra l i n e s 
were v i s i b l e i n i t s i . r . spectrum at 627m, 588m, 576m, 563m, 
470w cm"1 attributable to unreacted catgPCl. Presumably, i n 
order to produce purer samples by t h i s method, lower temperatures 
and a slower rate of evaporation of the solvent w i l l be needed. 

(b) Acceptor Properties towards Pyridine 
When a methylene chloride solution of biscatechyl phosphorus 

monochloride and pyridine was prepared containing a very slig h t 
31 

excess of pyridine the P n.m.r. spectrum showed a large peak 
at +80.7 ppm, and a much smaller one at +101.0 ppm. When the 
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solution was made up with a 1:2 molar r a t i o of cat 2PC1:pyridine 
the l i n e s were of approximately equal in t e n s i t y . With a 1:3 
molar r a t i o the high f i e l d l i n e had about twice the intensity 
of the low f i e l d l i n e . (Pig.37). 

TABLE 67 
S 3 1 P FOR cat 2PC1/PYRIDINE SOLUTIONS IN NITROBENZENE 

SPc!/py° R e v i v e area 

1:1.1 80.7 101.0 100:17.0 
1:2.4 84.7 100.9 100:106.7 
1:3.1 85.4 101.3 100:174.3 

CatgPCl.py can e x i s t i n two isomeric forms, but the two 
signals would not seem to be due to t h i s . Although a s h i f t 
difference of about 20 ppm would not be unreasonable for two 
isomeric forms, such a large difference i n the r e l a t i v e amounts 

t 

of the isomers with change of the r e l a t i v e amounts of 
constituents would not be expected. Moreover, from studies 
of c a t 2 P p y 2

+ SbClg" the chemical s h i f t of c a t 2 P p y 2
+ was found 

to be +101.7 ppm (Chapter 5 section 4 ( i i ) ) . I t thus appears 
that both 1:1 (neutral) and 2:1 (ionic) adducts are formed 
i n the system. 

cat 2 P C l +py ^ catgPCl.py +85 ppm 

excess 
py 

c a t 2 P p y 2
+ C l " +100 ppm 



so 7a so no ppm 

Fig38 31P nmr. spectrum of {C6HA02)2 PCI + . 

dipyridyl (1:1 molar ratio) in nitrobenzene 

af ter four days. 94 scans 
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The r e l a t i v e s h i f t positions of the species are opposite to 
those found i n previous systems, the cationic species usually 
having a lower s h i f t than the related neutral species. This i s 
discussed i n Chapter 6 section 2. 

Only single l i n e s were v i s i b l e for each of the two species 
present. Thus either only single isomers for each species occur 
i n solution, or there i s rapid exchange between the various 
isomers. 

This system provides the f i r s t unequivocal example of 
a pyridine being a strong enough ligand to displace a chloride 
ion when excess of the pyridine i s added. I t occurs to a very 
minor extent with catechyl phosphorus t r i c h l o r i d e . When 
phosphorus pentachloride i s dissolved even i n neat pyridine 
the 1:1 adduct i s the sole product. 

(c) Acceptor Properties towards Bjdentate Pyridines 
When f i r s t prepared, 1:1 solutions of dipyridyl or 

phenanthroline with biscatechyl phosphorus monochloride i n 
nitrobenzene gave l i n e s only s l i g h t l y displaced from that of 
the parent phosphorane P +16.7 ppm for dipyridyl, +14.9 ppm 
for phenanthroline after ~6 hours). After four days, the 
spectrum of the catgPCl/dipyridyl system had changed, showing 
peaks at +52,0 and +95.4 ppm i n the approximate intensity 
r a t i o 43.4:100 (Pig.38). After 6 days, however, the phenanthroline 
solution s t i l l gave a single l i n e , now at +17.7 ppm. 

From solution studies of the hexachloro ant intonate s a l t s 
the s h i f t s of cat 2P +dipy and c a t 2

p + phen are +93.4 and +89.9 ppm 
respectively. The high f i e l d peak i n the cat 2PCl/dipy solution 
i s thus ascribed to cat 2P +dipy. I t i s then reasonable to assume 
that the low f i e l d peak i s due to cat 2PCl + C l " cat 2PCl ". 
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As t h i s peak i s somewhat lower i n i n t e n s i t y than that due 
to the cation, the adduct i n solution when equimolar quantities 
of reagents are present appears to l i e between cat 2Pdipy + C l " 
and c a t 2

p d i p y + cat 2PCl 2"". Presumably when there i s a 1:2 molar 
r a t i o of cat 2PC1:dipyridyl cat 2Pdipy + cat 2PCl 2"~ w i l l be preferred 
to a greater extent. 

The solution data i s once again consistent with only slow 
displacement of a chloride ion by a bidentate pyridine 
( c . f . Chapter 4 section l ( i v ) , Chapter 5 section l ( i i ) c ) . The 
s l i g h t l y higher than normal s h i f t of c a t 2

p C l i n the i n i t i a l 
solutions may suggest that the reaction proceeds v i a very 
weak monodentate co-ordination of the ligand. Because of the 
more f l e x i b l e nature of 2,2*-dipyridyl the intermediate would 
be l e s s s t e r i c a l l y hindered than with the completely r i g i d 
1,10 - phenanthroline • 

/ I 
/ 0 

/ J ^ 
o—"P — 0 ) + dipy 

I N N CI 
N N N OX) ci 

+ c i " 

When there i s no s t e r i c b arrier to formation of the neutral 
complex, with pyridine, displacement of a chloride ion takes 
place within minutes. Dipyridyl and phenanthroline complexes 
prepared d i r e c t l y from the hexachloroantimonate s a l t , where 
no chloride ion displacement i s necessary, were formed 
immediately. 
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When a 2:1 molar r a t i o of cat 2PCl:dipyridyl was mixed 
i n methylene chloride, a yellow powder precipitated after 

31 
several days. I t gave a s o l i d state P n.m.r. signal at 
+100.6 +, 5 ppm, suggestive of the 1:1 adduct. The compound 
i s a i r stable and does not react on addition of water suggesting 
the absence of catgPCl,,"". Elemental analyses did not, however, 
c l e a r l y distinguish between the 1:1 and 1:2 adducts. 

. Unless the reaction between biscatechyl phosphorus 
monochloride and phenanthroline can be speeded up by heating 
without decomposing the complex the best possible route to i t s 
future i s o l a t i o n may be by a metathetical reaction between i t s 
r e a d i l y formed hexachloroantimonate and a t e t r a a l k y l ammonium 
chloride. 

(d) Experimental 

"VWX c a t 2 P C l 2 -
1. Free from st a r t i n g materials 

2.448g (8.661 mmole) catgPCl and 2.897g (8.671 mmole) 
(CgH^)^N + C l ~ were intimately mixed i n the s o l i d state. The 
mixture was then rapidly heated to 140°C to produce a yellow-brown 
viscous melt. With continuous swirling the l i q u i d was then allowed 
to cool to produce a d i r t y yellow wax-like s o l i d . 
Y i e l d = 4.923g = 92. 1% as (CgH^^N* c a t 2 P C l 2 " 
Analyses: Found C,19.96; H,2.66; N,4.48; P,4.33; Cl,50.85. 
( C 5 H i a ) 4 N + c a t 2 P C l 2 ~ requires C,20.78; H,2.04; N,4.04; P,4.47; 
CI,51.12. 
2. By low temperature evaporation 

2.062g (7.295 mmole) catgPCl and 2.447g (7.324 mmole) 
^ C 5 H ^ 4 N + C l ~ were dissolved i n su f f i c i e n t methylene chloride 
so that the solution could be cooled to -30°C without producing 
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c r y s t a l l i s a t i o n . The solution was kept at -30°C for a few 
minutes. The solvent was then removed under vacuum, keeping 
the temperature between -20 and -30°C, to produce a white 
s o l i d . The i . r . spectrum (Chapter 5 section l ( i i ) a ) showed, 
however, that the product was contaminated with starting 
material. 
Cat 2Pdipy + C l ~ 

