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(1)
NOMERCLATURE __ KOTE.

The nomencilature of phosphorue (V) compounds as
Gerivatives of the bypothetical compound phosphorane, P Hg
hag been recommended by the Chemical Society (a)e
Accordingly, the compound P Cl, F, would be named iri-
chlorodifivorophosphorane, In i;;@ case of ionie
compounds the sysitem commonly used cen be iliustrated as
follows: The solid, (P €1, ) (P Bg)® would be describet
@8 tetrachlorophosphonium hexafivorophosphate (V), As
these names are cumbersome and at times imconvenient their
uss has been avoided as far @8 possible in this thesis.
The common pames phosphorus pentabromide, pentachlioride
and pentafivoride ave retained. The covalent mixed
halides of phosphorus (V) are aeacx'ibed a3 halophosphoranes
(e.g. chlorofluvorophosphoranes), and the individual
nombers of the covalent phosphorus (V) compounds and the
icnic 80lids are raepresented as formules, thus:

(B 0L,)" ¥ =, (P 01,)" (P ¥, (P cil&)"’(p 015 F)7,P C1,F,
and P Fs Olzo |

The term “phosphine dihalides” (6.8, Fhg P I,, trl-
phenyl phosphine diiodide) had been used in the past %o
describe compounds of phoaphines obtained by the addition
of halogem, but in this thesis @ slightly different form



(11)
of nomenclatere has been adopited. For example, the

compound PhB P 12 is now named as triphenyl phosphorus
dilodide Pollowing the method of Kosolapoff (b)., The

above description referas only Yo the stoichiometry of the
compound, Whenever the compound is to bs described in
terms of 1is structure a mors systematic form of nom-
enclature is followed. The compound (P’a2 P 1'2) Y,

for oxample, would be described as diiododiphenylphosphoniuvm
iodide,

(a) Editorial repor:t on Nomenclature,
J. Chem. Soe., 1952, 5122,

(b) Kozolapoff, “Organophosphorus compounds®,
i Wilayg KGW YOI‘R,, 19599 peho
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| | PART I

. ‘A STUDY OF P013 on




INTRODUCTION

Interest in phozsphorus halogeh chemistry began as early
as the beginning of the nineteenth century., Developments
in the initial phase of this branch of chemistry are-largely
attributable to the WOrks‘of Davy; Dumes, Gey Lussac and
Thenard (1) and they were followed by other chemists of
distinction such as Balardg'Glédstone and Wurtz (1) who also
made notableAcontributionso. The synthesis of compounds of
the type PX, ,PX; and POXj gwhere X is Cl or Br had been
accomplished by the late eighteenforties and another
dévelopment was thé discovery of PZIh as esrly as 1813 by
Gay Lussac énd'Wurtz (2). ~This latter cbmpound represents
the beginning of an interést‘in halogén compounds contéining
P-P linkages. But to date this potentially interesting
field has.hot been ihvestigated with the thﬁrdughness it,
pérhaps, deserves, ‘Althougthz;h and PZClh are well
characterised, fuﬁthef investigations on PzFéﬂwhich has been
reported only in a preliminary communication (3) are ﬁecessary
and this is true of the bromine amalogue which so far has
not been synthesiéed° o |

The latter half of the nineteenth century saw much
more rapid prpgréss in the éhemistry of phosphorus halides,

The isolation of the fluorides of phosphorus which earlier,
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Davy and Dumas failed to achieve, was accomplished by
Moissan (4) in the year 188L. The most significant event
of this time was the preparation 6r attempted preparation
of mixed fluorides of phosphorus, that is PF3C12, PF5
Br, and PF4I, by Moissan (5), which opened a new field of
research that has given rise to many exciting ideas in the
way of éhemical thinking in recent times, Following Moissan‘s
work the syntheses and studies of certain of the properties
of the three well-developed series of compounds, that is

PX PXs and PO.X3 where X is a halogen, had been completed

3
excepting the isolation of PI; and POI;, compounds still

not prepared and characterised. A great deal of physical

and chemicezl information about the halides of phOSphorus
stems from these early works, even though in some cases it
can not be accepted without critical examination and

perhaps further investigation, Among the important chemical
reactions (1) studied by these early workers decomposition

by heat and electric discharge, reactions with hydrogen,
oxygen, water, alkalies, halogens, hydrogen chloride, sulphur,
ammonia, metals like sodium, copper, mercury, aluminium,

iron, cobalt and nickel, transition metal chlorides and

oxides are worth noting although only in a very few instances

have the reactions been fully studied and conclusive results



obtained.

Apart from the PXg , PXi, PXz and POX3 type of

g’. . 3.
phospliorus halides, another serles of compounds in which there
are seven or more halogen atoms per phosphorus atom can

be recognised. The first of these polyhalides PClél, was

prepared by Bandrimont {6) in 1864 Dby the reaction between
é PCl5 and ICl, Other compounds of this series so far recognised

are PCl; BrI, PCl Br,I (7}, PCL Br), (8), PBr (9) and PBrgI

5 3
{10)¢ whilst solids of formulae PClzBr7, PCl3Br8 (11),

] PClsBrlO (12), PBr17 {13) and PCl3Br18 {8) have been either
isolated or identified indirectly, Crystal structure studies
(14) on PCL,I have shown that it is based on (PCl,)" and

ICl

5 units. The solid liquid phase systems of phosphorus

5 (III) halides and halogen have been extensively studied by

| many workers w1thout 31gn1flcant advanices (15). Conductance

| and transport numberTneqsirements (16) have shown that these
polyhalides can be viewed as based on (PX ) and X3 or more
complex anionic units. Spectrophotometric investigation
(10) of PCléI and PBryI have been interpreted in terms of
dissociation taking place into the pentahalide and the
interhalogen in}nonpoiar solvents9 and iohisation
taking place'with the formation of (th)*cations and

XIX ~ anions in polar solvents.
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After the investigations by Moissan on the mixed
fluorohzlides of prosphorus (V), this subject remained
neglected until Booth and éoworkefs prepared PCl,F
PF,C1 (17% PBr,F and PF,Br (18) in 19!39° Even
before the isolation of these compounds they had been
detected spectroscopically (19) in heated mixtures of the
appropriate phosphorus trihalides in which they are formed by

a halogen exchange mechanism, In this way PClZBr and PClBr2

(20) as well as PF,Cl and PCl,F (21) have besn prepared,
The synthesis 6f these compounds in pure form is a ma jor
zchievement of the practical chemist as they have since
been shown to undergo reorganisation reactions very readily
-making the'study of the pure species inherehtly difficult.
Direct addition of hzalogen to tﬁe mixed trihalides of
phosphorus offered a convenient method for the preparation
of the hixed,halides of phosphoius (V) and this technique led
for exsmple to the'isplation of PC1,F, and PC1, F (17):
More recently PCth pas been again prepared by Kolditz
(22), by the pyrolysis of (PClhy+f{PF6)“o
The first structural study dn phosphorus (V) halides

wasﬁundertaken indepéndently by Brockway and Beach (23)

and by Romault (24). So far only PF5, PF3012 and PCl

>

have been studied by electron diffraction.
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In the vapour state these molecules possess trigonal bi-

pyramidel structures in agreement with the results obtained
from studies on the Raman Spectré {25) and these structures
can be readily described in terms of sp3duhybridisation of

the phosphorus atomo On the basis of electron diffrsaction

studies (23) the two chlorine atoms in PF3012 were thought
to occupy axial positions with the three fluorine atoms

in the equatorial sites. However, this has been shown to
; be incorrect in the light of recent 719 n.m.r. {26) and
infrared (27) spectral studies, Holmes and his co-workers
have inteérpreted this data to show»that in PF3012 and
PCl,F,, the axial positions of the trigonal bipyramid are

372 _
occupied by fluorine atoms, and in PCth, one of the

E,

axiel positions is occupied by fluorine and the other by
chlorine. This is bécause fluorine in comparison with

? the less electronegative chlorine is capable of more
effective overlap with the axial orbitals of phosphorus
'which can be concisely described in terms of d-p hybrids
whereas the equatorial orbitals of phosphorus possess more
s-p charactéf (43, 28). .Thé crystal structures of phosphorus
peﬁtachioride (29) and phosphorus pentabromide (30) have
been worked out in considérable detail. Phosphorus

pentachloride has the ionic structure (PClL_‘)+ (Ple)Y=
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in which the phosphorus can be described as being in sp3=

and sdeZw'hybridised states in the cation and the anion

respectively. X~-ray powder diagrams of phosphorus penta-

chloride show two distinct patterns (this thesis, Appendix)

presumably due te a moeiecrylar form in addition to the ionic

form., In polar solvents phosphorus pentachloride is present

as the ions (_PClh)+ and (PClé)” (31) whereas in hdnpolar

solvents like carbon tetrachloride the molecular form

is recognised (32). (PBrh * Br” exists in solid phosphorus

peptabromide° In polar solvents phoéphorus pentabromide

undergoes ionisation to (PBrhf and (PBré)“»spécies (33).

The existence of ( PX, y¥ and ( PXnX16 o) “ units in which

X and Xl may be the sahe or different is a generzl festure

of phosphorus (V) halides. For eXample‘ﬁhe following

are known in the solid state:'(PCI%)+FP, (PBrh)*F°,

(PCL,) *(PFg ~(PCL) *(PC1,R ™y (PCL,)* (PBrgR ™, PBr, f-

(PFg)™ and (PBr) "Br~. |
Structural investigations of the halides of .phosphorus

(V) obened»ﬁp.many unforeseen points such as the ionic

chemisbry and possible isoﬁerism of these compounds,

The number of compounds included within the phosphorus

(V) halides is large when mixed halide complexes are
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considered and is still further increased if the possibility
of positiénal isomerism in the trigonal bipyramidel,
tetrahedral or'octahearal structure units is considered,
The potentialities, both synthetic,and chemiczl and struc-
tural, of this large group of compbunds would be well
enough illustrated by an investigation of the chlorofluor-
ides and it was to this end that the work described was‘
directed,

0f the compounds in the chlorofluoride series that is
PCth, PClBFQ; PFBQ}Q ang PFhCl, only one was well known
when this work was begun namely PF3012 (61). In the
course of the work details of PCth, P013F2 and PF401
(26, 34) becsme available, although not before considerable
time had been already spent in the investigation.

For a systematic approach to the chemistry of phosphorus
(V) halides it is essential'to discuss a few relevant
features concerning the chemical bonding in these ‘gompounds,
Recently Van Wazer (35) has dealt with this subject in
great detail and the treatment presented here is derived
largely from his presentation. It is convenient to
'explore this topic under four classes depending on the

usual structural entities encountered in phosphorus chemistry.,
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a} Three-connected phosphorus, In these cases a

naive 2znalysis sees the achievement of a stable octet
arrangement around the phosphorus atom with an electron
peir filling a nonbonding orbital. The shape thus ob-
tained is a triangular pyramid with the phosphorus atom
situated at the apex. The halogen - phosphorus - halogen
engle decreases from 104% L° in PF3 through 101% 2% in

0

PCl, and 100% 2° in PBry, to 98% 4% in PI;. The relatively

3
large drop in the bond angle as we go from PF3 to PCl3

has been attributed to the partial delocalisation of the
electron pairs on the fluorine atom into the partly
unoccupied d-orbitals of phosphorus, thus forming a

multiple bond (36). The increased electron density in the
multiple bond causes repulsion of the other bonds and

hence the large angle., This phenomenon is characteristic

of fluorine since its valence shell is complete with

four electron pairs. On the other hand the repulsion
between the electron pairs in the valence shells of the
higher halogens with incomplete shells is not so significant.
Consideration of the size of ligands coupled with the

greéter lone pair - bond pair repulsion than the bond pair -

bond pair repulsion (37) explains the gradual drop in



vond sngle. The lone pair -~ bond pair repulsion in phos-
phorus trihalides also accounts for the values of the

halogen -~ phosplorus - halogen bond sngles which lie be-
tween these reguired for spé hybridised and p2 hybridised

orbitals and hence the shape of these molecules as well,

b} Four-connected phosphorus., The frequent occur-

rence of (PK4)+ cations in phosphorus halides is an
importent feature 2s mentioned esrlier, The phosphorus
atom; in these cases, is tetrahedrally surrounded cor-
responding to spéhybridisationc These structures havé
been shown, by'Van Wazer (35); to consist of four ga-bonds
with 0.2-0.5 fr~-bonds per ¢=bond. In the case of the tet-
rahedral molecules of phosphorus oxyhalides molecuvlar
constants obtained from electron diffraction studies (24)
and microwave spectra {38) show that P-Cl bond in all
these compounas has very little r-character whereas

P-F and P-Br bond lengths cofrespond to about é ﬂ%bond
per ¢ =~bond, _In.POClB the P-0 bond has a large .amount
of f-character (approximately one J-bond per»( -bond) ;

the lack of Tl -bond éharacter in the P-Cl bonds is thus
made up by an increase in the amount ofAﬂLbonding in the.

P-0 bond. The exceptional stability of ions 6f the



(be}+ <type could be accounted for by the multiple
bonding present in the P-X bonds, TJf-bonding in these
cases serves to prevent undue accumulation of positive
charge on the phosphorus atom whichvwould otherwise
heppen due to the electronegativity’differenée between
the ?hosphorus énd the ligands, |

Five-connected phosphorus. The stability of five-

connected phosphorus compounds appears to be relatively
restricted alﬁhough the nunber has been added to recently
and many more examples of this stereochemistry will
undoubtedly be found., The recent preparations (39, 40)
of alkyi, aryl and hydfogen substituted halOphbsphoranes
indicates that the stability of five coordinate phos-
phorus is grester than wés once thought from studies

of simple halidestﬁith the exéeption of phosphorus
pentafluoride the pentahalideé contain five-connected
phosphorus only under special cohditiqns, for example,
phosphorus pentachloride has PCl5 units only in'vépour,
liquid éndAnonpolgr solvents (25, 41, 32). The vapour
of phOSéhorus pentabromide is completely dissociated

to PBry and Br, (42), and PBrg units have not been
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detected; however they are presumed to be present

in solutions in non-polar solvents, Both of these
pentahalides are ionic in solid. However, the two distinct
forms of solid phosphorus pentachloride observed in the
present.wbrk presumably correspond to ionic and molecular
lattices, The chlbrofluorophosphoranes are molecular at
low temperature, but they tend to transform t¢ ionic Species
at room temperature., All these covalent molecules have a
trigonal bipyramidal shape which is the expected one as

a consequence of lone pair-bond pair repulsions. This

stereochemistry is also readily described in terms of sp$3~
hybridisation. In the five connected phosphorus compounds

thereAis apparently little Tl-bonding. The use of low energy
d—orbitals'for<fhbond formation might possibly account for
the absence of T-bonding in these compounds, Siebert (25)
has shown that the axial bonds are longer than the eduat-
orial ones in thé case of molecular PCls that is in the
vapour state, Certainly the axial positions and the
equatorial positions are not geometrically equivélen’c°

The eldngation of the axial bonds has been explained as
being due to the extra repulsion exerted on the bonding pairs

in the axial sites relative to those in the equatorial
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positions., Incomplete hybridisation leading to three
szequatorial orbitals and two dp axial orbitals has
 been offered as another explanation (43) since overlap
with the higher energy-dp-hybrid orbitals would be éx»
pected to be less effective than with the sp-hybrid or-
bitals,

Six-connected phosphorus. The most favourable shape

expected in a six-éonnected environment is octahedral
on accouni of electron pair repulsion effects, The
alternative approéch involving sp3d2 hybridisation leads
to the same result., The coﬁplex anions of the type
(?Xg)° are thus frequently present in phosphorus (V)
halide systems. In these ions there is little amount of
T -character; the lack of W-character ‘in these units
may be given a similar explaﬁation 2s in the casg of
the five-connected-phosphorus compounds, ‘

One striking feature that emerges is the pfedomin-
ance of five-connected and six-connected phosphorus V
molecules with halogens of high electronegativitiés°
This is in accordance with the conclusions reached by
Craig etal'(QB) from their theoretical studies on the
use of d-orbitals of'phosphorus for bond formation,

Thus PFg, PClg and the chlorofluorides of phosphorus (V)