2.5l0g (8.880 mmole) r e c r y s t a l l i s e d catgPCl were dissolved 
i n the minimum quantity of 1,2-dichloroethane. 0.694g (4.44 mole) 
dipyridyl was then dissolved i n t h i s to produce a yellow solution, 
which after one hour had become golden. The solution was s t i r r e d 
for several days. The s t i r r i n g kept the solution temperature 
s l i g h t l y above room temperature. After one day the solution had 
a reddish tinge, and after two days a precipitate had formed. 
The solution was allowed to cool, the precipitate f i l t e r e d , 
washed with 30/40 pet ether, and dried at the pump to produce 
a canary yellow powder. 
Y i e l d «= 1.047g 

The a n a l y t i c a l data was poor and did not distinguish between 
the formulations catgPdipy* C l ~ and catgPdipy* catgPClg*". I n 
addition the chlorine analyses were far higher than either 
formula indicated. Dipyridyl group analysis was also 
unsuccessful. The complex did not dissolve i n cold water. 
After heating, on addition of the ferrous s a l t no deep colour 
formed presumably because of decomposition of the ligand. 
Although the s o l i d dissolved i n acetone, neither t h i s , nor the 
dipyridyl standard produced a measurable colour i n t h i s solvent. 
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Analyses: Pound C,53.39; H,5.38; Nf5.54; P,7.08; CI,16.02. 
Cat 2Pdipy + C l " requires C,60.2l; H,3.68; N,6.39; P,7.06; CI,8.08. 
Cat 2Pdipy + catgPClg" requires C,56.60; H,3.36; N,3.88; P,8.59; 
Cl,9.83. 

4. Co-ordination Chemistry of the Biscatechvl phosphonium ion 
( i ) Introduction 

S a l t s containing the biscatechyl phosphonium cation have 
not been previously prepared. The hexachloroantimonate was 
prepared from biscatechyl phosphorus monochloride and antimony 
pentachloride i n methylene chloride. The compound i s extremely 
moisture-sensitive, as has been discussed i n Chapter 2 section l ( i i ) l 
I t appears to be even l e s s stable than c a t P C l 2

+ SbCl^."", being 
more r e a d i l y attacked i n stoppered containers. 

31 
The s a l t gave a narrow s o l i d state P n.m.r. signal at 

-44.0 ppm. I t i s r e a d i l y soluble i n nitrobenzene. Fresh 
solutions gave a solution n.m.r. signal at -42.4 ppm i n good 
agreement with the s o l i d , but the spectrum also contained a 
peak at +19.6 ppm. The solution rapidly turned black. After 
three days peaks were v i s i b l e , of equal intensity at +0.3 ppm 
and +37.2 ppm, probably due to H 3P0 4 and catgPOH hydrolysis 
products. Because of great r e a c t i v i t y of the s a l t , solutions 
of the adducts were made by dissolving the potential ligand 
i n nitrobenzene, then dissolving the s a l t i n t h i s solution. 
Solutions of the adducts were far more stable and showed no 

31 
signs of diss o c i a t i o n i n the P n.m.r. spectrum. 
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The great s e n s i t i v i t y of the s a l t to water can be attributed 
to i t s tetrahedral co-ordination while carrying a positive charge, 
and also to the chelate nature of the catechyl ligands which 
further open the phosphorus to attack. 

As with c a t P C l 2
+ SbClg"", the solid turned yellow on 

addition of nujol. The r e s u l t i n g i . r , spectrum i s given 
below. 

TABLE 68 

I . r . SPECTRUM 660-300 cm"1 c a t 2 B + SbCl ~ Fast Run 

657s, 597w, 528w, 468s, 416s, ~ 335sbr 

( i i ) Acceptor Properties 
A 1:2 molar r a t i o solution of biscatechyl phosphonium 

hexachloroantimonate to pyridine showed a single peak at +101,7 ppm. 
This i s i n a very similar position to the high f i e l d peak i n 
biscatechyl phosphorus monochloride/pyridine systems and may 
be ascribed to the catgPpy2 + cation. The single peak may 
again indicate either one isomer present i n solution or 
rapid exchange between the isomers present, CatgPpy2 + 

seems quite stable as the hexachloroantimonate s a l t . After 
f i v e days no change had occurred i n the spectrum, the peak 
being at +101,8 ppm. The colour of the solution now had a 
brown tinge, probably indicating a small amount of decomposition. 
A very small peak compared with the +101.8 ppm peak was found 
at +83.0 ppm after a large number of scans. The peak may be 
caused by a minor reaction to form catgPCl.pyridine. The 
extent of reaction i s not expected to be large i n view of 
the cat 2PCI/pyridine system which forms the cation with 
excess pyridine present. 
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1:1 molar r a t i o solutions of the s a l t and 2,2'-dipyridyl 
i n nitrobenzene gave a single peak at +93.4 ppm. Similarly 
with 1,10-phenanthroline a single line was found at +89.9 ppm. 
In both systems only one isomer can be present because of the 
chelate nature of the ligands: 

bidentate pyridine complexes. This may just r e f l e c t the 
s l i g h t l y different nature of the ligand ( c . f . difference i n 
s h i f t between the dLpyridyl and phenanthroline complexes) but 
may also be due to a predominance of the trans isomer i n the 
pyridine complex which cannot be formed with bidentate pyridines 

After several weeks the phenanthroline solution was brownish 
yellow with a dark green precipitate on the sides of the 
container. The dipyridyl solution was dark green and had 
a dark green p r e c i p i t a t e . The signals from the complexes, 

31 
however, were the only P n.m.r. signals found (scan 
range -10 to +190 ppm). The s h i f t s found after two months 
were +92.5 ppm for catgP phen and +96.0 ppm for catgP dipy. 
The deepening i n colour p a r a l l e l s change i n colour of s o l i d 
cat 9Pphen + SbCl ~. 

>—.9 V 
The s h i f t of catJPpy,,+ i s somewhat higher than found for the 

o 
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When 1,10-phenanthroline was saturated i n nitrobenzene 
and the stoichiometric amount of biscatechylphosphonium 
hexachloroantimonate added with s t i r r i n g a thick orange 
precipitate formed. On i s o l a t i o n t h i s was characterised 
as the adduct cai^^phen SbClg • The s o l i d gave a peak i n 

31 
the s o l i d state P n.m.r. spectrum at approximately +72 ppm. 
Over a period of weeks the colour of the s o l i d slowly changed 
to green. This change i n colour was not paralleled by any 
change i n the i . r . spectrum, so i s probably due to c r y s t a l 
e f f e c t s . 

TABLE 69 
I . r . SPECTRUM cat 2Pphen* SbCl " (green) 650-250 cm"1 

645w, 638w, 6l2w, 576w, 545s, 514w, 499w, 476w, 456w, 
446w, 429w, 400w, 339s 

As the phosphorus i n t h i s system seems unwilling to remain 
four co-ordinate, other potential ligands were then t r i e d . 
Tetrahydrothiophene was added to a solution of the s a l t i n 
nitrobenzene f producing a brown-orange opaque solution 
containing a black deposit. A peak at +10.7 ppm c l e a r l y 
showed on a single scan. The most probable product i s 
thus biscatechyl phosphorus monochloride, presumably formed 
by the reaction 

axo s-6- -o -»fa:) - +^-ct 
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The antimony pentachloride - tetrahydrothiophene adduct 

produced from PC1^ + SbClg" and the ligand seemed very unstable 

at room temperature, producing a black s o l i d (See Chapter 5 

section l ( i i ) d ) . Decomposition of the complex would then 

explain the production of the black deposit. After three weeks 
31 

the solution was c l e a r . Two peaks were found i n the P n.m.r. 
spectrum, at +11.2ppm and 4-32.3 ppm. The second peak may be 
attributed to a small amount of hydrolysis producing catgPOH. 

Triphenylphosphine was also t r i e d as a potential ligand. 
As there i s only no chlorine i n catgP* oxidative chlorination 
of the ligand was not expected to take place. A 1:2 molar 
r a t i o mixture of triphenylphosphine and biscatechylphosphonium 
hexachloroantimonate was made up i n nitrobenzene. Peaks 

31 
were found i n the P n.m.r. spectrum at -64.8, +6.2, and 

+10.8 ppm of approximately equal intensity, ascribable to 

to P h 3 P C l + ( S 3 1 P « -65 ppm 1 2 6 ) , Ph3P ( S 3 1 P = +6 ppm 8 9 ) 

and catgPCl respectively. The hexachloroantimonate ion thus 

appears to have been reduced. 
2Ph 3P + l i ! ^ 0 \ \ t f ^ ° \ 

6 " p SbCLg —» Ph 3PCl + C l ~ + O PCI 

+ SbCl 3 + Ph 3P 

This was confirmed by repeating the reaction using 

equimolar quantities of Ph 3P and catgP* SbClg". The signal 

attributed to Ph 3P was now absent, leaving peaks at -64.8 ppm 

and +10.9 ppm i n approximately equal intensitieso I t would 

be in t e r e s t i n g to see i n future i f an adduct can be produced 
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using a non-reducible anion, e.g. BCl^"" or A l C l 4 ~ , assuming 
that BClg or A l C l ^ are strong enough chloride acceptors to 
abstract a chloride ion from biscatechyl phosphorus monochloride, 
( i i i ) Experimental 
Cat 2Pphen + SbCl g~ 

0.695g (3.86 mmole) 1,10-phenanthroline was dissolved i n 
the minimum quantity of nitrobenzene. This solution was then 
added to 2.223g (3.820 mmole) s o l i d c a t 2 P + SbCl g". On s t i r r i n g , 
the s o l i d dissolved to give an immediate dark solution. After 
a few seconds the solution s o l i d i f i e d with formation of an 
orange pre c i p i t a t e . The precipitate was f i l t e r e d , washed 
with 30/40 pet ether and dried to give an orange powder. 
Y i e l d a 2.570g = 88.3% as cat 2Pphen + SbClg" 
Analyses: Pound C,37.40; H,2.28; N,4.04; P,3„49; CI,27.51. 
Cat 2PRhen + SbClg" requires C,37.84; H,2.12; N,3.68; P,4.07; 
Cl,27.92. 
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CHAPTER 6 

DISCUSSION 

%. , Comparison of Acceptor Properties 
Phosphorus pentachloride, phenyltetrachlorophosphorane, 

catechyl phosphorus t r i c h l o r i d e and biscatechyl phosphorus 
monochloride have a l l been shown to possess strong acceptor 
properties towards pyridine and chloride ligands. With the 
exception of PClg~, a l l chloride adducts are p a r t i a l l y 
dissociated i n solution. The acceptor strength of the 
molecules, as measured by the association of 1:1 solutions 
of the acceptor and ( C 5 H i ^ 4 N + C l * n nitrobenzene, decreases 
i n the order 

PC1 5 > c a t P C l 3 > cat 2 P C l = PhPCl 4 > Ph 2PCl 3 

As expected from the r e l a t i v e electronegativities of a 
phenyl group and a chloride ion, the acceptor properties of 
PhPCl^ are much l e s s pronounced than those of PCl,.. The effect 
of substitution i s so large that PhgPCl^ shows l i t t l e , i f any, 
a f f i n i t y for chloride. Although the precise degree of association 
of chloride ions with MePCl 4 was not investigated, adduct 
formation was unequivocably detected, contrasting with PhgPCl^. 
Thus the p a r t i a l s e r i e s of acceptor strengths of a l k y l and 
a r y l chlorophosphoranes towards chloride ions i s 

PC1 5 > PhPCl 4, MePCl 4 ^ Ph 2PCl 3 . 

The r e l a t i v e order i s i d e n t i c a l to that found with the 
57 

analogous fluorophosphoranes • As expected from the greater 
electronegativity of fluorine, the acceptor strength of a 



- 264 -

pa r t i c u l a r fluoro-species i s greater than that of i t s chloro-
analogue, as shown by the complete association of Ph2PF4"" i n 

70 
solution • Fluorine atoms are also far smaller than chlorines 
and thus may be easier to accommodate around phosphorus* 

The r e l a t i v e e f f e c t s of s i z e and electronegativity i n 
hindering complex formation by chloro-species may i n future 
be i n d i r e c t l y studied by a more complete comparison of the 
acceptor properties of MePCl 4 and PhPCl 4. Electronegativity 
considerations alone would suggest MePCl4 to be a far weaker 
acceptor than PhPCl^, because of the electron-donating capacity 
of the methyl group. Phenyl groups have a greater bulk than 
methyl groups, however, so i f s t e r i c effects are important 
the difference i n properties may be reduced or even reversed. 

The substitution of catechyl groups for chlorines has a 
fa r smaller effect than phenyl substitution (Table 70). 

TABLE 70 
ASSOCIATION OF CHLORO-IONS IN NITROBENZENE 

PCI 6 ~ 100%* 
c a t P C l 4 ~ 95% * as (C 2H 5) 4N + s a l t others 
c a t 2 P C l 2 ~ 74% ' as ^ ^ ^ ^ s a l t 
PhPCl 5~ 75% 

Even after the replacement of four chlorines by two catechyl 
groups, the phosphorus(v) compound s t i l l r e t a i n s a covalent 
structure and has strong acceptor properties. The oxygens 
of the catechyl group w i l l have a greater electron-withdrawing 
e f f e c t than ary l groups. I n addition the chelating group i s 
held firmly i n position, minimising any s t e r i c hindrance from 
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the aromatic r i n g . The greater s t a b i l i t y of 5 co-ordinate 
aryloxyphosphoranes containing fi v e membered chelate rings 

275 
over those without rings has previously been attributed 
to a similar cause. 

A further effect i n ce r t a i n cases may be the preferred 
O-P-0 bond angle, an extension of the arguments of Turnbloom, 
Katz 7 9 - 8 1 and others 2 6 8 » 2 7 0 ' 2 7 6 . An O-P-0 bond angle of 
90° i n a fi v e membered ri n g i s probably l e s s strained than angles of 109° 28* and 120°. This i s implied by the lack of 

,- 277 deviation of the O-P-0 bond angles from 90° i n Et^N + catgP' 
and also i n the 5 membered ring of 2,2,2-triisopropoxy-

2 7 8 
4,5-(2' ,2"-biphenyleno)-l,3,2-dioxaphosphole . On the 
other hand the O-P-0 bond angles are distorted greatly from 
the tetrahedral angle i n t r i s (fphenylenedioxy) phosphonitrile 

279 
trimer , (contrast the Cl-P-Cl angles i n trimeric 

2 8 0 

phosphonitrilic chloride ) . Thus not only are 5 co-ordinate 
structures s t e r i c a l l y favoured over 4 co-ordinate ones 
( c . f . the completely molecular structures of catPCl^, cat 2PCl 

210 
and even catPBr^ ) , but i n some cases adduct-formation may 
also be f a c i l i t a t e d . CatgPCl, i n the s o l i d state, has imposed 
O-P-0 bond angles of 90° and 120° (Chapter 5 section 3), and 
c a t 2 P C l 2

+ and catgP* have imposed tetrahedral geometry. By 
co-ordination of ligands the imposed angles are lowered to 
90°. The s t a b i l i t y of the adducts of the cations, compared 
with the cations themselves, may also be p a r t i a l l y explained 
by lack of ring s t r a i n , together with protection of the 
phosphorus from nucleophilic attack. 

9 
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I f cat PCI ̂ has a similar conformation i n solution to that 
234 

suggested by n«q.r, measurements i n the s o l i d state , normal 
r i n g s t r a i n cannot influence the acceptor properties of the 
compound since the imposed bond angle i n the five co-ordinate 
structure i s already 90°, CatPCl^ may, however, s t i l l have 
a non-ideal structure* Without the s t e r i c imposition of a 
five-membered rin g both the catechol oxygens would probably 
occupy equatorial positions, chlorine having a greater 

281 
tendency to occupy a x i a l positions than R-0- groups • 
The s t r a i n from the non-ideality of the structure would then 
be1 r e l i e v e d by s i x co-ordinate adduct formation. 