= 13 = _
are known to exist in molecular form. (PF6)° ion is fair-
1y common whereas (PClg)” ion exists only in solid phos-
‘phorus pentachloride and its solutions in honaqueous polar
solvents. (PBr6)" appears to be much less common and So
far has been recognised only in solutions of PBr5 in‘nonaw
queous polar solvents., (33). The absence of (PBré)' ion
in the solid stete may well be a steric consequence even
though there iS'sufficienﬁ room for six bromine atoms around
a phosphorus atom. Recent F19 nuclear magnetic resbnance
studies (28) on phosphoranes of the type RnPF5~n (R=alkyl
or aryl group, n=l, 2 or 3) are consistent with a trigonal
bipyramidal model in which the R groups always occupy
equatorial sites. This again is in agreement with the
argument based on the "electronegativity effect™ of the
1igands‘on the 3d-orbitals of phosphorus’

Quantui mechanical reasoning (43) supports the ex-
istence of M~bonding in guadruply connected phoaphorus;
This type of bonding is more or less restricted to compounds
containing four-connected phosphorus and there is little
or no TN =bonding in the three -, five - and six-connected
phosphorus compounds, The dissipation of positive charge
that might accumulate on the triply connected phosplLorus

systems with strongly electronegatfive ligands
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can be effected by the lone pair electrons on the phosphorus
atom, and this might account for, the absence of any signi-=
ficant amount of Tl-bonding in them. The exceptionally fre-
quent occurrence of (th}+ cations in many compognds has
been well established and this has important consequences
in the chemistry of phosphorus (V) halides. For example
flvorination of (JPC].L)_*‘(P(:‘,].é')”= by arsenic triflubride results
in(FClA)+(PF6)" (44) indicating the relative inertness of
(P014}+ to fluorination compared to the (PClé)“ group.
Similarly it has been shown by exchange studies (45) involv-
ing} chloride ion that the chlorine atoms in (PClé)“ are
far more labile than those in.(PClh')*° Closely connected
with this is the inherent instsbility of molecular chloro-
fluorophosphoranes with fespect to reorganisation processes
leading to the formation of stable lattices involving (PX4)+
and (Pxé)’ units, Thus it is quite clearly established that
the four-connected and s%x—connected species are more steble
than the five-connected phosphorus. compounds. A possible
mechaﬁism for the traﬁsformaﬁion of co#élent Pf‘BCl2 to the
ionic form has‘Been suggested by Kennedy (46) to involve
a reorgaﬁiéation through the presence of halogen bridges in
phosphorus (V) halides, Such bridged structures which re-

present an interesting bond type have been observed in the
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vapour phases of.(PClh)+ (PC15F)” and phosphorus pentachlor-
ide (47). |

Another important aspect of the chemistry of phosphorus
pentahalides is their lLewis acid behaviour and this has
been the subject of recent investigations (48, 49, 50, 51,
v52)° For example phorphorus pentafluoride, apart from the
well known (PFéY'anion, forms in general, 1l:1 adducts~with
a wide variety of donor molecules like amines, amides.
nitriles, ethers, esters amnd sulphonideé (52)° F19 nuclear
magnetie measurements are consistent with an octahedral
structure for these complexes, Similag compounds are known
in the case of the othef pentahalides of phoéphorus° More
will be gaid later on the stability'of theée complexes,

In conclusion it is appropriate to include a few
comments on the chemical reactivity of phosphorus halides,
On account of their high reactivity.under certain conditions
this has caused these dompounds to be generally spoken of
as "unstable". In the first instance the readiness with
which they undergo hydrolysis has been a long recognised
fact. The polar nature of the phosphorus halogén,bond makes
it very éuscéptible to nucleophilic attack and the sensi-
tivity to hydrolysis increases with increasing size of the

halogens bound to the phosphorus atom., As a class,
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phosphorus (V) compounds also undergo reorganisation processes
rather readily. However, the reactivity is not great enough
for any rearrangement to take place'while the substance is
being cheracterised., This could be illustrated,; for example,
in the case of the mixed chlorofluorophosphoraneso The
covalent forms are fairly stable at low temperatures,
At room temperature the transformation to ionic species takes
place slowly, The actual mechanisms of these processes
are likely to be compleX, involving many reorganisation
processes, Among the mixed trihalides, the presence of flu-
orine tends to stabilise them with respect to reorganisation
processes (53), |

The reactiveé nature of phosphorus halides makes at once
obvious the necessity for handling these materials with
great care., Techniques involving the use.of vacuum lines,
dry boxes etc, haﬁe, however, overcome many of the handicaps
and made accessible reliable chemical information on these com-

pounds.
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RESULTS AND DISCUSSION

3
CONSIDERATIONS.

THE PREPARATION OF PCl F2 -~ SOME PRELIMINARY

Historical note.

Booth and.coworkers (17) were the first to reporst
the isolation of PClBF2° The compound was prepared by the
chlorination of PFZCl which was obtained by the controlled
fluar&nat;¢u-ﬁf phosphorus trichloride by antimony tri-
fluoride or caleium fluoride, | ‘

The reaction was foﬁnd to be exothermic in nature and the
PCl3Fé was obtained as' an unstable liquid which slowly
changed ﬁo a white solid, This transformation was complete
in about six days. The liquid had é}vappur pressure of
387 mm'at'32°Cp '

At the time the present investigation was started
there was no further information regarding the properties
of PCléFz ahd it was the aim of this work to prepare this
compound and study it thdroughly° However, while wark was

in progress Holmes and coworkers (26, 27) reported the
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preparation, infrared spectra and F19 nuclear magnetic
resonance spectra of a series of chlorofluorides of phos-
phorus (V) including PClana Their method of preparation
of P013F2 an§ the other members of the family was also based
on the chlorination of the appropriate mixed phosphorus

trihalide.

General methods‘of preparation of mixed halophosphoranes.
(1) Halogenation of phosphorus trihalides.

. The addition of halogen to a suitable phosphorus
trihalide has been used in the past for the preparation
of the mixed hélides of phosphorus (V). This is a very
convenient route for direct access to these compounds.
In fact, Moissan (5) isolated the earliéét known
chlorofluoride of phosphorus (V) that is PF4Cl, by the
chlorination of PF3° The process is somewhat cumbersome
when the preparation of mixed trihalides of phosphorus
as the'starting materials becomes necessary, However,
the experimental difficﬁltieé involved in the synthesis
of the mixed phosphorus (III) halides have been re-
duced considerably by‘recent investigators (26),

Even though this is at the cost of the yield of the

products the simplicity of the experime ntal procedure
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more than compensates for it., The following equations
summarise the syntheses of some mixed halides of phosphorus

(¥} which have been carried out by the halogen addition

procedure:
PFB + Cl, — PF3 C1, (5,6}.)—
PF,Cl  + Cl, ——> PC1,F, (17? 26)
PFCL, + Cl, =-—= PCIAF (17, 26}
——> PBth (54}

PBrzF + Brz

(ii) Pyrolysis of the mixed halides of phosphorus (V).
Kolditz (22) reported the formation of PCL,F by
the pyrolysis of (PClA)*(PFé)” under reduced pressure:
+/pm \*
(Pc1,)™ (PFg) ~~>  PCL,F + PFy

On the other hand pyrolysis of (PCZLI")*'(PF'é)‘== at 100°C
under reducsd pressure was found to give PF3012 by
Kennedy and Payne (47). The 5ame authors observed that
the action of heat on (PClA)+(P36)“ suspended in boiling
carbon tetrachloride led to PF5, PF3012 and the solid
(Pc1,)* (PCLE)” &

(1ii) Halogen exchange reactions.

Holmes and Carter (34) reported the preparation
of PF401 very recently. They obtained this éompound

by the controlled low temperature fluorination of PF3012
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with antimony trifluoride. ThisiS the only example of
this type of synthesis appearing‘in the literature so
i‘aro

Fluorine addition as_a method of preparation of

Chlorofluorophosphoranes.

0f all the methods outlined above halogen addition
to a phosphorus trihalide appears to be the most direqp
and clear cut route to the synthesis of mixed halo- _
phosphoranes, By analogy, at least ¢&n a form&d basis;
with the reaction of chlorine, the reaction of fluorine
with phosphorus trihalides also should lead to the
formation of addition compounds; thus,

_Pcl3 + Fp == PCLF,

PFCl, + F, = PF,Cl,

3
PFzCl + F -~> PF C1

2

In the case of chlorine addition take: place without
exchange reactions if the trihalide contains only
chlorine and fluorine whereas substitution of chlorine
by fluorine can occur when addition by fluorine is at-
tenped; the main reason for this being that the P-F bond
energy (117X€@alymole in PFB) is much greater than the
P-Cl bond energy (76 K Cals./mole in PC1ly).

The heat of reaction of the process



Fy #+ 2 P~Cl == 2 P-F ¢ 012

2
can be approximately evaluated taking the heat of dis-
sociation of molecular chlorine and fluorine to be 57
K cals and 60 K cals per mole respectively (55). In the
same manner the heat of reaction for the fluorine
addition reaction can be estimated and here the assump-
tion is made that the P-Cl and P-F bond energies of the
pentavalent phosphorus molecules do not differ from
the corresponding values in the ¢ri halides namely 76
K cals and 117 K cals per mole respectibely (56), This
is known not to be so but the use in the calculation of
PV-C1 and PV ~F bond strengths as opposed to BT -Cl
and plil_p bond strengths is not possible as the data
is not at present completely available. It would appear
likely that the differences whilst not insignificant
would not be such as to alter completely the energetics
of the reaction., An estimate made in this way for the
reaction. |

| POL, + Cly— PCLy. eeennsnnnineiaesinedi
using the known P-Cl bond strengths (57) in PCIB and
P015 shows a difference of 8% X cals for the heat of

reaction (AH calculated by the approximate method:
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98 K cals; AH calculated allowing for the difference
between the P-Cl bond strengths in PCl3 and PCl5: 14
K cels.). Using the(approximation the energy changes
involved in reactiohs between phosphorus trichloride and
fluorine may be represented as follows:
P013 + Fp == PClF2+Clz?AH= ~ 79 K cals cooo 2
PCly + Fy ——> FCL,Fy ,AH= 174 K cals so.0 3
PCly_FeFym==> FCly F o+Cl, |
: AH= - T9 K cals cooo L
It will be observed thatdH for the reaction given
by equation 3 is likely to be considerably lower than
the value given above by analogy with the addition
reaction between PCl3 and Cl,. However, the heat of
reaction in the former case would be expected to be
greater than in the latter case considering thé greater
P-F bond energies relative to the P4Cl bond energies,
Trivalent phosphorus compounds are, by virtue
of the lone pair electrons on the phosphorus, suscep-
tibie to electrophilic attack, This inherent reacﬁivity
is likely to be an important driving force in favour of
the addition of fluorine to phosphorus trichloride

rather than the displacément reaction., In practiee
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this addition invqlves the loss of energy before the
molecule  breaks up or halogen exchange occurs, The
absence of excess fluorine, reasonable dilﬁtion of the
reactants as an effective means of dissipating the heat of
reaction and removal of the addition product from the 
reaction zone soon after it is formed are essential to.
minimise side reactions, The balance between reactions
represented by equations 3 and 4 is probably a question
of mechanism rather than thermodynamicso

The successful preparation of P013F2 by the
addition of fluorine to phosphorus trichloride is of in-
terest because this is the first instance studied of the
addition of fluorine to a compound containing less elec-
tronegative halogens, Furthér there is the advantage
that the starting materials are readily available, The
rezction between phosphorué trichloride and elementary
fluorine was first reported by Moissan (58). He identi-
fied chlorine and phosphorus pentafluoride as the products;
The lack of success of previous attempts to useAfiuorine
for addition reactions must be attributed to its highly re-
active nature; however it is clearly not incapable of

addition to a lower valency state halide in the same way

as the other halogenso



In'the'following pages are given the attempted
 experimental methods designed to establish suitable
conditions under which the addition of fluorine to

phosphiorus trichloride would be possible,
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THE VAPOUR PHASE REACTION BETWEEN PHOSPHORUS TRICHLORIDE
AND FLUORINE AT ROOM TEMPERATURE

A dry nitrogen stream carrying phosphorus tri-
chloride vapour was brought in contact with eleméntary
fluorine in a horizontal copper reactor at room temperature
The reactants were mixed in 1l:1 mole ratio., During the
reaction the inlet end of the reactor became slightly
warm and a thin film of white deposit was formed
gradually in the tubes Joining the'traps (cooled to
~78°C) directly connected to the reactor. A yellowish
white solid along with some liquid appeared in the
first trap. During the experiment the yellow colour
disappeared gradually, As the reaétion proceeded white
fumes issued from the outlet of the moisture guard trap
where the nitrogen sti'eaan carrying material not condensed
entered the atmosphere.

When the reaction was complete the copper re-
actor was opened and a white solid was found on its
walls at the inlet end, It gave the following analysis:
Cl, 71.4%; F, 12.4%; P, 15.8%, (totgl 99.6%) corresponding
to the composition P013°9331°23° An X-ray powder
photograph of this compound (Fig., 1 and Table 1} was
found to be almost identical to that of (Pclk)fF“ (22),
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There were, however, a few additional weak lines not present
in (PClh)fFac The. presence of (P:Fé)” ion in the hydro-
lysate of the com@ound was shown by precipitating the
Nitroﬁé(PFé)” compound (59} which was found to have a
melting point of 228-230°C (Kolditz: Nitron-(PF,~)

compound, M.P. 229”°C), On the basis of these results

the solid product can be‘considered to be a mixture of

91.8% of (PClh}*Fu and 8.2 % (PClh}*(PF6)=O,

Analysis of the white solid from the first.trap
(@t -78°C) connected to the reéctor gave Cl, 7h.7%; P,
15.4%: calculated for (PClh}mes Cl, 73.8%; P,16,15%.
&fgein a mixture is indicated, however the composition is
much closer tu (PClh)'*Fm than in the case of the matérial
from the reactor., The volatile products from the traps at
-78°C were separated,ihtb ‘two fractions condensing at -78°C
and ~-180°C by fractional distillation in a ﬁacuﬁm line,
The identification of the volatiles was alﬁayé’done by |
means of their I.R, spectra. The -180°C fraction was

found to contain POFBs POFZC].9 POCle, PFBClzand7é

compound showing a new hand’at 865 cm “lo Small amounts
of POF2C1 and a compound showing a strong absorption at

865 cm™t were present in the -78°C fraction, This new



~ 27 =

Table 1. The X-ray Powder Data for the Product of

Reaction between PClj,and F2 at Room

‘Teqperature
e | strength | (PClh)+F“ strength

6.4 w

7.4 w

10.6 VS 10.8 S
12,5 m 12.5 m
15.1 w 15.3 ww
16,4 s 16.5 S
}l?ol vw

18.6 vw

19,7 w 19,9

21..6 m 21.9

23,0 w 231k w
28.0 VW 28,3 w
29.1 w 9.5 m

30.3 w

32.3 VW 32.8

33.4 vw 133.9 w




28Q

Tige 1. X-Ray Powder Diagram of the Solid Product of the

Reaction between PC}B and F2 at Room Temperature.

e
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band i8 in the region where P-F absorption appears
and the absence of all the then known fluorides, chloro-
fluorides and oxychlorofiuorides of phosphorus which have
P~F absorption in this region suggested that this peak at

855 cm’l was due to the expected product PCl on Further

tha =78°C fraction slowly deposited a white zolids a‘feature
which is characteristic of the chlorofluorophosphorane
which readily undergoes transformation to ionic solid as

has been mentioned, This liquid fraction was sealed

in a tube fitted with a break seal and left at room
temperature for a week when nearly all of it had changed

to a solid. The small amount of liquid present

(POFZCI impurity) was pumped offland the white solid
obtained analysed for chlorine and phosphorus: Cl,

61.6%; P, 16.7%; calculated for PCl,F,, Cl, 60.7%;

P, 17.7% The composition of the solid was thus close

to that of P: 013: F
covalent liquid P013F2 had transformed to an ionic¢ anal-

90 It appeared probable that

ogue (the nature of which is discussed later) as in the

case of covalent PClF (22) which transforms to (PClh)*F“ﬁ

The details of the reaction are summerised in
Table 2,
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The above mass balance is by no means complete since

attention has been paid only to products which are

not volatile at -78°C undef atmosphere pressure,

An

attemped study of the products not condensed at -78°¢C

encountered experimental difficulties which could not

be readily overcome and was not therefore followed up

in detail.