The r e l a t i v e r i n g s t r a i n s have been used previously to 
explain the formation of cat^P" when catechol and base i s 
reacted with (PNCl^)^- Similar reactions with diols where 
6- or 7- membered rings would r e s u l t p r e f e r e n t i a l l y form 
[PN ( 0 2 Z ) ] 4 spiro-compounds ^ 7^, 

The favouring of acceptor properties where rin g s t r a i n 
i s r e l i e v e d i s i l l u s t r a t e d by the compound c a t 2 S i , isoelectronic + 282 with cat 2P • This compound forms stable adducts with 
pyridine and triethylamine although analogous compounds 
containing 6-or 7- membered O-Si-0 rings (where no ring 
s t r a i n would be expected) do not. In addition the s i x - and 
seven-membered heterocycles are not so susceptible to hydrolysis 
or polymerisation as c a t 2 S i , 

I n order to investigate further the effect of restraining 
large groups, so lessening s t e r i c effects and imposing r e l a t i v e l y 
fixed bond angles, a system must be considered where possible 
electronegativity e f f e c t s are much lower, A suitable species 
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would be 2,2*-biphenylylene trichlorophosphorane, 

PCI 

Diphenyltrichlorophosphorane, i d e n t i c a l with the species 
above except that the two phenyl groups are not bound to each 
other, l i e s on the borderline between having a covalent or 
i o n i c structure i n solution ( i n non interacting solvents i t 
appears to be mainly covalent but abstraction of a chloride 
ion i s extremely easy) (Chapter 4 section 3 ( i ) ) . I t i s also 
the f i r s t member of the phenylchlorophosphorus(v) , s e r i e s i n 
which acceptor properties towards pyridine and chloride ions 
have been almost completely l o s t . Thus i f any effect from 
joining the two aromatic rings occurs, the biphenylylene 
compound i s expected to have a completely covalent structure, 
with a far smaller tendency to ionise, and also to possess 
increased acceptor properties towards chloride ions. 

I f t h i s e f f e c t i s found to be significant i t may explain 
the predominance of s i x co-ordinate phosphorus species containing 
two or more five-membered rings (see Appendix l ) . 

Each of the phosphorus(v) species mentioned above forms 
a 1:1 adduct with pyridine. With the exception of PhPCl 4 a l l 
the species appear to be 100% associated i n solution. Acceptor 
properties towards pyridine then decrease i n the order 

PC1 5, c a t P C l 3 , c a t 2 P C l > PhPCl 4 

The p a r t i a l association of PhPCl 4 #pyridine i n solution i s 
57 

similar to the behaviour of PhPP 4.pyridine . The difference 
i n acceptor properties of cat ?PCl and PhPCl. towards pyridine, 
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i n contrast with t h e i r similar behaviour towards chloride ions, 
probably r e f l e c t s the increased s t e r i c hindrance i n the PhPCl 4 

case* Although the catechyl groups are bulkier than the chlorine 
and phenyl groups the aromatic rings are held firmly i n position 
away from the phosphorus. 

I n order to determine a more comprehensive order of acceptor 
strengths towards pyridine-type donors a much weaker base than 
pyridine would need to be used. 3,5-dichloropyridine would 
seem to be suitable. I t s PCI5 complex i s 60% associated i n 
nitrobenzene. Variation of the degree of association of adducts 
under similar conditions would give an indication of the acceptor 
strength of the phosphorane. 

The stoichiometry of the solution-stable adducts of the 
acceptors with an equimolar amount of bidentate pyridine varies 
between 1:1 and 2:1 (Table 71). 

TABLE 71 
SOLUTION-STABLE SPECIES IN 1:1 SOLUTION OF 

PHOSPHORANE AND BIDENTATE PYRIDINE 

Phosphorane Structure % formation 
anion 

PCI 

catPCl 

cat^PCl 

PCl 4phen + PClg" + phen 

catPCl 2phen + catPCI 4~ + phen 

catP C l 2 d i p y + c a t P C l 4 " + dipy 

(cat 2 P d i p y + ) (cat 2PC1 2~ 5 0.321( C 1 ~ * 

+0.113 cat-PCl + 1.434dipy 
0.679 

100% 

100% 

98% 

74% • 

PhPCl 4 PhPCl 3phen + CI" 

• from cat 2PCi 2-/cat2PCl peak sh i f t and area r e l a t i v e 
' to cat^phen* 
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With PClg and catPCl^ which are strong chloride ion acceptors 
the 2:1 complex i s formed. With PhPCl^, which i s a weak chloride 
ion acceptor, a l l of the phenanthroline i s complexed and PhPCl,." 
i s not found i n solution. Although catgPCl appears to have 
approximately the sama chloride ion acceptor strength as 
PhPCl 4(Table 70), however, c a t 2 P C l 2 ~ i s found i n solution. As 
the reaction i n t h i s system i s very slow and both ' cat 2PCl 
and dipyridyl are present i n solution the reaction even after 
four days may not have reached equilibrium. The true equilibrium 
position may then very well l i e further to the side of 
c a t 2 P d i p y + C l ~ . 

The adducts of bidentate pyridines with hexachloroantimonate 
s a l t s were stable, having no tendency for any reaction of the 
type. 

Z 4 P ( L - L ) + MC16~ ?=i MC1 4(L-L) + Z^Cl^. 

Comparisons of the s t a b i l i t y of adducts of the cations with 
monodentate pyridines was hampered by the tendency for the 
adducts to rearrange to the neutral forms 

e.g. P C l 4 p y 2
+ SbClg" ?=i PCl^py + SbClg.py 

Such rearrangements took place with P C l 4 p y 2
+ SbClg" and 

to a small extent with c a t 2 P p y 2
+ SbClg" but no reaction was 

apparent with c a t P C l 2 p y 2
+ SbClg". PhPCl 3

+ SbCl g~ did not 
form a stable adduct with pyridine presumably forming 
PhPCl 4.py and SbClg.py. The equilibration has also been 
shown to be anion-dependent (Chapter 3 section 2 ) . I n view 
of the slowness of the equilibrations involving P C1 4L 2

+ MClg" 
i t would be in t e r e s t i n g to see whether P C l 4 p y 2

+ PClg", produced 
by adding PClg" ions to a fresh solution of P C l 4 p y 2

+ SbClg"", has 
more than a transient existence. 
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Attempts to displace chloride ions by pyridine from the 
neutral complex s i m i l a r l y differed. PCl^.py was stable even 
i n neat pyridine solution. CatPCl^.py i n the presence of excess 
pyridine showed a s l i g h t tendency to form c a t P C l 2 p y 2

+ C l ~ , but 
t h i s effect was much more pronounced with catgPCl. 

Except for PC1 4
+/PC1 5, the r e l a t i v e acceptor strengths of 

the phosphorane and i t s corresponding cation were not studied. 
With the weaker acceptors catgPCl and PhPCl^, however, the 
acceptor properties were not prevented by formation of the 
cation, presumably because the positive charge on phosphorus 
compensated for the lack of an additional electronegative 
group attached to i t . Future work to determine whether c a t 2 P + 

possesses greater acceptor powers than c a t 2 P C l , as may perhaps 
be expected from the r e l i e f of the far greater ring s t r a i n 
i n the cation, would be i n t e r e s t i n g . 

Many of the reactions between phosphoranes and bidentate 
ligands proceed very slowly at room temperature. This has 
been attributed to the d i f f i c u l t y of ionisation of the P-Cl. 
bond i n cases where 5 co-ordinate structures are greatly 
favoured over 4 co-ordinate ones (e.g. catechyl compounds). 
A second effect with the catechyl compounds may be the s t e r i c 
r i g i d i t y imposed by the five-membered rings, thus making any 
t r a n s i t i o n state which increases the O-P-0 bond angles very 
unfavourable. This l a t t e r argument has been used to explain 
the difference i n reaction of P^NgClg and P 4 N 4 C l g with 
catechol 2 7 € . 