However, a qualitative experiment concerning

the material volatile at -78°C in reactiom of this type

is described la;ero

Table 2.

| % Cngersibh'i
Millimoles ‘Millimoles | with respect |
Reactants| reacted Products formed |} to phosphorus |

(PC1, )*F" 28,2 2L.6

(Pclh)‘ (PF6) 1oo 108

PCl3 114.5 ‘PClBFZ 2.6 2,2

F 114.5 POF,, ) _
Total phosphorus accounted for 28.6%




THE _LIQUID - VAPOUR PHASE REACTIOﬁ BETWEEN PHOSPHORUS

TRICHLORIDE AND FLUORINE AT - 78° C, I.

The formation of (PClb)+F“ as a product of the
reaction between phosphorus trichloride and fluorine
appeared to’be the result of a thermal breskdown of the
addition cOmpounds P013F2 formed initially, Instances of
such decompocition are knowh from recent‘work (22, L6)

on the chlorofluorides of phosphorus (V).

If yields of PCl3F2 were to be increased it
appeared necessary to minimise the effect of the heat
of reaction; this could be achieved by cooling the

reactor to sufficiently low termperaturs,

In the first experiment fluorine diluted with
dry nitrogen was passed through liquid phosphorus
trichloride cooled at -78°C, It was hoped that the
presence of phosphorus trichloride in excess over the
amount of fluorine and the expected decrease in the
reactivity of fluorine at low 'nempérature would facilitate
the addition reaction., As in the previous experiment short-
ly after the reaction was started white fumes appeared'

at the exit end of the moisture guard trap and small



amounts of a white solid were formed in the exit and
inlet tubes of the traps. After running for about
twenty minutes the nitrogen flow commenced to fall,
however;, when the phosphorus trichloride was allowed

to warm up the nitrogen flow increased slowly, but

again fell en cooling, It was presgmed that this was
due to a viscosity effect. However,. the_applicatibn

of higher pressures to induce the flow of nitrogén was
not possible since the fluorine cell can not operate
with an excess pressure of more than a few inches of
water pressure.. The experiment had therefore to be
discontiﬁued; although in the initial stages it gppeared
that a reaction occurred it was not possible to study
it further. Some white solid was found at the bottom of
the trap containing phosphorus trichloride; however,
since the reaction had not gone to any significant

extent no attempt was made to work up the products.,



THE LIOQUID VAPOQUR PHASE REACTION BETWEEN PHOSPHORUS

TRICHLORIDE AND FLUORINE AT -78%C . II.

In this experiment phosphorus trichloride was
allowed to drop into an atmosphere of fluorine dilnbed
with diy nitreogen in a pyrex glass reaction flask cooled
te ~78%C, White fumes were formed inside the flask and
a white solid was deposited on its walls, . The region
immediateiy bélow the neck of the flask not covered by
the freezing mixture was fdund to be hot 70°C) and
in the later stages of the experiment the rate of
drepwise addition of phosphorus trichloride could not
be observed visuaily becéuse of the deposit of white
solid on the flask walls, For this reason the rate of
the reactants entering the reaction flask,bould not be
adjusted in thg latter stages of the reaction. The
experiment waé completed by the addition of the stei-
chiometric amount of phosphorus trichloride althcugh the
rate of addition could not be controlled,

The white solid from the reaction flask had a

chlorine content of 70.5%:; the Xsfay powder diagram

was found to be identical to that of {PClh)*F“S but
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the presence of (PFé)a ion also; in the compound, was
shown by precipitation with Nitron reagent in the way
previously mentioned., The solid can accordingly be cons-
idered tc be a mixture of 88,5% (PClh)'}F'Q and 1105‘%
(PCL, 37 {PFgI.

The I.R. spectrum of the volatile products
from the reaction in the region 2000 = 650 cmals showed
only the presence of traces of POFBO No indication
of the presence of ény chlorofluorophosphoranes was
obtaihedm This suggested that only unreacted phosphorus
trichloride was present in the volatiles, it was
verified by vapour pressure check also. The experi=

mental results are shown in Table 3.

Table 3.
- % Conversion
Reactants ; Millimoles Products jMillimolesjwith §§spect
~ phospliorus
PC1, 114.5 (PCL,)"F~ 45,8 56,0
a + - '
F, 11lk,5 {(PCL)" (PFg) 2,5 6,2
PClB ) 3207 hat
'Kunreacted)

Total phosphorus accounted for 620 2%

s weren



THE VAPOUR PHASE REACTION BETWEEN PHOSPHORUS TRICHLORIDE
AND FLUORINE AT ~78°C.III.

The previous experiment (II in this series)
showed about a 50% increase'in the yield of impure‘
(PClh}"’F’* over that obtained in the vapour phase reaction
between phosphorus trichloride and fluorine carried out
at room temperaﬁure in a copper reactor. If it is accep-
ted thatA(PClh)+F” is formed as a result of a thermal
breakdown of the desired addition compound PClBFzg then
the twofold increase in yield of (P014)+F” cay be ex-
piained in terms of the generation of heat cobserved
experimentally inside the reaction flask, For this
feason a vertical copper reactor which would conduct
away heat efficiently was used in this experiment. The
phosphorus trichloride was introduceéd into the reaction
vessel in a nitrogen sStream which presumably lead to a
mist of fine droplets; and.fluoriﬂe was added through

another inlet tube,

A‘few minutes after the reaction was commenced
white fumes appeared at the outlet of the moisture
guard tube and this continued throﬁghout the experiment

as has been described previously, Thesé white fumes
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gave a vest for free halogen (potassium iodide paper
darkened)}. A thin film of a white solid depositéd in

the traps (at -78°C) and the tubes connecting them whilst
only small amounts of liquid collected in these traps,
After the reaction was dver the ccoling bath around the
reactor was removed and the flow of dry nitrogen through
the apparatus was increased sligiitlyo A considerable
amount of liquid product from the reactor was found

to condense in the glass traps {(cooled at -78°C) which

were suitable for attachment to the vacuum system.

A white solid was found at the bottom of the
copper reactor, This co#tainedlcl; 75.2%; P, 16,1%;
calculated for (PCL,)*F", C1,73.8%; P, 16,2%. The
higher chlorine content may be due to small amounts of
PCl55 though this was not shown in the X-ray powder
diagram which was very closely similaf to that of
(PClh)+F* éxcept for a few weak additional lines as

have been observed before.

Analysis of the white solid deposited in the
traps (at -78°C) gave a value of 68.6% for the chlorine
content., Thié‘suggested that the material is possibly
a mixture of'(PClh)*Ff and the solid formed from liquid
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PClBFgo The latter solid obtained by the ﬁransformation
of liquid PClBF2 will be referred to later, An equi-
molar mixture of (PClh)me and the solid of the composit-

ion PClgF2 would contain 68,2% of chlorine.

The volatiles collected at =78°C at atmospheri.c
rressulre were fractionated in a vacuum line through
traps held at -40°C, ~78°C and ~180°C, The main fraction
obtained in the trap at -78°C showed in the I.R, spectrum
a strong sbsorption at 865 em™ and the presence of small
amounts of POFZCl which could not be removed even on
extended fractionation. The contents of the trap at

-180°C was found to contain POFB, POF,CL and PF,Cl,,

A new absorption in the I.R. spectrum at
about 780 em~l was observed in the case of the -40°C
fraction along with.absorptions attributable to POC1,Fs
of medium intensity. However,‘the low vapour pressure of

this fraction ( 35 mm at 20°C) showed that the amount

of POCle was small, The absorption at 780 cm'"l is in
the P-F region and the gradual transformation of the
liquid to solid suggested the presence of a chloro-

fluorcphosphorane, The liquid product was therefore
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allowed tc solidify and the solid obtained after POC1,F
was removed, was found to contain Cl, 74.7%; P, 16,3%;
caleculated for {PClh}+Fé; Cl, 73.8%; P, 16.15%, Since
#CIQF was known to undergo transformation to the ionic

Towm iPClb}*F“ (22) it was concluded that the -40°C

fracticn ie PCth? which thus has the P-F absorpiion
3 . , .
at 780 em ., This was subsequently found to be in

agreement with the results of Holmes and coworkers (27).

Vapour density determination on the -78°¢
fraction gave a molecular weight of 177 which is
very close to the theoretical value for PC13F2 (175.4).
Further, analysis of the compound gave Cl, 61, 5%;
P, l7°7%; F, 2008% ( by difference); calculated for

PC15Fy, Cl, 60.7%; P, 17.7%; F, 21,7%.

The transformation of P013F2 («78°C fraction)
to the ionic solid appéared much slower than that of
PClkF { -40°C fraction) as obtainéd in‘this‘reaotion°
As referred’tq ecarlier a samplelof PC].3F2 transforms
completel& ©o the‘solid over a period of one week at
room temperature compared to about three to four hours
for the cangrsion»of PC1,F to (PCllz_)'PF“° "Both these
transformaﬁions Can.bé'retarded to a very great extent

but not eliminated by étorihg the samples at low tem-
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IDENTIFICATION OF THE PRODUCTS (FROM THE REACTION

BETEEN PHOSPHORUS TRICHLORIDE AND FLUORINE AT --78°C)
VOLATILE AT -78°C

The use of a liquid exygen trap bétween the
set of traps cooled to -78°C_and the moisture guard
trap in the éxperimental arrangement (see experimental
section) made it possible to condense the products
of the reaction escaping the traps held‘at -78°¢,
However, it was found necessary to raise and lower
the liquid oxygen trap during the experiment in order
to avoid blockage in the system., This operation,
unfortunately, entailed the inevitable less of part
of the products so that a quantitative investigation
was riot possible in this casé, The details of the
I.R. spectrum of the condensate in the range 2000-

550 cm™1 are given below:

em L P em™E em™t
143im §97vs 900s 693w
1421s 953m 891s(8h) 673w
1408m 953m 876s 654w
1033m 935m - 868s(8Sh)

1025m 908m 83Lnm



The presence of POFB? Sith PF5 and presumably the recent-
iy synthesised compound PF,Cl (34) in the mixture is indic-
ated in the spectrum. The appearance of absorptions at

r [s) along with other peaks

5305 em™t ‘m) and 900 em”
common. GO PP!'Cl and PFS supports the idea that PFA:‘C}_ is

raasnt in the dystem. At the time this experiment was

e
¥
D
P
0
@

of FF,Cl was not in fact raong-

carvias out the ores
cisad since the dgatails of the I.R. spectrum was 0%

chen available and its presence was notv suSpected-until
cesults from the study of the treusformation of BC13F2

in the vapour phase were availabléo Appreciable smounts

of chlorine in the gaseonsAmixture.was shown by the gziesne
ish yellow colour of the sample and by the dispiacement

if iodine from potaésium iodidé, Thié’sﬁggésted that

PF,CL is 1ike1y to be.among the products, However, the
overlap of P-F absérptions bf.POF3 énd-Pcml made it diffi-

cult to detect it in the I.R. spectrum.
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THE DISTRIBUTION OF PRODUCTS FLOM THE REACTION BETWEEN

PHOSPHORUS TRICELORIDE AND FLUORINE AT --78°C

The detailed data on the quantitative yields of
the wezrious. preoducts fofmed in the vapour phase reaction
between phosphorus trichloride and fluorine at -787C are
presented in TablesAh and 5. The percentage yield ¥ of &
product "with respect to X" given in Table 5 has been
calculated using the expression

Yy = amount of X in the product x 100.
total amount of X in the reactants

Yields celculated in this way are & convenient means of
assessing the mass balance of the individual elements
present in the system,A‘The low total yield based on
fluorine thus indicates the loss of large amounts of
fluorine &s possibly PFs, PF,C1, PFCL,, PF&Cl and PFy, in
this case PFjCl2 is not included since it was not indicated
in the I.R. spectrum of the material not condensed at ~78°C
under atmospheric pressure, Similarly aﬁout 50-60% of the
total chlorine is in the fraction condenéing at -78°C
under atmospheric pressure, Without being displaced

by fluorine,
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By Perude® P013F2 is meant the volatilescondensed
in the traps at 78°C under atmospheric pressure. From
vhe wables the amount of purified P013F2 is found to be
ngariy half that of the crude material, thoush the,im»
purities such as PCth, PF3C12 and the omychlofofluorides
do not account for this completely, Purification of the
products into various fractions requires several cycles
of low temperature vacuum distillation and during this
process significant amounts of solid products are formed
‘1 the fractionation traps. The observed loss of material
can thus be explained on this basis. Since the amounts

£

i exvehlorofluorides present in the crude PCLBF? were

crvapziebively small { 1%) they are not included in Tahlc

Lo

5

% along wWith the other products.

For reasons outlined earlier it was net possible
to get quanvitative data on the vonlatiles not retained
at ~78°C under atmaépheric'pressﬁreh About 3.5 g of these
low boiling products from an experimeht using 115 milli-
moles (15.8 g) of phésphorus trichlofid.ép wére_obtained
by condensing them tn a liquid;oxygen trap, This fraction
was found to contain 16.6 millimoles of free chlorine
{ 9.3% of the total chlorine). This would correspond

to about 14% of the phosphorus trichloride being converted
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DISCUSSION OF THE EXPERIMENTAL RESULTS ON THE REACTION
BETX®EEN PHOSPHORUS TRICHLORIDE AND FLUORINE,

The experimental results on the investigation of
the reaction between phosphorus trichloride énd fluorine in
the vepour phase have shown that the addition of fluorine
tc phosphorus trichloride is po;sible under suitable con~
ditions. The yield of over 20% of crude P013F2 obtained
is a reascnable figure in view of the side reactions
which are possible., Although a direct comparison is not
quite relevant a few yields from contrelled fluorination
by exchange reactions may be quoted., Booth and coworkers
(17) have reported yields as high as 60% in the prepara-
tion of PClF2 and PClZF by the fluorination of phosphorus
trichloride with antimony trifluoride, However these
authors used a very complex carefully designed experi-
mental arrangement to achieve such & high yield. Control
of the reaction temperature, fractionation column tem-
perature and pressure in the system were the significant
features which made it possible to isolate the desired
product effibiently without further fluorination occurr-
ing, Bv employing a less complicated experimental set-
up Holmes and coworkers {26) have reported yields of

PCI?F and PF,CL around 35“40% for the same reactions.



The same authors have even more recently obtained PFhCl
{34) in 20% yield by the controlled fluorination of

PF3012 with antimony trifluoride,

The relatively lcw yield of PCl3F2 in the pre-
paration described in ths present work could be explzin-
ed if we consider the other products of the reaction,

The formation of (PClh)+F" in about 20-25% yield is quite
significent, Ii is quite reascnable to suppose that
.(P014}+F$ is formed as a result of the breakdown of PCl;F,
-caused by the highly exothermic nature of the reaction.
Even though the reactor was kept cooled at -78°C the local
heat of rezction in the interior of the reactor is not
‘likely to be'remOQed sufficiently quickly. The occurrence
of a brezkdown process is supported by the amalogous
behaviour of PF3012 at high temperature. The pyrolysis
of PF3012 {46) has been studied in detail and it has
been shown that & mixture of (PCIA)*F“ and (PClh)*(PFé)==
in the solid phase, and S;Fh, PF5 and POF3 in the vapour
phase are the products, Kolditz (22) has observed the
pyrolysis of (P014)+F' leading to the formation. of PClS
and (PC1,)* (PF4)™ and that of (APC].&‘)*(PFé)“’ leading to
the formation of PCL,F and PFg, In the light of this
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evidence similer decomposition processes can be canceived
- 1‘? °
for PC¢342°
< PC1,F, —> PCl
32 ' L 3
end then the following reactions can occur:

F + PF Clz

2 PFBle > PClA

PCth —> {PCl

(PClh)+Fm + PFg

F+ PF5

=

) F
—> (PCL, )" (PFg)”
The observed yield of PF3012 is relatively small.
which would mean that most of it has been decomposed as
indicated above, However, the ccmpound (PClh)+(PF6)°
is present in the solid product from the reaction only
in Small amounts, which apparently runs contrary to the
. above scheme. Bub it must be emphasised that in the
investigations on the pyrolysis of PF3C12 the experiments
were done in closed systems, which could lead to the
absorption of PF5.by (PClk)*F° resulting in the formation
of (PClh}+{PF6)° and this.may not necessarily occur if
we are deesling with an open system like the one used
in the reaction between phosphorus trichloride and fluorine,
It is possibie therefore that the low boiling phosphorus
pentafluoride was continuously flushed out of the system
thus preventing its build:up and hence its combination

with (PClh}+F“ and this is supported by the appearancs



“ 50 o

of fumes beyond the moisture guard tube,

The reaction between phosphorus trich-
loride and fluorine in a pyrex flask cooled at
-78°C led to the formation of about 56% yield of
(PCL

4}%Fm which is significant compared with the
figures {20-25%) obtained in the other experiments;
Further no trace of any chlorofluorophosphorangs was
observed in the velatiles, The development of hest
in the reaction flask in spite of cooling at -78°¢C

has been mentioned earlier. It seems likely; there-
fore, that the chlorofluorophosgobranes formed in this
reaction must have been completely decomposed thermal-
ly, thus providing some experimental support for the
elucidation of the formation of (PCL,)"F", PC1,F and

PF3012 in the system,

An important observation was the formation
of (PClk)+Fm at the bottom of the vertical copper
reactor as a uniformlyvthick layer, Only small amounts
of white solid were found on the walls of the reactor.
at the inlet side, This appears to suggest that
~initially liquid PCth collects at the bottom of the
copper reczctor and that it transforms to the solid

later on, - The transformation of PCth to (PClb)+pw
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has been cbserved to be much faster (in about two to
three hours at room temperature nearly complete
traensformation takes place) than that of PFgGlz or

PClBFZg in the present work,

If only solid (PClh)+F° were present in the
rezctor this is likely to be covered by liquid PCl3F2
and the small amounts of PF3012 present with the result
that (PClh)+F” is unlikely to come into contact
readily with PF;. Since the reactor is kept at -78°C
during the experiment and until all the traces of
fluorine are flushed out of the system after the
experiment it isvmore likely that PCth formed is in
the covalent liquid form and perhaps along with slight
amount of ibnic solid form at this»stage° In such a
case the formation of (PClh)+(PF6)" is not likely since
PCth and PF5 would noﬁ interact éven if they were
in contact., It is to be expected that the transforma-
tion PCth — (PClh)"'F'a might take place later,
when the reactor is allowed to warm up and the volatiles
are being transferred to the -78°C traps by a stream of
dry nitrogen., The low vapour pressure of PCth ob-

served in the present work ( 35 mm at 20°C) suggests
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thet evaporation of PCth from the reactor by the

nitrogen stream must be slow. This would explain why
only small amounts of PCth were present in the fraction
of the volatiles which condensed at -78°C under at-
mosprieric pressure. The inevitable éxposure of the
contents of the reactor to room tempersture for about
three to four hours required for the complete trans-

fer of the volatiles would thus tend to accelerate

the transformation of the molecular to the ionic

form,

On the basis of the breakdown process outlined
zbove the yield of P013F2 formed if no decomposition
were taking place can e estimated as around 50%,

This is a fairly good yield considering the reactivity
of fluorine Which 2s has been mentioned-éariier is
likely to lead to side reactions., . The thermsl
decomposition of P013F2 could possibly be lessened
still further if the apparatus were suitably designed

to reduce the effect of local heating inside the

reactor,

Even though no quantitative data were ob-

tained for the products volatile at ~78°C under
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atmospheric pressure many useful conclusions may be
drawn by exemining their infrared spectrum. The
occurence of reorganisation and displacement reactions
is evidenced by the presence of PFS’ pbssibiy PFACl,
PF201g PClF2 and chlgrine° A great variety of re-
actions may be taking place such as

P PCl3 + 3F2 — 2 PFB + 3012 cbacoob0s000000

PF + Fz *“A'PFS oooooooo?eooaoooooooo;é
3 +Clz MPFBCJ‘Z oouqeoo‘cooaooo"°0007
PClB - Fz "“? PFZCl +AC12 oocoooooooooooo8
13}-?201 ’:‘ F? MPFA‘Cl 0000000000'\700000000009

PF?Cl % Clz =3 PCL.F

3"-? 00000000560000009010
-

2PCl3 * Fz "“4'ZPCle*Clzoooqooooooooouooll

PClgF * F2 mm“QPFBClz ‘oocoooocoooéoqoooelz
PCle - Clz —— PCth éooooooooooooaooaocls
PCl3 -+ Clz — PClS opooooéooooooooooeooolh

The formation of chlprofluorphbsphoranés by the addit-
ion of chlorine to the phosphorus trihalides (equations
7; 10; and 13) appears to be small from the experimental
results observed, One piece of evidence in favour

of this hypothesis is the absence of any Signifiqant
amount of phosphorus pentachloride formed in any of

the solid products obtained, Reaction between chlorine



and phosphorus trichloride is very rapid at room
temperature in the gaseous phase, however, the corres-
ponding addition of chlorine to PCle, PFZCl and PF3
possibly takes place less readily, especially at low
temperature. In the case of PF3 the vapour phase
reaction PF3 + 012 ——3 PF3C12 is known to be slow

(61) although it is repid in the liquid phase. The
addition of fluorine to the phosphorus trihalides is
the expected yeaction and is favoured. Since the
amount of fluorine is not allowed to be in excess of

he l:1 mole ratiec of the reactants the extent to which

o

)

he fluorine addition to the trihalides other than

Tt

phosphorus trichloride takes place is thus very

restricted,

It would be of intefest to follow the course
of the reaction if it is carried out with increasing
amounts of fluorine for ratios of Fot P013§>l:l'but
this has not been done. This raight shift the reaction
towards the formation of chloroflﬁorophosphoranes
containing more fluorine especially ?FACl which is a - -
compound of.some'syﬁtﬁnﬁc interest in view of its
recent preparation by an alternative route, However.

further investigations are necessary to explore this



subject more thoroughly and time was not available to

do so,

An extension of the vapour phase addition of
fluorine to phosphorus trichloride would be the ap-
plication ©f this procedure to systems like

PF,CL + F, =-——> PFbCl
PBrB + Fy === PBr,F,

e WY P o ey (C,HL),PF, etc,

-

In the cass of less volatile compounds, for example

P3r i {CH P, the ] R .
8*3 and -CB Sjﬁ’ the use of a suitable solvent which

is resistant Lo fluorination; as a dispersing medium
would be worth trying, The addition of fluorine by
halogen fluorides like ClF3 and BrF3 might turn out
: profitablep There is also the possibility of the
addition ﬁf halogen fluorides,'and this’might yield
very significant results, Some of the following
rezctions would be extremely interesting from this

point of view:

ClFy + PCL,F ~—— (PC1,)*(C1F)"
BrFy + PPy ——> (BrF,)* (PFg)™

IFs + PFy — (PFL’)"'(IFL,,)”‘ (?)
IFs + PFy — (PF, )T (IFg)™ ()

~3 (IF, )" (PFg)”



THE INFRARED SPLCTRUE UF ?01392 VAPOQUR

The infrared spectrum of P013F2 vapour at
10 mm pressure was recorded in the range

400 - 2000 cm"lo The details of the spectrum are

given in Table 6.

Holmes and cowscrkers (27) have given the
infrared and low temperature Raman spectra of all
the chlorofluorophosphoranes., The details of their
infrared spectrum of P013F2 also are presented in
Table 6 for comparison., There is good agreement
between the two spectra as can be seen from the
table, The only notable difference is the peak

~1

at 1500 em ~ which is not present in our spectrum

up to a pressure as high as 50 mm, This is perhaps
a question of the pressure employed aince the above
authors observed it at a pressure of 200 mm, Two

weak bands appearing in our spectrum at 1320 em™t

and 1353 cm"l

POFC1

are due to the presence of traces of

2 and POFZCI (60) respectively, which could not

be eliminated completely by vacuum distillation.



;&ble 6o THL IHPRARED SPRCTRUw OF PClBF2 VAPOUR

Spectrun reported by Holmes | Spectrum obtained in the
and coworkers Present Work
em™ Intensity _ em™t Intensity
328 m
404 Vs 408 m
412 | m (sh)
438 W 506 - om
22 w
605 vw (sk)
625 vs 628 VS
742 w
797 m 800 VW
861 v s (s4)
867 vs 865 vs
872 v s (5k)
898 vw (%)
903 w 907 W
1017 w 1018 w
1255 w v
1320 v w(;’?OFCl2
impurity)
1353 v w{POF,C1
impurity)
1382 w
1500 m
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The infrared and low temperature Raman spectral
studies have been interpreted to show that PCl3F2
has a trigonal bipyramidal symmetry with the’two
fluorine atoms in the axial positions and the three
chlorine atoms in the equatorial sites. The
reason for the preferential occupation of the axzial

gites by the fluorines in molecules of this type

has already been discussed in the introduction.
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THE VAPOUR PRESSURE, BOILING POINT, LELPING POINT

AND ELECTROLYTIC CONDUCTANCE OF PCl3F2

The vapour pressure of g sample of PCl3F2
( 98.5% pure) was measured using a mercury manometer
over the temperature range -205°t%0  20%5°%C, Table
7 shows the experiuwental results. Pressures were
measured for both ascending and descending tempera-
tures in order to check reproducibility. -The plot
of logPlO mm versus %, where p is the vapour pressure
of the sample and T the absolute temperature, shows
a linear relationship (Fig. 3). ‘

The variation of'vapour pressure with-tempera-
ture follows the equation

log ,pmm = -1369 T1s 6.95

This relationship was obtained by the application
of the method of least squares. The molar heat
of vaporisation and Frouton's cénstant;for the liquid,
deduced irom the above equation were found to be
6.27 X Cals. and 18.6 respectively.

It appears from the value of the Trouton's
congtant that P013F2 is not associated. - The boiling

point of the liquid was determincd from the vapour

pressure equation by extrapolation and was found o

be 63.4°C, This is very close to the boiling point of PClh?
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VAPOUR PRuSSURE OF PCl.F

RAAA 32
. Temp o Press. log Ymm log mm zk-log sgiitn)
O¢ mm 10 : Ca}ggo 10°
20.50 198,65 2.298 2.286 +0,012
13.00 }145.63 2.163 2.164 +0.005
8.50 123.55 2,002 2,087 +0,003
4,00 164,20 2,018 2.008 +0,024
0.25 87.69 1.943 1.940 +0,063
~5.,00 67,36 1.828 1.842 +0,005
—llaOO 56 olo 10749 3.‘0725 e'O»O].4»
-15,00 44 .57 1.649 1.644 +0,010
"'20350 37018 10570 10507 “OoOOl
SOME PHYSICAYL CONSTANTS OF THE
CHLOROFLUOROPHOSPHORANES
Table 8
) ‘ liolar Heat Trouton’'s
Compound| iu.P. "B.P. of . ' Ref,
Vaporisation Constant
PCl4F -63 67,0 - ) - (22)
-59 , (26)
PC1 F2 -65 t0-T0 |63.4 6.54 K.Cals 18.6 "(Present
3 Work)
-63 (26)
PF0Lo | o540 a3 7.1 5.66 " 20,2 (61)
g -124 | (26)
-132 L3 ~43.4] 5.16 22.5 (34)
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Biga 34 - The Vavour Pressure of PC1l.F
520
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(6700) reported by Kolditz (22). However, no analyti-
cal figures were given for liquid covalent PClkF supposed
to be formed by the pyrolysis of (PClh) +(PF6)° under
reduced pressure. and in arsenic trichloride. The boil-
ing point was given on the basis that a volatile product
formed in the system had a condensation point of 67°Co
This compqund was prgsumed to hie covalent PCth since
the solid, (PClh)+FF, was obtained from the arsenic
trichloride solution in which the pyrolysis was

carried out, Further examination of the pyrolysis

of (PClh)*(PFé)g (46) in arsenic trichloride showed

the formation of PFSS PF3C12 and a soclid of the
composition-PC13F2 which was identified as a mixture

of (PClh)*F“' and (PCL))"(PFg)”, It is known from

the present work that-covalent PCl3F2 transforms to

a mixture of (PCl,)*F” and (PC1,)*(PFg)™ of identi-

cal composition., This appears to show that covalent
P013F2 is also likely to be formed in the system and the
boiling point of 67°C reported by Kolditz may well be
that of PClBF20 It may be noted that covalent PClBF2
was found to be the main product of the pyro}ysis of

(PClh)"F“ in arsenic trichloride (this thesis, Appendix)
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The vapour prcssure of P014F reported by Booth and
coworkers (17) is 275 mm at_?5~80°C° This would
suggest a much hizher boiling point for PCl4F than
that given by Kolditz. In the light of these
results it appears necessary that the physical
constants of covalent PC14F should be reinvestigated.,
Ideally the vapour pressure of compounds like
PC1,F, which may be attacked by mercury should be

32
measured in an apparatus like a spiral g@&muge system

which éoes not perait contact between the Vapoar and
mercury. However, the results of vapour pressure
measuremnents using a mercury manometer at descend-
ing and ascending temperatures show reasonably good
reproducibility. Thisperhaps implies that the
reaction of the mercury with P013F2 is not signifi-
cant over the period of measurement that is about
five to six hours. It is probablg that a thin

film of mercuric chloride or fluoride formed protects
the mercury from further attack.

The vapour density of PCl.F, vapour was measured

3
by determining the mass of a known volume of vapour

at known temperatures and pressures. This gave a value




of 177 (thearetical value 175.4) which ¢donfirms the

monomeric naiure of the compound in the vapour phase,

The melting point of P013F2 was determined
by a dropping weight apparatus and was found to be

in the range 65 to =70°C (literature value, -63°C),

Liquid P013F2 was found to have a very low
electrolytic conductance, the specific conductance
being(10"7 ohm™ em™t showing the molecular nature

of the compound in the liquid phase,

Some physical constants of P013F2 are given in
Table 8 along with those of the other members of the

series for comparison.




(a)

- H56 -

TRANSPORATION OF COVALENT PCl3F2 R0 LEs

IONIC FORid

Transformation in the liguid phase. Ligquid

P013F2 slowly deposits a white solid at roon
temperature and the transformation goes to completion
in about three to four days. However, this process
ig very slow at low temperature and hence PCl3F2
is always preserved by storage at -78°C. This
temperature was found to be satisfaetory‘tq prevent
the formation of the solid to any appreciable extent.
A sample of liquid PCl3F2 was stored in a
sealed tube and kept at room temperature until the
whole of it changed to solid form. The tube was
then broken open under vacuum without exposure to
moisture. Smell traces of volatiles were obtained
shown by I.R. examination to be only POFZCl and
POClZF° The compound hasﬁtnus completely trans-

formed into a white so0lid product which was examined

by chemical analysis and X-ray powder technique.
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Table 9.

WHITE SOLID OBTALRLD BY STOREGE OF P013F2

a Intensity
6.5 W
Te5 | W
8.9 W

10.2 <
10,7 Vs
12.5 m
13,6 m
15.1 vw
15.6 YW
16.6 £
i7.1 W
18.7 W
19.9 W
21.8 i
23.2 w
28.2 w
29.3 ]
32.4 W
33.8 W
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Fig.l. X~-Ray Powder Diagram o:f' -f“he white Solid
i?iiiei }3:’ it-orage of PCl_3 F2
I | AR TN]
8o é 10 I'.‘S 2‘0 2'5' 3T0 3'5
(PCL)' F~
| § v 4 LI li A 1
6o 5 10 15 20 25 30 35
(PCLY(PRY
mJLll..ll TR
8o é 10 5 20 25 30 35
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The phosphorus and chlorine content was found to be 17.6%
and 61,3% respectively corresponding to a compositiocn of

PC1,F, (Caled. for PCl,Fy, P. 17.7%; Cl, 6C.74). A

solid of this composition could exist in one of the many

ionic forms containing cations of the form (PClth._n)+
and anions of the form (PClnFéwn)mo The X-ray powder

photeograph of the solid showed it to be & mixture of
(PClh)*F° and (PClh)+(PF6)a (Fig. 4). The presence

of (PFé)“ ion was confirmed by precipitating it as the
Nitron compound which gave a melting point %f 230-231°C
(literature value: 229°C), Further the LRO spectrum
of this material was identical to that of the Nitron-
(PF6)° compound reported earlier (46). In the light
of these results the overall transformation cah be
represented by the equation

L PCL,F, —> 2(PCL )'F” + (PCL, )" (PFq)7.