The slow reactions of P C l 4 p y 2
+ species can be interpreted 

i n terms of the co-ordinative saturation of the re act ants. Slow 
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reactions of 6 co-ordinate species together with the detection 
of isomers i n some systems, suggest the p o s s i b i l i t y of resolution 
of o p t i c a l isomers i n favourable systems where three bidentate 
ligands are present, such as cat 2

pphen +, c.f. the resolution of 
P (2,2-biphenylylene) 3~ 2 8 3 . 

The s t a b i l i t y of the adducts of the hexachloroantimonates 
towards a i r and moisture has been noted. The s t a b i l i t y of the 
iso l a t e d adducts was not investigated i n solution, except i n 
the case of PCl 4 p y 2

 + SbCl g~. Rapid hydrolysis occurred but 
the adduct was also i n equilibrium with the e a s i l y hydrolysed 
PClg.py. The s o l i d state s t a b i l i t y of the complexes cannot 
be attributed s o l e l y to the s t a b i l i t y of the cation since 
PhPCl^phen"1" C l ~ r apidly hydrolyses. Perhaps the large anion 
SbClg forms a more regular c r y s t a l l a t t i c e than chloride ions, 
preventing attack by moisture. 

No conclusive evidence was found for the existence of fiv e 
+ 2+ 

co-ordinate adducts of the type MX̂ L or M X 3 L 2 • Such adducts 
• i 

are generally not found with P(V), As(V), or Sb(V), but 
s i l i c o n ( I V ) and other members of group (IV) show a marked 
tendency to do so. Thus SiCl 4.NMe 3

 2 8 4 , Ph 3Sidipy + 2 8 5 , and 
2 8 6 

Me3SnCl.py are known. In addition s i x co-ordinate species 
4+ 

formed by displacement of halide ions are known e.g. Sidipy 3 

2 8 7 

( B r ~ ) 4 . Although the displaced ions are usually bromide 
or iodide, examples are known with chloride ions e.g. 
S i ( O C H 3 ) 2 d i p y 2

2 + ( C l ~ " ) 2
 2 8 8 . The addition of pyridine to 

2 8 4 
S i C l 4 produces S i C l 4 p y 2 (decomposing i n nitrobenzene). 
With S i C l x I 4 as the starting material, however, S i C l 3 p y 3

+ (x=3) 



- 272 -

and S i C l 2 p y 4
2 + (x=2) are produced 2 9 . Reaction of dipyridyl 

284, 
and S i C l 4 gives S i C l 4 . d i p y as the sole product . No 
evidence whatsoever was found i n the phosphorus systems for 
the displacement of more than one chloride ion by co-ordination. 
Displacements analogous to those i n the s i l i c o n system w i l l be 
more d i f f i c u l t with phosphorus because of i t s additional positive 

282 
charge. The compound catgSi forms a 1:1 adduct with pyridine 
rather than a 1:2 adduct as i n the analogous cat,,P+ system. 
This may indicate weaker acceptor properties of s i l i c o n 
towards pyridine donors, as also found with chloride ion donors 

2_ 
i n the non-formation of SiClg and the only p a r t i a l association 
of * « V in soxutie, *«. 

31 
2. P n.m.r., spectra 

On addition of ligands to the four- and f i v e - co-ordinate 
phosphorus acceptors, large, upfield s h i f t s were observed i n the 
31 

P n.m.r. spectra, as found previously for s i x co-ordinate 
species. A l l new s i x co-ordinate species had s h i f t s within 
the established range (+82 to+305 ppm) except for catgPCl,,"" 
and cat 2PCl.py, These lay s l i g h t l y to lower f i e l d (+66,3, 
+80.7 ppm respectively).-

The s h i f t s of the adducts a l l occurred to the low f i e l d -
side of PClg". They are progressively reduced by substitution 
of catechyl groups for chlorine, r e f l e c t i n g the constriction of 
chemical s h i f t differences i n species containing phosphorus-
oxygen bonds, as already discussed (Chapter 5 section 3 ( i i ) a ) . 
The difference i n s h i f t between the five co-ordinate phosphorane 
Z4PC1 and i t s chloride ion adduct Z4PC12"* reflecjbs the s h i f t 



Fig 39 Chemical shift difference between 
related 4-6 coordinate phosphorus species 

cat,P catPCL* PhPCL+ PCL+ 

Shift difference between Z^cC""' and Z4PH 
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difference between the four and five co-ordinate species 
Z 4P + and Z4PC1 (Pig.39), showing the influence of the co-ordinated 

31 
groups on the spread of P chemical s h i f t s . The difference 
(Z 4PC1 2 - Z 4PC1) i s greater than the difference (Z4PC1 - Z 4P +) 
by between 5 and 29%. This correlation i s rather unexpected, 
since the change i n co-ordination number affects the bonding 
of the ligands i r r e g u l a r l y (e.g. any rt bonding found i n 
P-Cl and P-0 bonds i n four or f i v e co-ordinate species w i l l 
be suppressed i n the s i x co-ordinate derivatives, whereas 
bonding need not be considered with P-C bonds). I n some 
instances, too, there i s the p o s s i b i l i t y of d i f f e r i n g 
6 co-ordinate s h i f t s for different isomers. These effects 
thus appear to be r e l a t i v e l y small compared with the overall 
s h i f t differences. The correlation i s also only possible because 
of the r e l a t i v e l y fixed bond angles i n four, f i v e and s i x 
co-ordinate species. Small changes i n bond angle i n three 
co-ordinate species have a pronounced effect on the s h i f t s 

289 
of the molecules • 

The s h i f t differences between the various adducts of a 
p a r t i c u l a r compound (Z 4PC1 2~, Z 4PCl.py, Z 4Pphen +) are much 
smaller than the range of s h i f t s found for adducts of different 
compounds but increase with increasing s h i f t of the species. 
Thus the s h i f t difference between PCl 4phen + and P C l g i s 
-vl05 ppm,between PhPCl 3phen + (low f i e l d isomer) and PhPCl 5~ 
~68 ppm, catPCl 2phen + and catPCl 4"" «39 ppm and cat 2Pphen + 

and c a t 2 P C l 2 ~ «, -29 ppm. Indeed a correlation may be made 
between the chemical s h i f t difference between adducts of a 
species (e.g. PZ.Cl ~ and PZ.phen4") and the s h i f t difference 
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between one of the adducts and i t s 4 or 5 co-ordinate precursor 
( P 2 4

+ or P2 4C1) (Pigs, 40,41), Although the reason for such a 
good correlation i s not clear, the graphs are consistent with 
a changeover of the s h i f t of the adducts:-

8 3 1 P Z 4Pphen + < Z 4PCl.py < Z^Clf 

for Z 4P = PC1 4, PhPCl 3, catPCl 2 

S 3 1 P Z 4Pphen + > Z 4PCl.py > Z 4PC1 2~ 

for Z 4P • cat 2P 

They predict for a PZ 4C1 2" - PZ4C1 s h i f t difference of 
~85 ppm (or PZ 4C1 2~ - P Z 4

+ s h i f t difference of ~163 ppm) that.the 
s h i f t s of a l l three adducts PZ 4phen +, PZ 4Cl.py, PZ 4C1 2" 
w i l l be i d e n t i c a l . As an indication of the s h i f t of an 
unknown PZ 4Cl 2"" species can be found from the s h i f t s of 
P Z 4

+ and PZ 4C1 using Pig.39, using Pig.40 or 41 the prediction 
can be extended to new PZ 4phen + or PZ 4Cl.py species. From the 
s h i f t s of MePCl 3

+ and MePCl 4 the s h i f t s of MePClg" and 
MePCl 3phen + are predicted to be~+206 - +246 and +138 -
146 ppm respectively, i n good agreement with the limited 
data known (Chapter 4 section 3( i i ) J . 