It may be noted that the solid product obtained in
similar circumstances from PF3012 is also a mixture

of (PC1,)"F” and (PCL,)*(PFg)”, However, PFy is
formed in the vapour phase whereas this is not present

among the products from PCl3 2o
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Transformation in acetonitrile solutions. The

formation of the ionic solid which is a mixture of
(PClh)*F“ and (PClbj*{PFé}“; from liquid PC1,F, on stor-
age at room temperature suggested that the same mode of
rearrangement might take place in a polar solvent,
(PCL, )"F” (22) and (PCL,)” (PFg)” (44} have been al-
ready shown by Kolditz to form conducting solutions

in acetonitrile, the molar conductances of these com~
pounds being 40 ohm™! em? mote™! in 0,06-0,1M solution
and 90,9 ohm~ Y cm?® mole~t in 0.042M solution respec-
tively, For this reason it was thought that conduc-
tometric measurements of solutions of P013F2 in aceto-
nitrile at various time intervals would be a useful

line of attack on the transformation of the compound

to the ionic form,

Three separate solutions of P613F2 in acetonit-
rile ofvdifferent concentrations were studied conduct-
ometrically at 18£1°Cc, A specially designed all-glass
apparatus incorporating platinum electrodes was used
for this purpose to enable the manipulation of solutions

without coming into contact with moisture, The results
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of these experiments are summarised in Table 10 and
the plets of molar conductance versus time are shown
in Fig. 5, 1In all the three cases a slow increase
in conductance reaching a saturation value was ob-
served, The final steady value increased slightly
with decressing concentration of the solution. Tt
may be noted that the time taken to attain the mex-
imum velwe of conductance varies with the concentra-
tion of the solution that is”tncreaseékﬁitﬁcdﬂiution~
Similar studies on PF3012 by Kennedy and Péyne (L6,
6l) gave identical results except for the fact that
in this case the time teken to reach the saturatioﬂ
conductance value increases with the concentration

of the solution,

The magnitude of the steady value of molar
conductance attained in acetonitrile solutions of
PClBF2 is very low when compared with the corres-
ponding values of (PClh)*Fﬁ and (PClh)+(PF6}" in the
same solvent, This straightéway eliminates the
possibility of a complete_transformaticn to the
above ionic'Species, An alternative process that

could take place is a dissdciatimn of the type
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Table 10.
CONDUCTANCE OF PCl 3__1:‘"2 IN ACETON ITRILB SOLUTIONS
0.1437L soln. 0.0837h soln. 0.04273H soln,
(ming.) Ao | (nins) Na | (ans.) Ny

15 0.56 15 0.69 10 1.03
21 0T 25 1.21 20 1,22
36 1.08 41 1.68 35 1.35
63 1.34 70 1,91 60 1.49
80 1.43 100 2,22 76 - 1,60
95 1,60 159 . 4.29 105 1.79
112 2,11 195 8:33 133 2,02
129 3.08 220 10,41 168 2,49
152 6.46 240 11.65 187 2,98
177 10.40 | 265 12,16 208 3.64
241 11.44 298 12,06 225 4,34
290 11.44 330 12.06 244 5.85
320 11.44 375 12,06 266 8.16
285 11,21

301 11.91

331 12.82

358 12,24

388 12,24

413 12,80

448 12.80
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Figs 5. Cordnctance of PCL,F, in Acetonitrile
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PX5 — RX3+X2° This has been considered by Kennedy
(46) in the case of PFBClzysolutions in acetonitrile.
However, the author observed that the conductance of
PF3 and halogens in acetonitrile is too low to account
for the experimentally observed molar conductance of
2 mole™t at 0,05-0,09M,

PF,Cl, that is 9.63 ohm™l em

3

concentration in the same solvent. A similar argument

rules out the possibility of a dissociation process

operative in the case of PClBF20

Graduel drift in conductence with time in
acetonitrile solutions has also been observed by
Harris and Payne (33) in the case of phosphorus
pentabromide, and by Popov and Skelly (63) in the
case of interhalogen compounds. The "conductance
drift effect" in acetonitrile solutions of iecdine
monochloride has been explained in terms of a slow
ionic dissociation of the type.

2ICL &= I' + ICl,".

It is possible that in acetonitrile solutions

of P013F2 a sléw ionisation process leading to the

establishment of a dissociation equilibrium exists,
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This can be represented as follows,
hPClBFZ;:;:ﬁ:E(PCIA}+Fa + (PClh)*(PFé)‘.

The rate of transformation of P013F2 in acetonitrile

(as seen from the conductance-time graph) indicates

a reaction of order grecter than unity since the

time taken to attain identical values of molar con-

ductance varies inversely with the initial concen-

tration of the solution,

Transformation in the vapouf phase. - The vapour
phase transformation of PF3012 has been studied by
Kennedy (45) who found it to be a zero order reaction
initiated catalytically on the glass surface of the
apparatus, It was of interest to investigate on sim-

ilar lines the behaviour of PC13F2°

A preliminary experiment was carried out by

enclosing the vapour in a glass bulb cerrying a

mercury manometer to record pressure readings at

suitable time intervals, The vapour was maintained

at 25°C throughout the experiment. The results

obtained are given in Tablse 11 and Fig. 5. It was

observed that the pressure dropped more steeply in

the initizl stages,; say over a period of twelve days
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and'thereafter the change was much slower. After -
storage for about twe months the pressure was re-
duced to about 65% of the original value and a white
solid was deposited on the walls of the bulb., The
residuel vapour showéd the presence of S:i.FlPs PFS,
PF3012 and traces of PClZFS POFZCI and POCleo Be-
sides tliese some new peaks appearing at 998 cmfl
(vs)s 992 em™t (S) and 695 cm”l‘{nﬂ were observed,

1

POF3 shows an absorption at 999 em™~, however, this

appezred to be absent in the spectrum since the

1 was not observed.

P-0 absorption at around 1425 cm”
As will be mentioned later, these peaks are attri-

butable to PF4C19

One striking difference between PF3012 and
P013F2 in respect of the behaviour of their vapour
phaSe transformation is the linear dependence of
pressure on time in the former case and the pon-linsar
curve obtaihed’in the latter case, The presence.of
mercury in the second instance was thought likely
to be responsible for this, For this reason the

above experiment was repeated in an all glass appara-

tus incorporating a spiyal gauge so that contact
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Talle 11
THE VAPOUR PHASE TRAN3FOR...TION OF PCl3F2
In the presence of mercury In the absence of mercury
Time Pressure Time Pressure
hrs. M. hrs. mm.
6.0 9T7.5 5.0 117.8
13.0 95.5 20,5 112.9
23.5 91.5 48.5 07,3
34,2 90.0 72.5 103,7
37.0 89.5 98,0 101.1
49.0 88.5 150.5 97.6
73.5 84.0 222,0 93.4
97.5 82.0 287.5 89.2
122.0 - 80.3 341.0 86.7
146.0 78.0 386.0 84.8
169.5 76,5 457,0 82.5
218.5 T4.3 530.0 80.6
2745 72.5
411.0 70,0
515.0 68.5
960.0 66.5
1500,0 64.5
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Fige 6. The Vavnour Phese Traneformation of PCljF?.
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7. X=Ray Powder Digzram cof the white S0lid oht=zined

by Storege of P013F9 Tapour,
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between PCL;F, vapour and mercuri_ﬁas'prevéﬁﬁed;
Table 11 shows the pressure readihgs at various inter<
vals of time, The pressure-time curve is plotted

in Fig. 6. Even though there is no close quantita-
tive agreement between the two curves obtained in

the presence and absence of meréury the qualitative
picture is the same in both cases, About 56% drop

in pressure was observed in the second experiment

-as compared to about 65% drop in pfessure'in the first

experimento The deposition of a white solid on the

walls of the storage vessel occurred as before.

The amount of solid formed was small., Hence

it was possible to get only an X-ray powder photo-
)‘Q'

graph which was slmost identical to that of (PCl,
F~ (Fig.7 ).

The infrared spectrum of the residual vapour

showed the presence of SiF,, PF, PF,Cl, and traces

3 S
of POF,Cl, As in the last experiment some new peaks

at 998 em™L (s), 992 em™t {m,sh) and 595 cmwl (w)

were observed. The samplé was then fractionated
through traps maintained at ~78°C, -98°C, -160°¢
and _196°C. The -196°C fraction gave an I.R. spectrum




with absorption at the following frequencies:

Spectrum 1.

em™t em™ em™*
1032 vs 950 vs 825 w
1025 vs 942 vsish) 702 w
998 S 928 S(sh; 695 w
991 m{Shi 907 S 674 w
958 vs 900 s 660 w

The above spectrum resembles that of PFS
except for the additional bands around 1000 em™t
and 900 em™t and the absence of the strong PF5 peak

at 875 cm”l {the band at 1032 mel

is due to Sin,}°
This points to the fact that the spectrum is nat

due to PFSO Thus the appecirance of new peaks in the
P-F region suggests the presence of a chlorofluoro-
phosphorane which could be only PFhCl since the I.R,

spectra of the other members of the series are well

established (27).

In a private communication Holmes and Carter

have given the details of the I.R. spectrum of

PFhCl which they synthesised recently, as shown




below:
Spectrun IT

em™t em™t em™t
1606 w QL5 S 859 ™
1415 w 927 vs (sh’ 817 w
1063 w 021 vs 692 S
1026 s 903 vs 672 M
993 vs 895 vs 665 M
954 w g69 m

A comparison of spectra I and II shows a great deal
of similariy between them. However, there‘;re some
notable disagreements as well. For example the
absorpiion at 958 em™t (9) in spectrum I is not pres-
ent in spectrum II. Similarly spectrum I does not
contain peaks at 869 em™t (M) and 859 cem™t (m)

which are present in spectrum II. Further the ab-
sorption at 695 cm"l is weak in spectrum I whereas
there is a strong peak at 692 em™t in spectrum II.
Holmes and Carter suggested the peak at 993 em™t
as being due to POF3 impurity. However, our spectrum
shows no indication of the presence of POF3 and the

1

strong peak at 998 cm —.is still present in it, The

variation of the nature of the spectrum with pressure




could not be studied since the compound in guestion
was availlable only in smail awmounts.
The results of the storage experiment may be

gsunnarised as follows:

P0;3F2 (2.002 m.,moles)
%Storage for two months
Soiid Volatilé Compounds
(PC1,)7F" (1,173 msmoles)
{0,849 m.moles, by difference) |
PP4Ci (2) POF3+PF;él?¢PF5 Pszy PO%LCl

0,11 09 mudss 0,070 moles  0.53% 0.3
) - o B2QLES 'm:fm@:lea

Identification of PClgF was based on the absorption

1

at 830 em™ (60) and the temperature (-95°C) at which

it is retained under vacuum (26). The appearance
of PC1,F would be expected to be accompanied by the

formation of C1F or F2 as follows:
PCL,F, -y PCL,F+C1F
PF,0l, —» PCL,F+F,

Out of these only ClF can be detected in the I.R.
spectrum and it has been found to absorb at 786 emfl
(64). In the present work however, ClF was not detected
in the I.R. spectrum of the residual vapour from the

storage experiment. This may be a question of pressure
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in the reported spectirur of ClF measurement was mads

2t nyressuresol 10-1% cm. cof mercury in a cell of the
same path length,

1t may be mentioned that a strong band at
830 em™t was observed by Kennedy (46) in the I,R.
spectrum of the residual vapour obtained on sterage
of PF3012 at room temperature even though this was
not assigned to PCleU Surprisingly in the present work
PC1,F appears to be the major component of the resid-
ual vapour. This can not be explained unless it is
assumed that the halogen formed is consumed by a re-~
action of scme kind, Since the system is completely
devoid of mercury or tap grease the only reaction
which appears possible is attack on glass by the hal-

ogen to form compounds like SiClhg SiFh and oxygen.

Discussion of the experimental results. The

transformation of liquid chlorofluorides of phosphiorus{V)
to solids was first noticed by Booth and coworkers

(17) when they obtained P013F2 and PCle by the chlor-
ination of PC'1F2 and PGl,F respectively: Similar:-

observations have been made by other workers {22, 26,61),



o
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Kolditz (657 studied the kinetics of transformation of
PCth and the results were interpreted in terms of

first order kinetics, However; these results are suspect
since the compound he studied may not in fact have

been PCluFo This suspicion is confirmed by the repeti-
tion of the method of preparing PCth used by Kolditz

{55%, which showed PCl F, as the main fraction of the

3
products with only very small amount of PCth being formed
(this thesis; Appendix ). Kennedy (456) studied the
stability of PF3012 at room temperature by methods

analogous tc those used in the present work.

The mechanism operative in the transformation
of the covalent chlorofluorides of phosphorus (V) te
the ionic modifications are likely to be very complex
in nature., No direct experimental evidence has been
obtained so far, which might allow us to predict with
certainty any mechanism as exclusively the most pro-
bable. However, some of the following mechanisms may

be considered.

Tonisation mechanism. Kolditz {565) considered

an ionisation mechanism for the transformation of covalent

PCl,F to the ionic solid (PClh)*F‘"o This was based on

b
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the formulation of phosphorus pentachloride molecule

as the resonance hybrid

- Cl
c1 Cl Q
\pto_ s e
/,? Ci ¢ 5 /P CL
- i . c1-
Ci Cl

by Siebert (25) who thus explained the greater bond
lengths of the axial bonds relative to those in the
equatorial pOSitiOﬂr According to Kolditz a similar
ionisation process %akes place in the case of PCthS
the molecular form of whiéh has fluorine in an axial
position (27)., Kolditz who expressed his views before

the structure of PCLl, F was known assumed that fluorine

L
was in an equatorial site but underwent migration to an

axial position before ionisation,

Transformation of PCI.BF2 can not be as direct
and must invelve several steps; displacement reactions
as well as ionisations being involved, A possible

scheme is the following:
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():014)+F +PFe (PC1,)*(E)
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- - o

In the above picture jonisation of the molecular

PCleg giving rise %o Cl~ ions was not cofisidered

sin;e ionisation suould be favoured alb the axial

sites which are occupied by fluorine atoms. However,
an intgramolecular exchange 1eading t0 exchange between
fluorine and chlorine followed by ionisation of
chloride ion should not be completely overmiled in

view of the labile nature of groups attached to five-
connected phosphorus atom. The ionisation scheme
outlined above is by no means complete. Various other
interactions, for example betwsen the cations and mole-
eular phosphorus chlorofluorides may be considered to
take place'as alternative routes to the final products.

It has been shown'by I.R. examination that on



storing liquid PCIBF, at -78%F for periods over a week
traces of PFBUl2 and PCth are formed and it is worth

noting that these appear as intermediates in the above

scheme,

The presence of traces of moisture has been
found to have a2 catalytic effect on the covalent ionic
transformation of PF3C12 (46). This may be true of
P013F2 as well, The result of the reaction between
moisture and the phosphorus (V) chlorofluoride is to
produce HCl or HF, and the C1” and F ions thué formed
can take part in the type of reactions described above,
catalysing the process. In the-absence of any externally
introduced ions, the transformation is slow possibly
because the equilibrium concentrations of the ionic
species formed in the system under such conditions

are small.

(ii) Molecular mechanism. This has been considered

by Kennedy (45) as a possible mechanism for the trans-
. - + o= P + -

formation of PF3012 to (PClh) F  and (“Clh) (PF6) .

A similar apprgach may be used in the case of P013F2@

This would involve the decomposition of P013F2 to




molecular species which recombine to form other chloro-
fluoropliosphoranes, The process repeats itself until
stable products result, In the transformation of P013F2

the fellowing reactions may be considered:

PCl.)F? :’::3 PClB"'Fg ooooooaooonnls

.

oomrac>

e P012F+ClF
o PC1F,+Cl

pr— 27¥+2
PC14+Cl, — PC1y
PC1,F+Cl, ~—>  FCL,F
PCL, F ~=y  (PCL,)7F”
PCLFy+CLF ~—>  PF,Cl,
PF3012 r—— 3+01
PFy+F, =~ —» PR

| PF3C12+01F —»  PF,Cl+Cl,

| PF) C1. +C1F ~—#  PRCl,

(9014\ Fa $Ps = (PClh, (PFg) s

In- the liguid phase PFBCl2 and PCth have been
identified as products of transformation of PCl3F2 and
there is reason to beiieve that PFACl is formed in the
vapour phase, However,,PCl5 has never been identi-

fied among the products, This could mean that the

dissociation scheme represented by equation 15 deos
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not take place. 3Since the fluorine atoms are at
the apices of the trigonal bipyramidal molecule of
PC13F2 any intremolecular dissociation may not
yield fluorine readily, unless some exchange takes
place within the molecule itself between chlorine
and fluorine atoms., It is signigicant that PClgF
has been cbserved in the I.R. spectrum of the re-

sidual vapour obtained on storage of P013F2 at
25°¢C,

Mass spéctrometric evidence for the existence
of dimeric units of phosphorus pentachloride and
(P014}+(P015F)q jin the vapour phase led Kennedy (46)
to postulate a different form of molecular

mechanism involving associated species of trigonal

-bipyramidal molecules containing mixed halogen

bridges which could give rise to the desired pro-~
ducts by repeated dissociation and association.