The s h i f t s of the species giving the order 
Z 4Pphen + < Z 4PCl.py <^ Z 4PC1 2~ can be interpreted as 
the domination of charge ef f e c t s on the shielding of the 
phosphorus. The reverse order only appears when the s h i f t 
range of the 4,5 and 6 co-ordinate species indicates that 
charge e f f e c t s are r e l a t i v e l y unimportant. 
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The s h i f t s of the ions < c a t
x
P C 16_2x^~ X ! = 0"" 3 shows large 

i r r e g u l a r i t i e s from a l i n e a r progression, although the series 
Ĵ cat^P (2,2'-biphenylylene) 3 x j ~ i s approximately l i n e a r . In 
both cases the greatest deviation i s at the low f i e l d end. 

TABLE 72 
SHIFTS OP RELATED SIX CO-ORDINATE ADDUCTS 

biphen 3P~ 
biphengPcat" 

biphenPcatg" 
cat 3P" 

&31 P 265 

+181 
+147 
+106 
+82 

A 

-1 
-9 

PC1( 

catPCl 

c a t 2 P C l 2 " 
catjP"" 

& 3 l P 
+297.9 
+157.3 
+66.3 
+82 

-68.7 
-88.7 

A « Difference between observed s h i f t and s h i f t calculated 
from l i n e a r interpolation between Â P"" and B^P 

biphen a 2,2'-biphenylylene 

and f i v e 

100 101 219 
Although l i n e a r variations are found i n four 9 9 

210 co-ordinate phosphorus, large deviations occur 
i n three co-ordinate phosphorus compounds. Deviations have 

289 
been discussed i n terms of G and rx bonding contributions • 
1X -bonding i s not expected to be significant i n s i x co-ordinate 
species, however. 

Sharp l i n e s superposed on solid state spectra were found 
with tetraalkylammonium organochlorophosphates but not with the 
cat i o n i c adducts. This probably r e f l e c t s the weak l a t t i c e energy 
i n the former adducts due to the bulky counter ions. The 
cat i o n i c adducts w i l l have stronger, more compact structures 
with the smaller chloride or hexachloroantimonate counter-ions. 



- 276 -

Due to the proximity of large organic groups or neighboring 
quadrupoles, the s o l i d state n.m.r. spectra of the adducts were 
somewhat broader than found with PClg. This, together with the 
small percentage of phosphorus i n the complexes, made the 
observation of many of the spectra d i f f i c u l t , which i n turn 
led to d i f f i c u l t i e s i n obtaining accurate s h i f t data. Nonetheless 
31 

P n.m.r, remained an e s s e n t i a l tool for the characterisation 
of the complexes i n the s o l i d state and gave i n some cases the 
only unambiguous evidence for formation of the adducts. 
3. Future Work 

The ease of formation and s t a b i l i t y of pyridine and chloride 
adducts of the phosphorus(v) chloro-compounds studied suggests 
that the range of substituted phosphorus(v) compounds 
exhibiting acceptor properties may be considerable. Molecules 
with electronegative substituents, e.g. 

c\ 

" a ci 3 * 

may thus form extremely stable adducts, and polysubstituted 
29 3 

species (e.g. (ClgOgPCl^ ) may well r e t a i n some acceptor 
properties. (Adducts between pyridine and p p C l 4 and FgPClg 

294% 
are already known Moreover molecules with electropositive 
substituents may possess some degree of acceptor strength. 
The a b i l i t y of MePCl 4 to act as an acceptor has already been 
mentioned (Chapter 4 section 3 ( i i ) ) . 

Before more detailed predictions of possible acceptor 
molecules are attempted, further investigation of the effect 
of constraining phosphorus i n small rings i s necessary. The 

Ci 
290 CUCPC1 CI 
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p o s s i b i l i t y of using 2,2 ,-biphenylylene trichlorophosphorane 
has already been mentioned. (Although t h i s compound, has not 
yet been prepared i t s synthesis should be possible from the 
parent chlorophosphine described i n Ref.295). I f the effect 
of r i n g constraint i s found to be significant, many compounds 
with f i v e and four membered rings may possess acceptor 
properties. 

Me 

296 

I f ligands with 5 membered chelate rings which give the 
6 co-ordinate phosphate complexes l i s t e d i n Appendix 1 form 
mixed organochlorophosphoranes ( c . f . catPCl^), these species 
may also possess acceptor properties. 

The p o s s i b i l i t y of small rings enhancing the formation 
of adducts makes the investigation of four-membered 
phosphorus-nitrogen heterocycles worthwhile. Perhaps 
a suitable species to s t a r t investigations would be 

me-N^ ^t4-«te 297 

and i t s possible cat i o n i c derivative. The p o s s i b i l i t y of 
s t a b i l i s a t i o n of high co-ordination numbers i s suggested 
i n these species by t h e i r structures which are almost 
without exception covalent. Prom the s i m i l a r i t y of range 

31 of chemical s h i f t s i n pyridine and i n non-donor solvents 
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however, some phosphonitrilics seem not to co-ordinate pyridine. 
Although the s a l t s P h P C l 3

+ c a t P C l 4 " and PhPCl 3
+ P C l g ~ 

have been isolated, i t seems unlikely i n view of the reluctance 
of the catechyl s a l t s to form cations, and the weakness of the 
chloride acceptor properties of organochlorophosphoranes, that 
there w i l l be other stable s a l t s between the phosphoranes 
discussed (except perhaps PhPCl 3 catgPClg" ) , When other 
phosphoranes are included (MePCl 4, Ph 2PCl 3) a larger number 
of s a l t s should be possible. S a l t s may also probably be 
formed by addition of a bidentate ligand to s t a b i l i s e the 
cation. Thus, although PClg and ca t P C l 3 do not react, addition 
of, say, dipyridyl would probably slowly form catPCl 2dipy + PClg"" 
or P C l 4 d i p y + catPCI 4~. 

The acceptor properties of biscatechyl phosphorus monochloride 
and also the s i x co-ordinate species based on a biscatechyl 
framework (Appendix l ) , suggests that t h i s framework may be 
useful i n studying the effect of single substituents on the 
formation of s i x co-ordinate adducts. Many suitable five 
co-ordinate structures of the type cat 2PZ are known, 
e.g. Z=H, 2 9 8 Br, 2 1 7 Me, Ph 2 " , OH, 2 1 7 OPh 6 2 . 

The p o s s i b i l i t y of investigation of acceptor properties 
of bromo phosphor anes, and mixed chlorobromophosphoranes using 
catPBr* v

c l v was mentioned i n Chapter 4 section 3 ( i i i ) , 
Many of the complexes prepared i n t h i s work contain 

phosphorus surrounded by two 0"" and two nitrogen ligands. 
This suggests the p o s s i b i l i t y of co-ordination complexes 
containing mixed 0~,N ligands, for instance 
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CO X) o 
o" 

as found both i n t r a n s i t i o n metal and main group complexes 
D i f f i c u l t i e s may, however, occur since 'simple phenoxychloro-
phosphonium species are unstable with respect to the 

217 
tetraphenoxyphosphonium ion • 

The present work has thus shown that a number of new 
6 co-ordinate phosphorus compounds may be prepared by 
co-ordination of donors such as pyridines and chloride 
ions to suitable phosphoranes, and there c l e a r l y remains 
considerable scope for future investigations i n t h i s f i e l d . 
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NOTE 
During the f i n a l stages of writing the thes i s two 

a b 
si g n i f i c a n t papers ' have been published concerning the 
formation of weak pyridine adducts with phosphoranes containing 
five-membered O-P-0 rings, usually including one catechol 
group. These papers are i n f u l l accordance with the above 
discussion and can again be interpreted by the enhancement of 
acceptor properties by constraining phosphorus i n five-membered 
heterocyclic rings. 

a. A. Munoz, G. Gence, R. Wolf. Comptes Rendus 278C, 1353(1974). 
b. P. Ramirez, V. A. Pransad, J . P. Marecek. 

J . Am. Chem. Soc. 96, 7269 ' (1974). 
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APPENDIX 1 

SIX CO-ORDINATE PHOSPHORUS SPECIES CONTAINING 
NO HALIDE IONS 

Species o f type 

^[7 
1- or 2+ 

a Overall 
charge 

Ref. 

Biphen 

Trop 
Gly' 
Cat 
Cat 
Cat 

Napdiol 

Gly 

Gly 

Biphen 

Trop 
Gly 
Biphen 
Cat 
Cat 

Biphen 

Biphen 

Trop 
Gly 
Biphen 
Biphen 
Cat 

Biphen 

Benzil 

2+ 
1-
1-
1-
1-

1-

1-

Pin 

I Benzil 1-

Benzil 1-

+186.6 1 
+181.2 1 
- 2 
- 9 
+147 3 
+106 3 
+82 3 
+84 4 - 5-8,14 
+168 3 

+93 10 

+95 10 

+97 10 

KEY 

Biphen 
2,2* biphenylylene 

Cat 
catechyl ' 
( l , 2»pheny lened io l a t e ) " 

Trop 
tropolonate ^ 

Napdiol 
1,8-naphthylene-

d io la te 

0 ' x 0 

.1,2-ethylene-
glycolate R=H 

Pin 
pinacolate 
R=Me 

Benzil 

A*2 
<*2 

0 Ph 
No-̂C Ph 



A l / 2 

R 
I -o>Kx> 
H 

Ref. R Ref. 

Me 

Ph 

OH 

a) +113.5 
b) +113.3 

a) +108.5 
+108.8 

b) +108.4 

a) +98 
b) +99 

11,12 
12 

11 
12 
12 

8 
4 

t -Bu 

C 6 P 5 

OMe 

OPh 

+133.45 

+97.2 
+97 

+98 

12 

12 

12 
13 

13 

A / s t ,Me +97 13 

-o +99 13 + 
NHMe. 

+98 13 

a,b r e f e r to complexes w i t h d i f f e r e n t counter ions 

H 

.NH, 

Probably also materials of s imilar 
descr ipt ion but w i t h aldoxime 
side-chain 

Ref 8 
Ph 

R 

R = OPh 

S 3 1 P +107 r e f . 3 

R 
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APPENDIX 2 

CHEMICAL SHIFTS OF POSSIBLE HYDROLYSIS PRODUCTS 

Phosphorus(v) 
compound 

Possible hydrolysis products, w i th 
chemical s h i f t (ppm) 

P C I 5 POCl3 - 2 . 1 ; P0C120H -9 .7 ; P0C1(0H)2 -18.2 

H 3 P0 4 0.0 

C1 2P(0)0P(0)C1 2 8.0-10.0; ClOHP(0)OP(0)OHCl 
-18.2 

(0 3POPO 3) 4~ 4H + +11 

(C 6 H 4 0 2 )PC1 3 (C g H 4 0 2 )P(O)Cl* -18; H 3P0 4 0.0 

Bu 3 PCl 2 Bu3PO -44 

Ph 3 PCl 2 Ph3PO -23 27 

Ph 2 PCl 3 Ph 2P(0)Cl -42.7; Ph2P(0)OH -25.2 

PhPCl. 4 PhP(0)Cl 2 - 3 4 . 1 ; PhP(0)(OH)2 -17.9 

MePCl4 MeP(0)Cl 2 -44.4; MeP(0)(OH)2 -30.7 

Chemical s h i f t s are taken from: 

V. Mark, C. H. Dungan, M. M. Cru tch f i e ld , J . R. Van Wazer 

Topics i n Phosphorus Chemistry, Vol.5 Chapter 4. 

* E. Fluck, H. Gross, H. Binder, J . Gloede. Z e i t . Nat. 21b. 1125 
(1967) 

Possible mixed species o f type RP(0)0HC1 where not reported 
have not been tabula ted. 
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Abstract—The 3 1 P N M R spectra in both solid state and solution, and the " C I N Q R spectra in the solid, 
have been recorded for some hexachlorophosphates and for the compounds [ C 8 H 1 2 N ] 2 P C 1 7 and C 1 4 H l 4 -
PC1 7 . The presence of the PC1 6 ~ ion as the only phosphorus-containing anion has been confirmed in all 
cases. Data are also reported for the chlorotriphenylphosphonium ion in P h 3 P C l + P C l 6 " . 

INTRODUCTION 

T H E HEXACHLOROPHOSPHATE (PClg) ion has been 
characterized by 3 1 P NMR spectroscopy in the ionic 
form of solid phosphorus(V) chloride [1-5], in solutions 
of phosphonitrihc compounds[6-8], and in solutions 
of the reaction products of phosphorus(V) chloride 
with chlorophosphoranes and aliphatic nitnles[9,10], 
chemical shifts of between +281 and +305 ppm 
relative to 85 % phosphoric acid were obtained, depend
ing on the system and the experimental method 
Chlorine nuclear quadrupole resonance (NQR) fre
quencies have also been measured for this ion in solid 
PC15[11-13] and Et4NPCl6[12,14]. We report the 
results of an investigation of some hexachlorophos
phates by 3 1 P NMR m both solid state and solution 
and by 3 5C1 NQR in the solid Results are also given 
for the 2,4,6 colhdinium salt [CgH^NkPCL;, and the 
tropylium compound C 1 4 H 1 4 PC1 7 The latter was first 
prepared from cycloheptatnene and phosphorus(V) 
chloride by Bryce-Srmth and Perkins[15], who sug
gested as possible structures either C 7 H 7 C 1 - . C 7 H 7 -
PClg or (C 7H 7)tPCl?~ (This reaction had been used 
previously by Kursanov and Vol'pin[16] m the pre
paration of tropylium chloride, but their procedure was 
such as to destroy the intermediate phosphorus com
plex.) The second structure appears most improbable, 
however, for a phosphorus compound, because of the 
number of available bonding orbitals, and its formula
tion as a hexachlorophosphate is supported by lr 
data[17]. In addition, the 3 l P NMR and 3 5C1 NQR 
spectra have.been recorded for the Ph 3 PCl + ion in 
Ph 3PCl +PClg. A more detailed account of compounds 
containing this and similar ions will appear m a sub
sequent publication. 

E X P E R I M E N T A L 

Chemicals of the best available commercial grade were 
used, in general without further purification, except for 
triphenylphosphine which was recrystallized from acetone 
Chlorotnphenylphosphomum hexachlorophosphate was 
prepared by the method of Rozinov et al [18] The final 
stage of this reaction has also been mentioned by Latscha 
[9] Found C (by wet oxidation)* 39 5, H , 3 08, P, 1100, 
Cl,460%,calc f o r C 1 8 H l 5 P 2 C l 7 C , 3 9 9 , H , 2 7 9 , P , 1144, 
CI, 45 8% (Rozinov et al analysed for CI only, and their 
calculated value is incorrect) The compound C l 4 H 1 4 P C l 7 

was prepared by method (b) of Bryce-Smith and Perkins[15] 
Analyses for P and CI were consistently high, and those for 
C were correspondingly low (Found P, 718, CI , 56 98, C, 
3117, H , 3 04%, calc for C l 4 H 1 4 P C l 7 P, 672, CI, 53 8, C, 
364, H, 3 03%), suggesting that the product contained 
tropylium hexachlorophosphate, C 7 H 7 P C 1 6 , as impurity 
Tropylium hexachlorophosphate was prepared by a modifi
cation of the first literature method for C 1 4 H 1 4 P C 1 7 [ 1 5 ] , 
the compound was separated without leaving the reaction 
mixture overnight (Found P, 9 08, CI , 60 94, C, 26 67, H, 
2 71 %, calc for C 7 H 7 P C 1 6 P, 9 25, CI, 63 53, C , 25 1, H, 
211%) The product thus probably contains a small amount 
of tropylium chloride, which does not affect the spectro
scopic results Recrystalhzation of these products was not 
attempted because of their instability Bis(2,4,6 colhdinium) 
hexachlorophosphate chloride, [ C 8 H 1 2 N ] 2 P C 1 7 , was pre
pared by mixing solutions containing equimolar amounts of 
phosphorusfV) chloride and 2,4,6 collidine(undned) in carbon 
tetrachloride The white solid produced was separated in a 
drybox (Found C , 3717, H , 494, N, 497, P, 525, CI, 
46 96 %, calc for C j 6 H 2 4 N 2 P C l 7 C , 36 7, H , 4 58, N , 5 36, 
P, 5 92, CI, 474%) A similar pyridimum compound has 