The following scheme may be suggested for PClBFZ:

N ,,Cl
v
<« PC1l,F, =—=> >P=~-C1 — PCl, F+PF..C1
372 . L 3772
CL .#
2PF3012 f > PZFGClh —p PC13F2+PFLLCTL

ZPFhCl ——p PZFsClz*—-mé PF3012+PF5
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hlorcfluqraphosphoranes that is PCl3F29 PF301 and
PFhCl formed undergo further aggregation and break-
down until the whole of the material changes over

te the end products. OStudies on theAvaéour phase
stability of PC13F2 show that PFBClg, PF5 and perhaps

PF481 are among the products.

The ionic and molecular mechanisms considered
nere show that they lead to identical intermediate
products thus making it difficult to choese between
the two alternatives, The effect of traces of
moisture in catalysing the transformation process
favours an ionic mechanism or at least a mechanism
involving polar species and this is further sup-
ported by the extreme tendency to form species in
which phosphorus is quadruply connected. The ease

with which reorganisation pro¢esses take place among



I

rocephitrus zompounds might play a significant rele

by the ionisation process. On the other hand the

identification of ?Clz

torage of PClZFg vapour at room temperature and

F among the products formed om

7

the evideance Tor the existence of dimers of
(E314}+59015F}w and PCiz in the vapour phase favour
a molecular mechanism,

it is wmore probable that the ionic mechanisn
cperatees in the Ligquid phase., As regards the
molacular wechanisms it is difficult to make any
distinetion between the liquid phase and the gaseous
phase. The formation of the observed products by
the molecular mechanism involving dimers requires
the incidence of mixed halogen bridges. This is
however a novel phenomenon and it is open to questioﬁ

until further evidence is available,
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THE REACTION _3ETWEEN PCi:F, AND
- The reaction between FF3Cly end ammonia leading to
the formation of FF3(NHp), was reported by ¥oissan (5)aud
this was roinvesiigated by Kennedy(L6) guite recently. Oniy
solid products were ¢btained, which consisted of a mixturs
of smmoniuvn chloride and other nonvelatile mate?iaio o
ampenisn fivoride being pressnt. KNo définiﬂ@ sonlagions
vere reached ae to the sxacet nature of the othar @&m@@nﬁaﬁé
of the mixtér@s however 1t appearced to esta?liah the @iffen-
epce in roactivity of the fluorins and cherine in ibe PFBCiz
molecule.
A zimilar rcaction between FCl;Fy and ammonia might
lead to more complex materials although (PNFp); polymers
could result if the condensation went sufficiently far, It
| was thought that the use of a secondary amine in this re—
l sction would make the picture less complicated because of the
presence of only one réplaceable hydrogen provided, of course,
that no migration of the substituent groups on the nitreogen
| aton took place. Further, reactions of the above iype with
i mixed chlorofliunorophosphoranes have not so far been looked at.
An investigation of the reaction betwsen PClsF, and dimetnyl
amine Qas therefore carried out.
'1@ wag desgired that onliy one halogen atom on the phog=
phorus was replaced by the zmino group and for this parposs
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the amine to phosphorus mole ratio was kept at 2:1. The
reactants were condensed togsther using_lidpid nitrogen aa
coolant and then allowed to warm up slowly. A white 80lid
regulted and there was only a very small residual pressure
corresponding to ebout 1% of the original amount of amine
added, afiter completion of the reaction; the amount of
meterial volatile in vacuum was very small indeed.

The X=-rgy powder diagram of the solid is set out in
Teble 12, I¢ was found that lines due to (CHz)p NH.HGL
were present in it. Thus the chilorine atom of the PCI3zFo
molecule is displaced by the amino group rather than a
fluorine atom. The extra lines in the powder diagram of
the golid musi arise from other componenis in the mixturse.
The overall reaction may be represented by the following
equagion:

FC1,F, + 2 (GHB} o NH == (033)2 E BC1, P, +

(033)2 RH. HC1.
Purther, rearrangements of the following type are conceivable:



TABLE 1

X=RAY FPOWDER DIACGRAH

OF THE SOLID

FROLUCT OF THE REACTION BETWEEN .PClj?z AND(OFié) 2NHc

e (CHz) JWH.HCL e (033)2 NH.ACL

5.8 ve 18,6 vw

7o B 19,1 ww

£,2 8 19.6 vw 19.6 w

8.9 s 8.9 8 20,0 ww . 2061 v
16.0 vw 10.8 ve 20.7 vW 20,7 vw
11,2 vw | 11.2 ve 21,2 v& 21,3 ww
11.7 vw 22.0 vw 21.9 ve
12.2 vs 12,2 v8 22,6 vw 22,6 vw
13-4 vw 13.3 v 23.9 VW 2.0 v
Waly ve ye2 vw A ly va 4l v
15.2 8 1502 8 2.9 vw 25,0 VW
15,6 vw 25,4 ww 25.5 ww
6.0 m 16.0 B 26,2 vw 2604 vw
16.3 vw 16.3 vw 28,1 vw - 28,0 ww
17.L » 17.3 m 30.6 vw 30.7 vw
17.9 v | 18,0 vw 33.5 vw 33.5 vw
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3(GHz), W POLF, r_; (Cgly ® = 15-5 g-ws i
«] (ony), Hl, BOly —memmece 16
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woioh would accornt Tor the absenee of othey velatile
prodnets.  Yho prescnes of (1‘?5?6) ion wes detected in s

s0lle protust and Yhis would suggest s ::sarrang@wm, rah

a6 Luor given Ly oguation 16; however, im weactious of whig

L onmERer of prlccnsss usurlly oecur togethsr ond it in

tnrt 8 singled :»:mm :% 18 encount &rsﬁe

The Aisplacencat of chlorine from PC'LB P, by the I
Byl s2ino grovy TUns pa'ﬁa-l 611 ‘a:o the ohservetion in whn
| cagﬁzé of the see:;aei:i@n betwesn ammonia and PF; Ti,; that 45 uo
| simple volatile compounds are formed. It #s tempiing to

. explam ’ths subatitﬁtion for chlorine rather .than fiuorine

| @bseﬁ#ea in the sboVe reactions on the basis of the greater

: etrength of P=F bonds "Ww that of P-C1 bonds, but this is

| ‘not 1ikely to be the controlling factor simce other bonds
are formed énd the naf)nre of the halogen displacsd may be
deternined ﬁy the ability of an attacking group to form a
suitable tramsition complex; .‘this might favour the eguatorisl

position sinee an cctahedral intermediate complex could be

visualiseds -
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Howaver, in ohe ¢ase of 2?3612 she effect of the greaier
bond gtraagih of the #=F bond relalive to that of the
PGl bond is emphaslsed because one fluorine is present in
the equatorial position.
Ho éttempta were made o separate the solid into iis

r componente by sublimation or any other procedure such as the
} use of a solvents Further investigation of this reactiocn
|

is pequired to esieblish the nature of the products.
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REACTIORS BETWE:RR P01§F2 AND DONOR MOLECULES,

The IL.ewia acid behaviou’ of phosphorus pentafluoride
and phosphorus pantschioride has been fhe subjeot of con-
siderable investigation. Combination of 13*11'5 with various
bases conteining nitrogen, oxygen and sulphur donor groups
such as smimnes, nitriles, ethors, esters and sulphoxides
hes been well established ( 48, 52 )o In most inetances
a1 : 1 complex is formed., The fométion of an interesting
86% of compounds in the series PF5° (mi)n fvheré ne 1,2 and
3 has beon postulehed from evidence based on menomeitrie
measurements but their nature has not»been estébliehed (18)s
The stability of PFS complexes has besen found t0 be dopen-

- dent on steric faetors (52) amnd direct evidence for effects
of steric hindrance has been obtained. For emmplé PP5 .
O(CH,), 18 largely diseociated et 25°C whoress FFg -
O(CH,),, osn be distilled at 116%/0.15 m=m praésurea Simi-
lariy complexes with triethyl amine and 2,4,6-trimethyl
pyridine showed only partisl essocistion at 25%. pt9
nuclear wmegnetic resonance measurements on the 1 ¢ 1 com~

plexes of P?s with Lewis baces are fully consistent with

an ootahedral model.

The situation with PClg is somewhst lese oleen



g%,

Trost (US) firs: veported the formation of PClg . 2.5 (CHg) W
enfi ?Gli-i a (Gaﬁs} Fo A reinvestigetion of this aystem by Hol-
mes znd Bertent {50) showsd, howevsr, that no addition compouns
vee formed, Opn the other hand P015 wae raduced to PClB by

- peection with both tristhyl amine and trimethyl amine. These
guthors formulated ths o hep profucis formed as (Céﬁs) NC1,
ané [ :5'33}523] 2 Clg respoctively in the twe cases slthough no
Givecy avidense Tor uwhese speclics wae cobtainef. Beattlie and
Tebetor (51) carnied out the reasgtion beiween ?015 and (02&5}5§
ip Covvon disulphide soluvicn end obteined @ 901id which was

i igontivicd as {C. h.»} ;J\Z"iﬁ A Aivaet e4dition compound Gas
‘ obtcinsd by tha rastion baﬁse@m Pnosphorus pentashloride ~n’
|

$wioainrl phospnins in bromebunschs solution. Fhis haos ibhe
'QOB%‘;}‘GS?@?.OE Pc1591597((§}15)39 (50). Reaciionz of a s:,i,mlg:z'f
tspe. heve besn carvied out inm the ca2se of chlorofiLOProphoOBLION GH
by Bolmss snd Gallagher (26).  They prepared the 1 : 9 pyeidine
| s@ducte of PCLF; PCI.F, and P?Bclz snd by calorimetrio messure-
| ments (66) of these complexes im nitrobensene solution the order
' of Lewis acid etrength was given along with those of ShGls and
PO1; a8 SEC1; > FCL¥, =PCLF >FCl; The P'° mmr. speo-
tra of the complexes 05351!01’01“2 and 05B5K.P015P2 in nitroben-
gene showed & doublet erising from spin - spin coupling bstwesn
phosphogua'ana‘fluorinee - Inoreasea upfield shifts relative %o
those of the pnragrhoaﬁhoranea suggested electron pair donation
from pitrogen to phosphorvs (26),
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In view of tho soeepior ability of PCl,F, to form stable
complexes with bases IiEs pyvridins, it was conslderseld vorth-
while exploring sindlar veactions with other donor molagules,
The addition of téie%hyl amine and triethyl phosphine was

chogen as it oTffered the possibility of comparing @ ¥ => FY
e pill, p bont, and these bages ars readily aveilable as

rodorately volaﬁilelliguiﬁs at room temperature, whieh shouid

faevour the invesiigation.

1. Rogeticn between PC;3FQ apd triethyl amine.

i R e B s S PR e

% o BN Fem o e ewe oy oan TIEST % o v ‘s gy od o i Ty saen 3
@y Reacticn Ponvash y@x%@? ond e¢xcess vricthyl saine.

Preliminary vovrk showed that direct resction botweem
PCIBFz e triethyl emine in the absence of sny solvent was
exothermic: For this reason an €x0ess amopunt of the awine
iés employed %o reduce the effect of the heat of reaction.
Thus PC1,F, was condensed in several steges at =78°C into
an excess Of triethyl amine to give an overall 1 : 3°5

nnieratioo Repeated warming up and cooling at -78°C re-
sulted in the formation of & white solid, The excess amine
was removed by pumping at room temperature whem a buff coloured
801id product was obieined; however this was conteminated with
@ small amount of @ yellow material, From the weight of the
801id product, egsuming that sll the PCLF, hed resoted, a ra-
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B¢ W8 T 5 TeGT wew obbalpeh Yo Eﬁi§§23102ﬁ§}3§9 Yne auas-
iyzis of the s0lié geve Cl, 26.8%:P.5.5%; celoulsted for PCLsP oo
(Ggﬂg)ﬁﬁg G1,38.65: P,11.2%: calculated for PClsFeoa(Ggﬁg)gED
01,28.2%; P,8,2%. Thus on the bseis of analysis the composi-
tion of the go0lid Goss nok correspond to any addition compound ;
although the weight of produoct was correst for a 1 : 1 compound.

Toe volasiics from the rescticn wore not imvestigatod.

b) Resciior beiwsen 963;3?2 end triethyl amine in 1 : 2 mole -

retio. Ia this experimsnt the reactants wers mixed st -78°C
to give é white solid. The resction fissk was held at ~78%¢
for sbout three hours ané then allowed to warm up slowly %o
room icmperature over a pericd of four hours, 'rhp presence

of volatile msterial was noticed by the development of pressure
in the sysicm on warming up and this was condensed _. in a trap
cooled by liguid pitrogen under vacuum, The pale buff goloured
produot thus obteined gave the following enalysis: (1,33.2%;
P,7.3% and sgain this does not indicate the composition of &
1:10r 1: 2 edéuct, however it differs considersbly from the
previous result ( 1,26.8%;P,5.5%).

The volatils products were vscunm fractionated snd this
led to the rscovery of unreasocted triethyl emine togsther with
P!é‘}l and treces of H’Bo Pl‘3 is presumsd to be derived from
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traces of FP, 31, present in the. PC1F, ueed.

6) Reaction hetween PCL.F, and triethyl smine in 4 ¢ 1 mole

ratic. The reactenvs were mixsd at ~78°C and as in previous
exparinenta a white solid wea formed, The reaction Tlask mas
lest ai ~78°¢ overnighs aﬂéAia%er allowed to warm uUp gradually
e room wemperasure over 2 peried of abous four to Five hours.
Seme volatile products wera Tormed and were collecied sepavaio-
1y in a Hrap ander vasnum, The a0lid obiteined was of a lighi

buff eolour, It analysed %o give ©1,38,8%; P,8.5%,

The wvolasilec products ware separated by vacuum fractions-

ticn and identified as unreactel trioethyl amine end RFg,lo

In tone of ¢he above three experimenis was it observed
_that e pure adduct between PCLF, and (0235)5ﬁ was formeds
As the ratio of the reactents, that 18 FC1zP, : (CHg)sN, was
increaced from 1 :  through 1 ¢ 2 to 1 ¢ 3.5 & decrease in
the ehlorine content of the s0lid product was foﬁndc it we

assume the formation of 4wo gddivion gompounds namely B@lj?z -

(Czﬁa)ﬁﬁ and E@13F2 ° 2(02.5)5N in the system 1t would be
reasonable %o suppose that more of the former compound would ha
formsd at lower FG1.F, : (0385)313 retios, the reverse being $ruv
of the lat¥er. In fsot ¢he chlorine content of the Soliﬁ'fﬁfmﬁé
.. 18 oonsistent with this, although olearly the product 1is not
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the ﬁimple adduct. It was obseryed that thg chlorine content
of the sgo0lid Tformed im resction {a) that is whem a 3.5 fold
exoese of (Cgﬂs)Bﬁ wae reacted with FC1;F,, is very olose to
thet of PO1gF,02(C.Hg) N.  Similarly the 80lid from resction
‘o) has & ehlorine comient which 1s very near that of FCI3?20
(CZH$)5E ghercae the ©0lid from reaction (b) hes a % chlorima
vnine which is widway beitween those £or the solids from reac—
ticee (a) s=é {c). | Howevor, the phosphorus coneond in all the
thrse csges ig lover than Sthat reguired for boﬁh the aﬂéueﬁa
sonsidersd. Rvidence ¥as obtained in reactions (b) smd (o)
for the reduction of Qizﬁﬁg %0 PP, This must be true of
resction (@)'%os gven though the volgtiles from this reaction
were not investiigassed, I% 18 clear that itriethyl amine has
abstracted ghlorine from 3313?2 {0 form = comﬁound ®hich wmould
them be present in the solid products. This would lesd %o o

drop in the % phosphorus content of the sclid compounds formed

from thoee sxpected for F615F2@(0é35)38'and P313F262(0é55)3 °

The formation of compounds (czﬂs) 311(312 and [(CHB)BIE] 21,
was postulated by Holmes and Berteut (50) in'tharreaotions
between the corresponding amines end phosphorus pentachloride.
Bohme and Krause (67) obtained a trimsthyl émime - chlorine

adduct a8 vhite noedles in carbon tetrachloride medium but it

-was found %o be unsitable st room température decomposing with



the liborcticn of chioviune. Ouae mole of the compound gave 0.9
mole of chlorine in TNis maDnErs The position with regard %o
&6 cdduot botwosn (02E5)3ﬁ and chlorine is uncertainpsubstitu-
tion of the alkyl group is possible and & compound like
(ché)éﬁ(czﬁhgl)aﬁﬁi night be formed. As mentiomed eerlier
Bgattie aond Webster (51) obisined a compound whiech they showed
was largely coaposed of (0235)310351 by reacting (Géﬁs)Bﬁ and
phosphorus pentachloride in carbon disulphide, thua ovidaance Lfor
B as'a produet hee been ovtained. They suggested thai de-
hydrogenation of the emine must have taken place in this pro-
eess to give this EZ1l. However, a test for unsaturation in the
amine wes negstive o that the source of the HOL in their expe-
rimonte ie uncertain. Addition of chlorine to triethyl amine in
approximstely 1 : 1 molo ratio st ~78°C showed the fori~tion of
@ vhite 50114 which decomposed violently on warming up to room
temperature and a charred residue was obtained ipn no wey 8imi-
lsr %0 the behaviour of the prodﬁcts of the resotion with