* We were not able to obtain satisfactory carbon analyses 
for this compound by use of the automatic analyser, the 
reason for this is not clear 
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been prepared by Beattie et al [19], and assigned the structure 
C 3 H 5 N H + P C l 6 C , H 5 N H + C 1 " from vibrational spectro
scopic evidence Tetraethylammomumhexachlorophosphate 
was prepared by the method of Gutman and Mamnger[20] 
All compounds showed a broad, strong 1 r band (Nujol mull) 
between 450 and 440 cm" l , as expected for v 3 of PClg [17,19], 
and the absence of bands characteristic of the PC1 4 ion or 
of molecular PC1 5 

3 1 P NMR spectra were recorded at 34 2°C on a Perkm-
Elmer RIO spectrometer operating at 24 29 MHz, with a 
Digiac signal averaging accessory Samples were contained 
in 8 5 mm o d stationary tubes The technique of recording 
solid state spectra on a high resolution instrument has been 
described previously [5] Chemical shifts were measured 
relative to external P 4 O f i [21], but are quoted relative to 85 % 
phosphoric acid Values were generally reproducible to 
better than ± 0 3 ppm (solution) and ± 2 ppm (solid) 

3 5 C 1 N Q R spectra were recorded at 77K on a Decca 
spectrometer, using Zeeman modulation Samples were 
enclosed in tubes of either 13 or 24 mm o d , the larger tubes 
weie used wheie lines were of low intensity, if sufficient of the 
compound was available The resonance frequencies were 
reproducible to better than ± 10 kHz 

R E S U L T S AND DISCUSSION 

The 3 'P chemical shifts obtained are given in Table 1 
A single peak at high field was observed foi each com
pound, the linewidth in the solid varied considerably 
with the counter-ion, however An additional peak at 
lower field from the Ph 3 PCl + ion was present in 
Ph3PCl+PCl« 

The values for the anions all lie within the range 
+ 295 to +305 ppm, m excellent agreement with 
solution data for the hexachlorophosphate anion [6-10], 
and with the shift of +299-7 ppm for this ion m solid 
phosphorus(V) chloride determined on a high resolu
tion spectrometer[5] We therefore conclude that all 
of these compounds, including [C g H 1 2 N] 2 PCl 7 and 
C i 4 H 1 4 P C l 7 , have PCLJ as the only phosphorus-
containing anion The tropyhum salt is thus correctly 
formulated as [C-jH^gPClg3Q~ and the collidinium 
salt as [C 8 H 1 2 N]J PClg ,Cr 

There are some differences between the solid and 
solution values, but this is not surprising in view of 
changes in diamagnetic susceptibility and crystal pack
ing effects, the spread of values is noticeably greater m 

Table 2 3 5 C 1 N Q R frequencies (MHz) for some 
hexachlorophosphates at 77K 

Compound v c l(MHz) and assignment 

P h 3 P C l + P C l s 2933, 29 53, 29 59, 29 76, 2993, 3044, 
3115 
(see text) 

C i 4 . H i 4 P C l 7 29 40, multiplet centred at 29 77 
Average 29 7 (PClg) 

C 7 H 7

+ P C l 6 29 32, multiplet centred at 29 80 
Average 29 65 (PCLJ) 

[ C 8 H 1 2 N ] 2 P C 1 7 28 78,29 31,29 65,30 15,30 55,30 67 
Average 29 85 (PC16-) 

E t 4 N + P C l g 2937,30025 
Average 29 81 (PClg —see text) 

the solid Similar differences have been observed pre
viously in other compounds[5] It is perhaps note
worthy that the best agreement is obtained for tetra-
ethylammonium hexachlorophosphate, which has the 
most symmetrical cation of the species studied There 
are also minor differences between the shift values of 
Ph 3PCl +PCLj in dichloromethane and nitrobenzene 
solution, but the compound is clearly ionic in both 
solvents and in the solid The chemical shifts for the 
Ph 3 PCl + ion are in very good agreement with previous 
solution values, which he in the range — 66 to — 62 ppm 
[9,22,23]. 

Further confirmation of the solid state structures of 
these compounds is provided by the 3 SC1 NQR data, 
as given in Table 2 above 

With the exception of the highest frequency line m 
Ph 3 PCl + PCl6, the values are all within the range 
(28 4-30-7 MHz) found for the PClJ ion in phosphorus-
(V) chloride[ll-13] and tetraethylammoninm hexa-
chlorophosphate[12,14] Ph 3PCl +PCl6 shows seven 
hues, six of which are assigned to PClg and the remain
ing one to the cation Ifthehneat3115 MHz is ascribed 
to Ph 3 PCl + , the average frequency of the remaining 
signals is 29-76 MHz, in good agreement with the 
average PCLJ frequencies in the other compounds 
Further evidence is necessary before this provisional 
assignment can be confirmed, however The compound 
[C gH 1 2N] 2PCL, also shows six lines for PCLJ, as 
observed in the most recent work on ionic PC15[13] 

Table 1 5 3 1P(ppmfrom 85 % H 3 P 0 4 ) for some 
hexachlorophosphates 

Compound Solvent <5 3 1P(Soln) S 3 1 P (Solid) 

Ph 3 PCl + PCl6 CH2CI2 / - 6 6 3* - 6 4 3 * Ph 3 PCl + PCl6 
1 +2960 + 305 0 

• 
P h N 0 2 / - 6 4 7 * 

I +298 7 
- 6 4 3 * 

+ 305 0 
C i 4 H i 4 P C l 7 P h N 0 2 + 299 2 +295 7 
C 7 H 7

+ P C 1 6 - P h N 0 2 + 297 3 +2961 
[ C 8 H 1 2 N ] 2 P C 1 7 

E t 4 N + P C l g 
P h N 0 2 + 297 5 + 2987 [ C 8 H 1 2 N ] 2 P C 1 7 

E t 4 N + P C l g P h N 0 2 +297 9 + 298 5 

* P h 3 P C l + ion 
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(Earlier investigators found three signals for this ion 
in unannealed PC15 [11,12] and four m annealed PC15 

[12].) 
The tropyhum salts C 1 4 H 1 4 PC1 7 and C^HjPClg 

both showed a single line between 29 3 and 29-4 MHz, 
together with a complex multiplet near 29 8 MHz, 
which could not be resolved even by using larger samples 
in 24 mm o d tubes, because of the weakness of the 
signals. The spectra were reproducible in independent 
scans, and the lmes for both compounds are assigned to, 
the PClJ ion, in accordance with the NMR results. 
Tetraethylammonium hexachlorophosphate produced 
two lmes in a 1 2 intensity ratio, at 29-37 and 30-025 
MHz Di Lorenzo and Schneider reported three lines 
for this compound at 77K, at 29 32 ± 0-03,3006 ± 002, 
and 3034 ± 0 0 2 MHz (intensity 1-2 1)[12], and a 
more accurate determination by Tong[14] gave values 
of 29-374 ± 0 005, 30-024 ±0005 and 30-365 ± 0005 
MHz, in the same intensity ratio. The reason for our 
non-observance of the third lme is not clear, but the 
frequencies of the other two lines are in excellent 
agreement 

The crystal structures of the compounds studied are 
not known, so that it is not possible to correlate the 
number of NQR lines observed with the structure The 
presence of six bnes for PClg in some instances, how
ever, would seem to suggest either a comparatively low 
crystal symmetry, or else a considerable distortion of 
the PClg octahedra at this temperature 

The NMR and NQR results are thus completely in 
accordance with the formulation of all the compounds 
studied as hexachlorophosphates 
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