F613F2 or FGlge However, when the product was allowed to warnm
up %o room temperatura slowly over a period of four to five
hours & light buff coloursed solid product wes obtained.
Hyﬁ@elgsis ef the compound gave on analysis, & ohlgriae contens
(as chloride) of 2B.7% whereas microanslysis gave a higher valus
of 3095%0 On exposure %o air the compound changed colour o
reddish brown, bocamo stiocky, and dissolved in the water it sbe

sorbed. A melting point determinstion in a closed tube showed
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that the material sterted Garkening at about 80°C, et which tem-
pereture it ehradnk in size gradually becoming darker at the seme
time. Ko mslting wss noticed until 270%c, A black residue
wae left bohind and @ smell smount of a white deposit wes form-

ed. Analysis of the compound gaeve the following results:

Desgoription Fc 4 AL i
Unknown sample 7.8 10,8 10,0 30.5
Caled, for

52.4 11,6 10,2 25.8
(CgHg) gNoHC1 b

Cglaod. for
Li.9 8.7 8.1 41,3
“(Céﬁﬁ)éﬁ (Céﬁkﬁﬁ).ﬁﬁlﬂ
Calod. for
(Gofi5) 5N HOL, 655 48.7 10.6 9.5 3.2
. .

"(CHg) J¥(CH, 1) o B, 358"

It is possible thaet the s01id product ie a mixture of 65%

‘ 2o 3 W (1] : % 5 a2 . .
(0255?3 «HC1 snd 35% (Géﬂ5féﬁ(62dkﬁl)ﬁﬁ01”£uhe inverted couas
8igoify the unceriainiy regardiag the moleculer formula of the
compound sinee»golyaerie meteriels of the same compositiocn
oould result in similaer reactions as will be mentioned later),

On this basie the amount of hydroiysable chlorine im the compound




ﬁql .

106 o

"(czﬁﬁ)gﬁ(caﬁﬁﬁljaﬁﬁiﬁ may be empiricslly defuced %o bhe 83% of
the total chiorine simce the ethylemine - chloring compound gon—

tains 28,.7% of chloripe availeble gs Cl ion on treatment with

BatETe

4 opreliginery snalysis of the oxpeorimantal dave on ihe re-
aotion hevseon ?ﬁxﬂsz and (CQH%}SE may be nado on the asguEdiion
that the aenvelaeiilc producss of the reackion are comvoesd oF

I!?Q"‘EFE.,(Cgﬁﬁ}sﬁé% 3%3,31?2,2(0235333% {02H5)31%H@1 and “(Cz‘ﬁﬁ} 2?;%-'
(czﬁkﬁi)aﬁﬁlﬁg the relative proporiions of whioch vary with the
mole ratio of the resctente, The reduction of PUl,F, would ro=
sult in eguindlar azcunits of PFQGI and 3126 The chlorins
would be abstracied by the amine and therefors the amount of
amine hyarocﬁloridos formed could be calculated from the emount
of PFzél formel. = Total amige used for the reaction minus
(amine present im the éminéwhydroohloriaea ¢ unreacted amine)
givoé‘thc emount of amine associsted with the phosphorus pre=
sent 1n the =o0lid product, this phosphorus being sssumed t0 be
either in the form of PJlzFye(Collg)sN or POLyPa2(CoHg) Mo

The relative smounia of the two asdducts can therefore be cal-
culated. Tables 13, iia, 14b end 15 summerise the resulis

thus obiained,

In the voacuion heiwseen P31392 and triethyl aminsg in.

1 : 3.5 mole ratioc the Joss in phosphorus (%otal pheaphorus
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Table 13. Reaction between PC13Fp and excess (CpHs)sN.

Description Millimoles present
Reactants Products

PCL5Fp 11.8 0.00
(CoHs) 3N 41.3 excess.
Phosphorous )
in the solid ) - 5.85
product )
PF,C1
(loss in - 5.95
phosphorus) (11.8 - 5.85)
Chlorine in )
the solid ) - 12.37
product )
(CoHs) 5N-HEL - 11.90

3 (5.95 x 2) .

%
%c

(1 in the solid product (calculated)
1 in the solid product (observed)
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in the reaaéants minus phosphorus in the solid product) was af-
tributed to the emouni of PF,01 formed ( the volatile producis
of this reaction were not imvestigated ). The solid product
ocould be represented only as a mixture of (6555)3N0301 and
P013F2.2(Cé85)3 o ‘The calculated snd observed velues of the
percentege of chlorine imn the solid are in good agreement with
each other. It will bs noted that the theoretical emount of
the total chloring in the products ( 17.7 m, moles) is higher
than tho experimﬁbtal wailue (15,3 m. moles, calculated from the
amount of RSEEFZ ussd for the reaétion)o An explanstion of

this is givsn later,

The t®o distributions of p?gduc%s caloulated for the ra-
aotion betwecn E313F2 and ¢triethyl smine in 1 :,2 mole ratio
eppesr to be equally sccopiables The percentsge chlorine in
the Bdlid brodncﬁ was calculated on the assumption that only
83% of the chlorine in (caﬁs)éx(czn“gl).xel is available se
ohiloride ion on hydrolysis with dil.alkali(this was empirical-
1y deduced esarlier). The slightly lower experimental velues
for the tdtel amounts of the respective elemenis present in the
producte may be atitribuited to the formation of small amounts of
#0lid in the initial steges vhen the volatiles fron{ the reaction
flask were condeased in fractionsting traps, thls material nod
being aeccounied for in theo caloculations, The origin of this

80114 i3 not guite claar, If ¢ is assumed thet this materiel
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is of the sems composition as the 20lid produst from the ra-
aotion f£lesk the snalyitical figures for the elements present

in the producis can be recaleculated; the weight of sblid form-

84 in the treps is équal %0 the total weight of reactante minus
the to%2l! weight of the products that is 2.3364 go(P013F2}+29155g°
( (CHgIH ) = [E}e36g g (801i@ produet from the resciion

f£lesk) + 1.129 g.i{volatiles)| = 0.326 g. Acoounting for the con-
tributions from 0.326g. Of the solid the new velues (in m. maé
les) for the Gotal amounts of the individual elemonis 1n‘%he
products turn out to b8 (l, 17.37; P, 11.54 and Fy, 1i.87, _
Thess ars very close {0 the theoretical values.. The lower axn-

perimental value for the totsl chlorine present in the products

of the reaation beﬁwgen PGlBEZ and (0255)3K in 1 : 1 mols ratio

might arise for the gagme re’sons.

The deteils regarding the calculated amounts of produgts

- likely to be formed in the reaction betwaeen PGlBFz and (0235)35

in 7 : 1 mole retio show that the quantities involved do not
permit the inclusion of (0255)3K,H61 and P015F2.2(Cé35)3n among
the producis. The formestion of small amounts of solid products
from the volatiles was cbserved in this case also and the lower
experinonial values For the toial amounts of the respective
élemants pressnt in the products may be atiributed $0 thiss

The amount of solid thus formed was estimated to be 0.17Bg.

by the difference beiweon the total weighis of the reacionts

end the products [2.170g.(P01332)+ ¥.1938.( (CHi5)N) -
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{2«5?380 ( ®0lid produci from the poaction £lssk)+ 0.612g-

( volatiles )}]g The recelculated values ( in m. moles ) for
the individual elements preegent in the products are C1, 48.32;
P, 12.05 and F; 12.05, in better agroemsnt with the theoretical

values,

Further investigations of the solid produsts showed the pro-
senca of EPFé{- ioh in them. Quantitetive resulis could not be
obtained, but qualitetively it appears thet there is a signifi-
qsmt‘amoum of [; Png ) ion formed indicating that reorgenisation
proaesaea‘a?@ taking pl‘ceg Consequently the simple 1 : 1 ang
1 2 2 adducis considored eo far must be éeearfbad in terms of
a compleox Mixture OoF pPrTeducys,s The £olleowing schemes involviung

the migration of alkyl groups and halogen atoms may he suggested

to aceount for this:

b j @ -
3 FG15Pp (0gH5) 5 —+ [(cHig) M - PO % [FRg |+ .
(CoHg) KCL+(CoH5) s +PCL5eucennnns 17
= * T _
— [(c5Hg) l?‘] i: P.FEG] «(CHg) N ECY, +
(cg’!s)sﬁﬁ'PG;fjobofoca.u.oaooan..ono"a
> :(021{5)3 - 9912] + [PF6] +(C H;), N0L
'&(G?‘Eﬁ)zﬂclé?ols on:ooob..o.oo-oua?Q
— !’:(6235)@] M !" PF6] “4(CoHg) N POI,
| #2((32}15)1‘1‘3014- L(Caﬁﬁ)zﬁ ]2 pc.ly»
The resgtion between phosphorus pentechloride and triethyl amine

hae besn reported (50) to be wery slow { 0.2 = 0.3 millimoles of




Sy e
e_a-:-e.%\ z‘i‘ &

P@ls were éﬁtaok@é by the emine on stending for two days at fosm
temperaturs even though excess snine was present in the system).
Congidering the time intervals used in the experimente in the pre-
sent work negligible reécﬁion must have taken plase before the
‘triethyl amine formed according to equations 17, 18 and_19 is re-
moved from the solid products In reaction {c) although the a-
mount of PCQBFQ teksn was slightly more than requirsd For PﬁiﬁFzz
(6235)3N 50 be 1 : 1 sbout ome millimole of (Gzﬁﬁ)Bﬁ was regovers
ed unreascted. It may be noted that (02H5)3N iz also & produci
of thie reasctions postulated by'eqmétiona 17, 18 and 190- Diethyl
F-chloramine {(£8) has boen described &8 a yellowish sticky oil,
No evidence Tor the Formation of euch @ gompocund was ob%aineé and
henge the dispfoportiomatioa reacvion indicated by equation 19

i8 probably not taking plece.

The reduction of Fénga by triethyl emine 19 ﬁosaibly F( 3 ¢5]
complex than indicated eagrlier aithough %he mechaniém of reduc-
tion by tertiesy aemines is not properly underatoodﬁyato Ant-
ler end Laubengayer (69) have Euggéeted-twp maehaﬁiéms fdr the
observed reduétion of Ticlg by trimeﬁhjl amine.to férm ricns-

(N ngs)zz | ’

(i) reduction of the metal halide is aoccmpénied by ¢he
formation of (GH3)2R(GH231) or more chlorinated products and
the HO1 liberated cen ¢ombine with trimethyl amine end the

chlorineted amine products tc form quaternary salis, Further
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trimethyl amine end the chlorimaied amibe producis cen gombine

to form quaternary ammonium 681is of the type 0535 K - N 95 5
Cl Cl

suggested by Wardlow and Webbk (70) to explain the reduction of

H0015 by pyridine.

(ii) free rvadieels of the type (033)2N CH,yo are produced
during the process of reducing the metel haelide libsrating HC1.
Combinetion of free yedicsgls results in polymeric unids whicgh
form guaternary ammonium salts with HC1. If oxcess trimsthyl
amine ig present trimethyl amine hy&rcohlox*ige also would be

expected among the produgts,

The infra-red spectra of s chlorofora soluticn of the
g01id products of the resciion betwseen PU1;F, and triethyl
amine 4id no%t =zid in recognising the neture of the products

and investigations of the proton resonance spbctra in chloro-

form solution showed only ethyl type of protons. Farther,

it was observed tha% the proton resonange spectra of (CZHS)E
KC1 in equoous solution, and (0235)3K4801, the product ob=
tained by the reaction between trigthyl amine and chlorine and
also the s0l1id products from the reaction beiwsen P615F2 and
triethyl amine ia chloroform solutions wers identical.  Hass
spagirometric investigation was unsucoessful as the compound

oould not be treasferred to the eleotron beam satisfactorily.
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thé sensitivity of the compound to reaction with moisture further
prevented the use of chromatogrephic technigues of sepsration.
Bven.under dry box ecnditionsﬂexposuro of the compound resulted
in slow decomposition over a period of & few hours. However,
chromstegraphic separation under carefully controlled conditions
in specially Aesigned apparatus end sopsration by vacuum~ sub-

limation might prove fraitful techniques.

2. The reaction between PéaéFz and triethyl phosphine,

When PQ33F2 va8 condcascld on to.triethyl phosphine in
1 : 1 mole ratio ab o?&gc_a white so0lid producht wes formed,
vhich on sllowing %0 Werm up changed with the evolution of hash
't0 @ red s01id which was conishinated with traces of a white
solid. In cubsequent oxperiments the temperature of the re-
action vessel was réiaéd slowly from - 8°C over a period of
four to five hours im order to control the effectc of the sexo-
thermic resetion. When PGHBEz.and (CoHg) 3P were reasted in
petroleum sther (ac=60°) as a solvent the 80lid product obtained
vas similar in appsarance and composition ( phosphorus snd chlow
rine contoeat)to that formed in the sbsence of & 8olvent. Ex~
tragtion with dry ascetonitrile or chloroform followed by eva-
poration of the solvent yielded a white orystalline matericl
shich gave Cl, 36.3%; P. 2.7%; caled. for P015F24(0235)3P5161g
36.3%; P, 10.6% (the phosphorus im (62H5)3P j8 not availsble as



pou}’ ion on simple {reatment with alkali or scid); celcd. for
(CHg)3PClps Cls 37.5%; Py 0.0% A yellowish rea saorpho™s
msterial remained behind as the insoluble component which gave
P,84.8%; &,5.4%; H,2.4%. The volatile products of the reac-
tion wers identified as FF5, PPy €1, PT1,F, POTLLF (traces) snd
Pf}l}o

The analysis of the white solid compound obtained does not
conform %0 eithor PGJ.BFQQ(GZH5)3P or (02H5)3P312, Héwever it
may be considored as a nixture of (02H5)3P '}12 and snother com-~
,pou_nd conteining hydrolysable phosphorus, The presence of
[PFsl"’ ion in tho white s0lid was demonsirated by precipitetion
with Nitron reagont. It would be reasonabls to sssume that
the compound is E(CZBS}BPGI]+ [PF6}°, the E’FG ]":lon in which
yields phosphate ion on hydrolysis, However, in order to aoc-
count for the chloride content the presence of a& third component
Dansly (0235)3 P (L else has to be postulsteds On this ba-
eis the white solid could be considerad as a mizxture of (0235) 3
PO, (T4 1%), PCl57 50 (CoH5) 3P (21.7%) end [(0255)31’01] EPF6] -
(3.9%) and the oalculsted and experimental values are im fair-
ly good agreement se chown in Table 16 The formation of PE'3 s
PCL,F and PCZ!.3 in eddition to FF,Cl indicates thet the resction
is not simply oma of redustion. Pyrolytic decomposition could
agcount for PFB" P\;,'-J.QF gnd PQ13 in the products. The following

Processes are postulated as taking plece in the system:
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PP, + (C )P s (CoH5)3P 1, + PR,CL
POLF, + (OHz)p  —— FOlsFa{Ca5)sP.
mzcl ' pyi’@lysiﬁs PFB L PGlZV........ZO'
21’@12‘“ P?"Oly&iai P?zﬁl + PC’;B. ssesall

; .« & -
SOLF,.(0H)p  —> [(CH)3F1] " [FRg]
2(CH5)3PCL, + POy,

jpé?ll} ________}. &QPGIB <+ ZP........QZZ

The interconversion of m.v;xed trihalides of phosphorus by hesf

is quite woll cstebliched ( 19, 20, 21 ) end therefore the py-
rol§%io disproporcionations repressnted by sauations 20 end 21
ere justifieble. Fhe transformaetion of the initislly white
ptoduot cbteinad by tho low teuperature interagtionp botwasen
Fﬁljrz and (céﬁg)ﬁP needs some commente The s0lid product left
in the resction £lask when it was slowly warmed up to room L8m~
‘perature wes pale rsddish in colour snd only after standing for
8ix to seven hours at room temperature did the colour gradually
deepen. The bohaviour of PZCII& whioh decompoees st room tempe-
reture to phosphorus triehlorida and red phosphorus as givea in
equation 22 i$ simi1ar to this, Howsver, the relative amounis
of phosphorus trichloride end the red phosphorus obiained in
the present rsaction do not conform to tha‘stoichiometry fXpege

ted for the deccunesiticn reastion of PZGlhf

Proton resonsnoe spesirum of the white s0lid in Centerochlo-
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. vofor® indicated tho pressmee of only one type of péoton con=
sistont with en ethyl group linked to a phosphorus atom. The
1'19 gignal was found ic he wesk. This gave a doublet atructure
and had o P-F coupling constant of 712 ops which indicsted the
presencs of [Pz’s'j = icn, The reporied P-F ooupling constant Tor
[PFGJ ~ is 710 ops (52), However, ihere was no evidenge £or
9613?2‘.(0235) 3P eince the P-F coupling constant in this caese

would be expected in the region of 1000 cps by comparison with
those observed for ?’313:"£ and PQIBE‘Z@CﬁHsH (26)c This wipulﬁ
suggest thait the waajoy U;mm of Tivorine present in the solid
mist bo in the fowm of (P¥g) ~ which could arise by some form

of resrrengement of the additlion compound as indicated By the

fbllowing poasibilitics:s

3' mlBFao (Cagﬁ)BP ”'”)' ?E(GQHB)BPGECIQ ].‘. [PFG ]Q# ‘
2(0235)3563.2 + Xl )
> {{C Hi5) PPy | * [PRg ] "
(@502 ¢ (0fig) 3P, + PO

eis)yp] * [prg] + (05 7r0y,

+ {CH5)3P3l, + Poly

e w Tt =
——r 2.((,235}3?@9@2_5 | Pﬁé} +(0.5:)¢

| . ' POE1

XL

}-‘

¢

It o significent that phosphorus trichloride formed sccording
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to the-above schemes has been observed among the producta.

Tho amorphous red solid formed in the system contains car-
bon end hydrogen in addition to phosphomsihioh conatitutes the
major smount a3 mentioned carlicr, The presence of carbom f£n the
material is 0ot undersiocods Howaver, ‘it has been recognissed thatd
the fcrmg'lzioa of smorphous Pad phosphorus 'in an orgeRic &0lvent
is acoc&;pgm;?e& hy the incorporation of the 'organic groupe, which
behaving oo ca‘balgy@‘%‘;s@ form terminal groups in the polymeriesd
'étruoﬁnraa(ﬁ)a A similar explsnation is possibly relevant in

the presont Gssa.

Diseussion of the resotion of F31;F, with triethyl emine

ghd_triethyl pho

sphine. The most etriking festure about the
resctione of IQ1 ¥o with triethyl amine and triethyl phosphine
is that 1% was mo*i:. poesible {0 obtain the simple addition com-
pounds, - In both reactions reduction of the phosphoraxie to the
trihalide tekss placaos Pﬁaﬁl is the reduction product; the
emall gnounits of PF5 and PC1,F observed in the reactiocn betwson
| Pﬁls'l?z and i‘.r:‘e.ei;hy;!. phosphing are lifk’efl.y %0 be i‘émed by the
pyrolysis of FF,C Lo The abstrac%io&a of chlorine instead of
‘fluorine By the amine and dhosphine once agein emphasises thab
reactivity lies in the P=Cl ,Sacnés;‘rather‘than in the P=F bonda.
Triethyl phosphine asppears %0 be a stronger reducing agent then
triethyl amine by coupering the relative exzient of reduciion La-




152,

king plece in the %wo reactions, A similar trend hse bsen ob-
served with trimethyl arsine end trimethyl qtibino in their re-
sotions with the tri- end penta-chlorides of group ¥ b elements
(72)e Ip theee cases trimethyl stibine exhibits stronger re-

dusing properties then trimethyl arsine,

Even though no addition compound of E013F2 and (02H5)3N or
(6285)31? hes been isolated it seeme that at low temperatures at-
least en adduct is formed as indicated by the appearance of a
white s0lid a% m?&gca As the tomperature risea the addﬁct pre-
sumably decomposes vie two competitive prooesses namely (1) ze="
Guotion of the phosphorsne and (i1i) disproportionation lesding
to stabler products. The presence of [P?e] “ ion in the so-
iia éroaucta in both the triethyl amine and the triethyl phosphine
cases point out the tendency, in generel, of chlorofluorophospho-
rane systems to resrrange t0 form compounds contalning steble |

anions pamiculariy the [PFSI ~ dom,e

Sterioc factors may be signifiosnt in determining the sta-
bility of the adducts betwesn triethyl emine ( phosphine ) and
“P013F2 @8 hes been suggssted by earlisr workers, The waesk gs~
8oclation betwesn PE‘§ and Lewis basse like disthyl ether, trie-
thyl smine and 2, U4, 6, - trimethyl pyridine compared to the
stable complexzes %590((3}%2)& and PPg.CgH-N has been considersd

- by Muetterties etal (52) %0 eupport thie hypothesis. Holmes



(73) suggested that PGIB‘(CHB)BN is isolable 'he;'eas PCl;. (vczﬂs)BN
is not, 18 due to steric offects.. Yet another example is the
exishonce of the steble compound PCly.CgHN whilc\ FClg. (C2E5)3K
hes not been obtained aslthough this may be a question of base
strengths Steric hindrence has been agein considered as ons

of the factors responsible for the inhibition of acceptor pro-
perties sné the ivestebility of Lewls scld - base complexes formed

in a study on orgsnofluorophosphoranes (Th4).

If steric factors arse really importent in declding the sta-
bility of the type of compound considered above it would be intc-
vesting i;é'pumue studies on the Lewis acid bshaviour of P@I3F2
using donor moleeules which are less likely to cause steric hia-=
drance. From this point of view the reactions with trimethyl
amine, trimethyl phosphine and teirehyirofuran are espscially
worth invesiigating,



PART 1II

THE REACTION OF

Br§ (DIPHENYL FUOSPHING) ETHYL AMINE

WITH ICDIRE.




The ability of organophosnrhinss and phosphites, and
their halogen substituted derivatives to undergo halogen
gddition had been long réeognised and has besn the subject
of many imvestigations. This reactivity arises from the .
lone pair of clecirons on the phosphorus atom, available
for further boad formation. The addition of one molecule of
halogen or interharlogen to one moiscule of thé phos:zhine or
the phosphite is a general feature of these reactions; how-
over in the caze of bromine or iodine or the interhalogen
eompounds of chloring, bromine and iodine this ratio can be
exceeded bscauss of the Toimation of polyhalidaso The
compounds foraed between halogens and phosphines can be
repreésanted by the genoral ‘forauia Phszan where X is
halogen end 5=1,2 or 3. The furthepr addition of halogen
wswally gives vise to compounds of the series Rn Px7 - n°

The addition of halogen to phosphines is an exothsraiec
reaction and the resulting halides are invariably semsitive
to attack by moisture. This reactive nature renders their
preparation and characierisation difficult and accounts for
their slow development. ﬁowever, the investigation of these /
compounds has bsen carvicd out successfully in recent years
using the technigues curvrently available.:

The chemistry of i-.hé halogen addition compounds of
bhosphines ean be aaid to have started with the extemsive
synthetic contributfons of Michaelis (75,79) in the field
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of organo-phosphines, - arsines and - stibines, He
isolated a serics of halogen and mixed halogen addition
compounde of iriphenyl-, chlorodiphenyl -~ and dichlorophenyl-
phosphines as well as the mono-alkyl phosphine derivative as
the ethyl devivative Czﬁs FCl, - Furtheyr synthesis of
alkyl puosphine - halogen sddusis of the type RP c1, end
Ry FX, were carried out by Cehours and Hoffmenn (76), and
Guichard (77) during much the same period., In 1930
Jackson, Davies and Jones (78) reported the bromine adducis
of some mizcd alkyl aryl substituted phosphines.  Although
the reactions of triphenyl phosphine with bromine and iodine
wére reported by Hichaelis &and von Soden (79) the products
wore not fully cheractorised. Triphenyl phosphorus
Adichlo:eide end aibromide wore again prepared by Jensen(80)
and the dichloride originally Qeseribed as an oil wes
obtained as a whiteo s0lid. Hany more trialkyl end triaryl
- phogphorus dihalides including the hitherto less investigated
dilodides were propaved by Isglelb and coworkers (81,82)
in the lest deecndse. Very rscently the interaction of
interhalogen compounds with tripheny) phosphines to form
addition products has been investigated by Beveridge and
Herpis (83)-

Initial work in the evse of phosphing « balogen Chemininy
was Zootly concerned with asynthotic aspsocts. Hoi much

was Rnown about ths structurs of the resulting comiounds
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uwntil recently. The first ideas about the structure of
phosphine=halogen adducte were largely based on a consider—
ation of their physical properties. Thus the solubility in
organic solvenie and the low melting points of the primary
and secondary derivatives (R PX) and R, PX3) 1led Rochow,

Hard and Lewis (84) to suggest covalent structures for them.
On the other hanéd Van Wazeg@ {85) comnsidered these compoundés
to be ionic im nature Dy analogy with the beshaviour of
phosphorus pentabslides. This view was shared by Kosolapoff
(865 e well., For the ionic structures Van Wazey suggested
that the organic groups would be present in the cation as fer
a8 possible. The ionisation scheme could be represented as

follows:

[=—]

4 + .
R PCL —  (RPOCL) + CL

however, Vaﬁ Wazerp emphaaiséd the need for physico = chemical
investigations to establish thié point cpnclnsivelyo |
4The addition of halogens to the dihalides of primary,
se’condaz?y and tertiary phosphines is suggestive of the
presence of quaternany phospboniuvm group in these compounds
since this bohaviour ia shown by quaternary salts. For
example tetraaikyl cmuonium halides take up .halogens to
form compounds containing polyhalide ions (87) which may
arise from int@i‘-action between the added halogen- and a
halide ion present in the original compbund which must
therefore contain & quaternery ammonium type ion, Such
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formation ¢f peiynalide ions need not, however, involve a
quaternary ammonium type ion. This is well illustrated by
the behaviour of triphenyl_ arsenic dibi‘omide which is largely
covalent in acetomitrile (in fact it behaves as a weak
electrolyte) but at the same time takes up iodine bromide to
forn (Ph;,, &s Bey ¥ (X Br,)” (88), |

Recently Kuchen and Strolenburg (89) have shown that
diethyl and dipropyl phosphorus teichlorides and the
pentebromides are soluble in polar solvents and that these
golutions show apprecisble conductance., Accordingly these
suthors formulate the trichlorides and the pentabromides as
(R, P 01,)" (R, P 0L, J™ and (Ry PBey)” Brg”
respectively.

Jemaén (80) nhas suggested a covalent trigonal bi-
pyramidal structure for triphmyl phosphorus dichloride by
analogy with the éoﬁ?aspondins compounda of entimony and
bismuth from dipole moment measurements, Mann (90) also
‘ezprosscd similar views in favour of & covalent structure
for the tertiary phosphom dibromides rather them a
queternarvy salt structure, Conductometric studies _by
Iagleib and Scidol (82) on the complexes of trialkyl aiad
briavyl mwt&:v dinnlides with 8b clsng Br., Hg Br,
e;m Bg I, siowed that they tebavelike binary electrolytes in |
nitrobenzene soluviions and on these grounde the complezes

ha’ve been formuiated a8 containing phosbhonﬁ.um ions.
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(85 ®X)*, (R = alkyl or aryl group, X = halogen) and

anions like (Sb Xg)~, «(Bb xu)“’, (rg x3)°and (333 X.y)':"as

the case nay be. The existence of (R, n)* fons in these
complexss counld be taken as an evidenge for its presence in
the triaryl and trialk:,'i phosphorus dihalides. However,
those authors observed that the diiocdides of tertiary
phosphines form condveting solutions in polar solvents where-
as the corresponding chlorides and bromides behaved differently
suggestive of weak electrolytes or evem of non-electrolytes.
It has beon further suggested that thése latter two groups

of compounds are however 1ikely to exist as ions in the |
so0lid state even if they do not behéve as strong aleetrdly’tea
in solution. Very recently Beveridge and Harris (83)

found that Phy ¥O1, and Phy PBr, are good coxidugtora in
scetonfitrile, Vibrational structural studies on trimethyl
phosphorus dichloride, dibromide and diiodide by Goubean

end Baumgertner (91) have supported the view that these
compounds possess the structurs E(Glib) 3 PX} "' X%

Hore diregt cvidonce for the ioniec nature of the dihalides
end tetrshalides of tertiary phosphines stems from the work
of Beveridge and Harris (83). The mode of ionisation in
solution of these compounde has been established by tranéa
port experiments in acetonitrile solutions.

Some of these ionisation schemes are given belows
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2Phy FOL, == [m, Po2]* + [, Pc1;|“;

My B Br, e [Ph3 PBr]" + Bp
PEUSSSEISIES Y . =

Pu; FI, [Py px]" + 1

2 Pny PI, — P [ngE] s 157
e} +* -

P, P Br I, [mspsrj v Iy

A very important observation that emerges from the studies
on the icnisation of the compounds in the tetrahalide
series Ph3 P Br, I), _p 18 that 1n the compounds containing
two different halogens the cation is always assocleted with
bromine, _

X-ray structure studies (92) on Fhy As I, Br, and
Phy Ae I Bry have shown that they are built up from
tetrahedral[Ph, P As Br] ¥ units and linear ¢rihalide ions.
the corresponding phosphine compounds may have similar
‘stmeturesc

By simple anaslogy with the behaviour of phosphines,
amines also might be expected to react with halogens in a
similar fashion to form helosmmonium halides, the nitrogen
attaining its maxinum co-ordination number of four, How

ever, the absence of W bonding in the case of nitrogen
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pay limit the forvation of nitrogen - haldgen bonds .

Halogen addition to amines has been studied by many workers
(93). In several instances tyyicél products fron the amine
reactions are ioosely bound "molecular complexes" in which

the halogen is readily detached - this is as might be expected
in view of the bonding limitations of nitrogen. These
studies have besn stimulated by the work of Mulliken (94) who
prdpoaea the idea of "molecular complexes™ and discussed the
regulting chavge vransfer specitra. Hassel énd coworkers(95)
have elugidated the structural details of some of these compounds
From these rezulis there is no svidence to suggest that a
helogen substituted qzzai;e:mary nitrogen aﬁom gagurs in the
solid amine - halogen adducte. The F=X-X (x°’) bond has

bean shown to be linesr with some eiongation of the XwX‘(Xb)
bond present in the original helogen or interhalogen molecule,
The F-X bond lengith suggests that it is covalent in character.
However, in solution the nature of the species may be
different since the dielectric of the medium and solvation
effects can not be ignored (96). There is evidence for a
chloroammoninm ion, *: £ FH, Cl}ﬁ , from Kinetic data on tha
reaction of ethyl .ahloramine with the phenozide ion (97)9

but this appaséen‘cly refers only to a iransient reaction
species. Hore substancial evidmxce for haloammoninm ions
cones from the work of Biume and Xrause (67) on the reaction

of halogens with trimothyl amine. They obtained a solid
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vhich was formulated as(He;N Br) * Br”. However, a re-
az‘mngémem: reaction oecnvpred readily in aquesus solutficn,

Sinilar halogeno - trimethyl ammonivm ions can be postulated

for the corresponding chlorine and iodine adduets., These

latter examples apart, moleculsr complexes appear to be the
mogt usual form, pmriicularly of the iodine adducis of amines.
Iedine forms complexes with nitrogen svbastituted phosphazenesa
(98), fo